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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Chemical mixtures of salt, nitrogen, and 
metals were tracked along streams. 

• Salty chemical cocktails formed along 
flowpaths. 

• Salty chemical cocktails typically 
increased along rural to urban 
flowpaths. 

• Salty chemical cocktails decreased 
through conservation and restoration 
areas. 

• Longitudinal patterns track sources, fate 
and transport of multiple pollutants.  
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A B S T R A C T   

Along urban streams and rivers, various processes, including road salt application, sewage leaks, and weathering 
of the built environment, contribute to novel chemical cocktails made up of metals, salts, nutrients, and organic 
matter. In order to track the impacts of urbanization and management strategies on water quality, we conducted 
longitudinal stream synoptic (LSS) monitoring in nine watersheds in five major metropolitan areas of the U.S. 
During each LSS monitoring survey, 10–53 sites were sampled along the flowpath of streams as they flowed along 
rural to urban gradients. Results demonstrated that major ions derived from salts (Ca2+, Mg2+, Na+, and K+) and 
correlated elements (e.g. Sr2+, N, Cu) formed ‘salty chemical cocktails’ that increased along rural to urban 

* Corresponding author at: Department of Geology & Earth System Science Interdisciplinary Center, University of Maryland, Geology Building 237, College Park, 
MD 20742, USA. 

E-mail addresses: sydneys8@umd.edu (S.A. Shelton), skaushal@umd.edu (S.S. Kaushal), mayer.paul@epa.gov (P.M. Mayer), rshatkay@terpmail.umd.edu 
(R.R. Shatkay), mrippy@vt.edu (M.A. Rippy), stanleyg@vt.edu (S.B. Grant), newcomer-johnson.tammy@epa.gov (T.A. Newcomer-Johnson).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2024.172777 
Received 15 February 2024; Received in revised form 23 April 2024; Accepted 23 April 2024   

mailto:sydneys8@umd.edu
mailto:skaushal@umd.edu
mailto:mayer.paul@epa.gov
mailto:rshatkay@terpmail.umd.edu
mailto:mrippy@vt.edu
mailto:stanleyg@vt.edu
mailto:newcomer-johnson.tammy@epa.gov
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.172777
https://doi.org/10.1016/j.scitotenv.2024.172777
https://doi.org/10.1016/j.scitotenv.2024.172777
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.172777&domain=pdf


Science of the Total Environment 930 (2024) 172777

2

Longitudinal stream synoptic 
Hydrology 

flowpaths. Salty chemical cocktails explained 46.1% of the overall variability in geochemistry among streams 
and showed distinct typologies, trends, and transitions along flowpaths through metropolitan regions. Multiple 
linear regression predicted 62.9% of the variance in the salty chemical cocktails using the six following signif
icant drivers (p < 0.05): percent urban land, wastewater treatment plant discharge, mean annual precipitation, 
percent silicic residual material, percent volcanic material, and percent carbonate residual material. Mean annual 
precipitation and percent urban area were the most important in the regression, explaining 29.6% and 13.0% of 
the variance. Different pollution sources (wastewater, road salt, urban runoff) in streams were tracked down
stream based on salty chemical cocktails. Streams flowing through stream-floodplain restoration projects and 
conservation areas with extensive riparian forest buffers did not show longitudinal increases in salty chemical 
cocktails, suggesting that there could be attenuation via conservation and restoration. Salinization represents a 
common urban water quality signature and longitudinal patterns of distinct chemical cocktails and ionic mix
tures have the potential to track the sources, fate, and transport of different point and nonpoint pollution sources 
along streams across different regions.   

1. Introduction 

Urbanization is impacting water quality on a global scale with risks 
due to point and nonpoint source pollution (Grimm et al., 2008; Kaushal 
et al., 2011; Paul and Meyer, 2001; Walsh et al., 2005). Various urban 
contaminants including nutrients (Dodds, 2007; Evans-White et al., 
2013; Paul and Meyer, 2001), heavy metals (Farid et al., 2012), and 
microbes (Parr et al., 2016) are regulated. There are also many emerging 
contaminants of concern, which are less frequently regulated, including 
pharmaceuticals (Masoner et al., 2019; Peña-Guzmán et al., 2019) and 
salt pollution from road salts, sewage, and weathering of the urban 
environment (Bhide et al., 2021; Corsi et al., 2010; Kaushal et al., 2005, 
2017, 2018b, 2019, 2021; Wright et al., 2011). Novel and distinct 
elemental combinations, known as chemical cocktails, are formed in 
urban watersheds due to shared sources, flowpaths, and biogeochemical 
interactions (Kaushal et al., 2018a, 2020). By measuring multiple 
chemical constituents and classifying them as chemical cocktails, we can 
holistically understand and co-manage groups of contaminants (Galella 
et al., 2021; Kaushal et al., 2020, 2023a; Morel et al., 2020). Here, we 
investigate whether there are common chemical cocktails formed as 
streams and rivers flow through different U.S. cities, reflecting typical 
urban sources and biogeochemical processes. We also investigate 
whether these chemical cocktails have the potential to be attenuated or 
reduced as streams flow through parks and restoration areas (Kaushal 
et al., 2022; Kaushal et al., 2023a; Maas et al., 2023). This work is 
intended to further our understanding of whether we can improve 
pollution source tracking approaches across watersheds by detecting 
longitudinal trends and transitions of pollutants along flowpaths. 

There is specifically a need to conduct such research at a national 
scale, as exemplified here, in order to understand what urban contam
inants and processes are generalizable across cities (Chambers et al., 
2016; McPhearson et al., 2016). Previous work has examined how flood 
vulnerability (Chang et al., 2021), hydrological flow response (Hopkins 
et al., 2015a, 2015b), stormwater quality (Balderas Guzman et al., 
2022), nitrogen (Brown et al., 2009), and organic pollutants (Bradley 
et al., 2019, 2021; Brown et al., 2009; Kolpin et al., 2002) are impacted 
by urbanization across cities. However, more work is needed to specif
ically identify the generalizable impacts of urbanization on inland 
freshwater salinization. For example, more work is needed to under
stand the relative role of how different state factors, such as climate, 
human activities (including land use and wastewater treatment plants), 
underlying geology, time, and flowpaths, alter salinization responses 
across different metropolitan regions (Kaushal et al., 2023b). In this 
paper, we use the terms “salt”, “salinity”, and “salt ions” to reference all 
major ions, which are often derived from salts, or ionic compounds 
(Kaushal et al., 2023c). 

Salinity has been suggested as a universal signature of urbanization 
(Kaushal et al., 2014a), but most regional comparisons focus on specific 
conductance or only one major ion (Brown et al., 2009; Kaushal et al., 
2018b; Moore et al., 2020). However, urbanization processes increase 
salt concentrations by contributing many different ions including Na+, 

Ca2+, and Mg2+ to streams1 (Bhide et al., 2021; Cañedo-Argüelles et al., 
2013; Grant et al., 2022; Kaushal et al., 2005, 2017, 2018a, 2020, 
2023a; Moore et al., 2017). For example, road salting and untreated and 
treated sewage inputs increase Na+ concentrations (Bhide et al., 2021; 
Kaushal et al., 2018b, 2023c), while weathering of the built environ
ment increases Ca2+ and Mg2+ concentrations (Kaushal et al., 2017, 
2023c; Moore et al., 2017). Increases in salt result in the co-mobilization 
of many other elements (Kaushal et al., 2019) including nutrients, 
metals, and organic matter, through ion exchange, Na+ dispersion, and 
other biogeochemical processes (Amrhein et al., 1992; Galella et al., 
2023a; Haq et al., 2018; Kaushal et al., 2019, 2020; Löfgren, 2001). The 
combination of different anthropogenically enhanced salt ions and 
related elements in chemical cocktails has been poorly studied across U. 
S. cities. Although less considered, salty chemical cocktails have the 
potential to trace the downstream fate and transport of different urban 
pollution sources and evaluate the effects of restoration and conserva
tion efforts on water quality (Morel et al., 2020, Galella et al., 2021; 
Kaushal et al., 2017, 2018a, 2020, 2023a; Maas et al., 2023; Malin et al., 
2024). 

Urban water quality can be highly variable spatially and heteroge
neous as streams flow through metropolitan regions (Barber et al., 2006; 
Gabor et al., 2017; Kaushal et al., 2014b, 2023a, 2023d; Maas et al., 
2023; Lintern et al., 2018; Newcomer Johnson et al., 2014; Nolan, 2020; 
Pennino et al., 2016a, 2016b; Sivirichi et al., 2011). Local land use 
characteristics such as agricultural vs forested rural land use (Brown 
et al., 2009), park size and location, and point source pollution (Kaushal 
et al., 2023a; Maas et al., 2023) can influence various water quality 
parameters. Previous water quality evaluations largely focus on moni
toring of fixed stations, which makes it difficult to track sources of 
contaminants and detect the water quality impacts of riparian forest 
conservation and stream-floodplain restoration strategies in heteroge
neous urban systems (Kaushal et al., 2023a, 2023d). One way to un
derstand how salt and associated chemical cocktails are transported and 
transformed along streams and rivers is by using longitudinal stream 
synoptic (LSS) monitoring (e.g., Byrne et al., 2017; Kaushal et al., 2014b, 
2017, 2023c; Kaushal and Belt, 2012; Maas et al., 2023; Newcomer 
Johnson et al., 2014). Characterizing downstream typologies of chemi
cal cocktails along urban streams and rivers may be useful in tracking 
pollutant sources and detecting water quality impacts over finer spatial 
scales (Kaushal et al., 2023a; Maas et al., 2023). Here we explore how 
LSS monitoring can be used to compare these water quality responses 
across U.S. cities. 

More work is needed to track sources, fate and transport of salt and 
other pollutants in streams and rivers flowing through different metro
politan areas. There is also a need to understand if the extensive water 
quality impacts of urbanization can be attenuated or reversed based on 
conservation and restoration interventions along streams. Thus, we 

1 Throughout the text, charges are included for elements with one oxidation 
state. 
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Table 1 
Summary of site characteristics for each stream and sampling survey information. Watershed size and percent urban area were calculated using USGS Streamstats (U.S. Geological Survey, 2019b) and the background 
specific conductance (SpC) range was taken from the U.S. EPA freshwater explorer (Cormier et al., 2021).  

Stream Metro Area Locationa Number 
of Sites 

Dates Sampled 
Flowpath 
Length (km) 

Watershed 
Size (mi2) 

Percent 
Urban 
Area 

Background 
SpC Range (μs 
cm−1) 

Lithology 

Willamette River Portland, OR 45.64607, 
−122.7676 

16 4/9/2023, 
4/10/2023 

198 11,400 9 84.5 to 86.5 Basalt, marine sedimentsb 

Boulder Creek Denver, CO 40.05150, 
−105.17859 

19 6/13/2022, 
1/6/2023 

20.6 305 8.1 70.7 to 106.9 Upper basin: gneiss, schist lower basin: shalec 

South Platte River Denver, CO 39.81472, 
−104.95163 

22 6/14/2022, 
1/5/2023 

41.1 4080 11.9 210.7 to 223.1 Upper basin: gneiss lower basin: alluvium from granite, gneissd 

Bull Run Washington D.C. 38.78096, 
−77.43104 

19 4/19/2023 38.0 160 46.6 71.2 to 93.6 Red siltstone, red shale, diabasee 

Licking River Cincinnati, OH 39.09168, 
−84.50358 

53 1/30/2023, 
1/31/2023 

59.4 3710 7.17 262.4 to 263.2 Limestone, shale, salt licksf 

Watts Branch Washington D.C. 38.90559, 
−76.94851 

12 6/28/2022, 
12/5/2022, 
2/15/2023 

5.97 3.56 86.9 78.1 to 85 Coastal plain: quartzitic & micaceous alluviumg 

Scotts Level Branch Baltimore, MD 39.36056, 
−76.74585 

10 7/13/2022, 
12/13/2022, 
3/9/2023 

8.29 4.03 83.9 110.5 Amphiboliteh 

Northwest Branch of the Anacostia River Washington D.C. 38.94401, 
−76.94495 

18 7/26/2022, 
12/7/2022, 
3/1/2023 

34.2 52.3 71.5 90.2 to 109 Piedmont: metagabbros, granites coastal plain: alluviumg 

Gwynns Falls Baltimore, MD 39.26898, 
−76.63169 

12 7/13/2022, 
12/13/2022, 
3/9/2023 

20.3 65.4 79.4 91.8 to 98 Schist, gneiss, gabbroi  

a Location is the furthest site downstream sampled. Watershed size and percent urban area is based on this site. 
b O'Connor et al., 2014. 
c Murphy, 2006. 
d Lindsey et al., 2005. 
e Southworth and Denenny, 2006. 
f Fisher et al., 2007. 
g Miller et al., 2007. 
h Crowley and Reinhardt, 1980. 
i Kaushal et al., 2017. 
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hypothesize that: 1) elevated concentrations of salt ions are a 
geochemical signature of urbanization in stream chemistry that is 
common across U.S. cities; 2) distinct chemical mixtures of salt ions and 
metals will increase along rural to urban flowpaths while reflecting 
differences in local land use characteristics; and 3) stream restoration 
and conservation areas along flowpaths will reduce urbanization-related 
salt concentrations. Overall, results from this study document the exis
tence of a generalizable salinization water quality signature associated 
with urbanization and illustrate how analyzing different chemical 
cocktails along stream flowpaths can reveal the sources, fate, transport, 
and management potential of point and nonpoint source pollution. 

2. Methods 

We conducted longitudinal stream synoptic monitoring along nine 
streams in five different U.S. metropolitan areas: Scotts Level Branch and 
Gwynns Falls near Baltimore, Maryland; the Northwest Branch of the 
Anacostia River, Watts Branch, and Bull Run near Washington, D.C.; the 
Licking River near Cincinnati, Ohio; Boulder Creek and the South Platte 
River near Denver, Colorado; and the Willamette River near Portland, 
Oregon (Graphical abstract and Table 1; Supporting Information). 
Streams in these cities experience variations in climate, rural land use, 
underlying geology, watershed size, and flowpath length. We collected 
samples at 10 to 53 sites along the flowpath of each stream, following it 
from the headwaters or rural areas through progressively more urban 
areas. In order to test if any chemical cocktails are common across cities, 
we compared four major constituents of chemical cocktails - major ions, 
metals, nutrients, and organic matter - within and across cities. 

2.1. Site descriptions 

The various cities included in the study were selected to capture a 
range of different climates/precipitation patterns and catchment areas 
in addition to feasibility of sampling execution. These locations allow us 
to observe different state factors that influence freshwater salinization 
such as climate, underlying geology, human activities (e.g., land use, 
wastewater treatment plants, stream restoration and forest conserva
tion), flowpaths, and time (Kaushal et al., 2023b). Within these metro
politan areas, we selected streams that flow along an urbanization 
gradient and have publicly available temporal data to allow for com
parisons of our results over time. Watershed characteristics for each 
stream are provided in Table 1, and coordinates for each sampling 
location are included in the Supporting Information. 

2.1.1. Willamette River 
The Willamette River flows northward through the Willamette Val

ley in Oregon. Tributaries begin in both the Oregon Coast Range and the 
Cascade Range. Land use surrounding the cities/towns includes both 
agricultural and forest cover. The river flows through many major cities, 
including Albany, Salem, and Portland, Oregon. To investigate the im
pacts of urbanization on the Willamette, we sampled above, within, and 
below the cities of Albany and Salem. As the stream flows through 
Portland, we sampled at nine sites, about every 4.8 km to capture the 
Portland urbanization gradient. 

2.1.2. Boulder Creek 
Boulder Creek has forested, mountainous headwaters and flows 

through downtown Boulder, Colorado. Downtown Boulder is located 
close to the base of the mountains; we sampled the stream starting in the 
mountainous, forested reaches, through the urban core, and through the 
less densely developed region east of the city. Nineteen samples were 
collected along the flowpath of the stream at locations spaced approxi
mately 0.8 km apart. 

2.1.3. South Platte River 
The South Platte River begins in the Front Range of the Rocky 

Mountains of Colorado and flows northeast through Denver, Colorado. 
The stream initially flows through the mountains with primarily forested 
and/or grassland land cover, and then through progressively more 
suburban and urban areas. We sampled at twenty-two locations spaced 
approximately 1.6 km apart. 

2.1.4. Bull Run 
Bull Run begins in rural, agricultural Virginia and flows through 

progressively more suburban and urban areas. The most urban reaches 
are where the stream flows past the City of Manassas Park. The stream 
receives substantial inflow (130 ML/day) from a water reclamation fa
cility, the Upper Occoquan Service Authority (UOSA, 38.797142, 
−77.457482). Downstream of the water reclamation facility the land- 
use is largely ex-urban, and the stream flows through a regional park 
and into the Occoquan Reservoir, a major drinking water supply for up 
to 1 million people in Northern Virginia that has been progressively 
salinizing over the past 20 years (Grant et al., 2022). We sampled at 
nineteen sites total along the Bull Run flowpath. Ten sites are upstream 
of the UOSA outflow, spaced approximately 3.2 km apart while nine 
sites are downstream of the UOSA outflow, spaced approximately 0.4 
km apart. 

2.1.5. Licking River 
The Licking River starts in rural Kentucky and flows through pro

gressively more urban areas within the Cincinnati, Ohio, Metropolitan 
Area until its confluence with the Ohio River. Sampling took place via 
boat over the course of two days. On the first day, sampling started at the 
confluence with the Ohio River, and proceeded every 0.8 km upstream 
for 27 km, capturing the urbanization gradient around Cincinnati. On 
the second day, sampling started at the most upstream site and sampled 
upstream, nearby, and downstream of the small towns of Butler, 
Demossville, Morning View, Kenton, and Visalia, Kentucky. We then 
sampled every 0.8 km from Visalia to 27 km upstream of the confluence 
with the Ohio, then sampled again at 5 sites to have comparability be
tween days. 

2.1.6. Watts Branch 
Watts Branch begins in suburban Prince George's County, Maryland 

and flows through Washington D.C. until its confluence with the main 
stem of the Anacostia River. We sampled at twelve locations along the 
flowpath of the stream; depending on stream accessibility sites are 
spaced approximately 0.4 to 0.8 km apart. 

2.1.7. Scotts Level Branch 
Scotts Level Branch has headwaters in Baltimore County, Maryland. 

Scotts Level Branch flows through suburban Randallstown, MD until its 
confluence with Gwynns Falls. Scotts Level Branch has been restored 
along 2 reaches with a floodplain reconnection approach. We sampled at 
ten sites along Scotts Level Branch spaced approximately 1.2 km apart. 

2.1.8. Northwest Branch of the Anacostia River 
The Northwest Branch of the Anacostia River (Northwest Anacostia) 

begins in rural, agricultural Montgomery County, Maryland and flows 
through suburban Maryland until it meets the Northeast Branch of the 
Anacostia River, just outside of Washington, D.C. We sampled at eigh
teen locations along the flowpath of the stream, spaced approximately 
0.8 km apart; however, a lack of stream accessibility in upper reaches 
required sampling points to be about 3 km apart. 

2.1.9. Gwynns Falls 
Gwynns Falls has headwaters in Baltimore County, Maryland. 

Gwynns Falls flows through suburban Baltimore County into Baltimore 
City, where it flows into the Patapsco River. Gwynns Falls flows through 
Leakin Park; thus, many parts of the stream have large riparian buffer 
zones despite the urban setting. We sampled twelve sites along Gwynns 
Falls spaced approximately 1.2 km apart. 

S.A. Shelton et al.                                                                                                                                                                                                                               
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2.2. Sample collection and preservation 

LSS monitoring surveys were completed between June 2022 and 
April 2023, as detailed in Table 1. Samples were generally collected 
upstream-to-downstream along the flowpath, with the exception of the 
Willamette and Licking Rivers where samples were collected moving 
from downstream-to-upstream. Synoptic surveys were completed at or 
near baseflow with the exception of the Willamette River, which was at a 
higher flow related to seasonal rains. There was a small snow event 
between the two days of sampling the Licking River and a small rain 
event before sampling the Northwest Branch of the Anacostia River on 
December 7, 2022, but the changes in discharge relating to these events 
were relatively small. For most sites, surface water samples and in situ 
measurements were collected from the bank. At sites where the bank 
was inaccessible, a bucket was used to collect samples from a bridge. For 
the Licking River, samples were collected along the thalweg by boat. 

At most sites, we measured in situ temperature, pH, specific 
conductance, dissolved oxygen, and oxidation-reduction potential using 
a YSI ProPlus Multiparameter Probe (Yellow Springs Instruments [YSI], 
Ohio, U.S.A.), calibrated per manufacturer instructions. For Boulder 
Creek and the South Platte River, samples were transported back to the 
laboratory where specific conductance of the unfiltered stream water 
was measured within 5 days of collection, using the same YSI ProPlus 
Multiparameter Probe. For the Licking River, we used an YSI EXO2 
multi-parameter water quality sonde (Yellow Springs Instruments [YSI], 
Ohio, U.S.A.) to measure in situ temperature, pH, and specific conduc
tance. At each site, we collected a water sample using 125-mL HDPE 
Nalgene bottles. Sample bottles were acid washed in 0.1 M HCl and 
triple rinsed with deionized water before use. Bottles were rinsed at least 
three times with stream water before sample collection. If the bucket 
was utilized, it was rinsed at least three times with local stream water 
before use. 

Once collected, samples were transported back to the laboratory and 
kept chilled on ice in a cooler or in a laboratory fridge at 4 ± 2 ◦C until 
processing and analysis. Within one week of collection, samples were 
filtered through ashed 0.7 μm Whatman GF/F glass microfiber filters. 
Within 8 days of collection, an aliquot of each sample was acidified to a 
0.5 % HNO3 solution using 70 % trace metal grade nitric acid. These 
acidified samples were stored at room temperature for ICP-OES analysis. 
The remaining un-acidified portion of the filtered sample was refriger
ated. Within two weeks, we analyzed each sample for absorbance. The 
samples were then frozen for later TOC analysis. 

2.3. Laboratory analyses 

Laboratory analyses followed methods described in Duan and Kau
shal, 2015; Galella et al., 2021, 2023a; Haq et al., 2018; Kaushal et al., 
2023a; Maas et al., 2023; and Shelton et al., 2022. Cation and trace 
element concentrations were analyzed using inductively coupled plasma 
optical emission spectroscopy (ICP-OES) with a Shimadzu Elemental 
Spectrometer (ICPE-9800, Shimadzu, Columbia, Maryland, U.S.A.). The 
instrument was calibrated using an Inorganic Ventures standard for 
trace elements and a High Purity Standards standard for cations. A 
secondary source check standard was used to verify the calibration; 
major ions (Na+, K+, Ca2+, Mg2+) were accepted with less than ±20% 
error while all other trace elements were accepted with less than ±50% 
error. 

Total dissolved nitrogen (TDN) and dissolved organic carbon (DOC) 
as non-purgeable organic carbon (NPOC) were analyzed using a Shi
madzu Total Organic Carbon analyzer (TOC-L, Shimadzu, Columbia, 
Maryland, U.S.A.). TDN was analyzed using the total nitrogen module 
(TNM-1) with a chemiluminescence method, and NPOC was analyzed 
using high temperature catalytic oxidation. Calibration standards were 
prepared in-house using potassium nitrate (for TDN) and potassium 
hydrogen phthalate (for NPOC). Secondary source checks from La-Mar- 
Ka (TDN) and Ricca (NPOC) were used to verify the calibration to less 

than ±20 % error. 
Absorbance spectra were analyzed using a Shimadzu Spectropho

tometer (UV-1800, Shimadzu, Columbia, Maryland, U.S.A.). The in
strument was auto-zeroed and baseline corrected using Milli-Q water 
and a reference cuvette. Spectra were taken at an interval of 1 nm be
tween 800 and 200 nm for each sample. Optical density (OD), as read by 
the instrument was normalized by path length (the size of the cell) to get 
Napeirian absorbance coefficients (a) via the following relationship: a =
2.303OD/l, where l is 0.01 m, the size of our cell (Hu et al., 2002). 
Spectral slope from 275 to 295 nm (S275–295) and 350 to 400 nm 
(S350–400) and the Slope Ratio were calculated using log-transformed 
linear regression (Helms et al., 2008). Specific ultraviolet absorbance 
at 254 nm (SUVA254) was calculated as the decadic absorbance coeffi
cient at 254 nm (OD/l) divided by the dissolved organic carbon con
centration (Weishaar et al., 2003). 

2.4. External data acquisition 

USGS gage data was downloaded from the NWIS website (U.S. 
Geological Survey, 2016). There are six USGS gages with high frequency 
water quality sensors within the study area: Licking River (03254520, 
38.9203417, −84.44799549); Northwest Branch of the Anacostia River 
(01651000, 38.95255556, −76.96513889); Scotts Level Branch 
(01589290, 39.3615833, −76.76175); South Platte River (06711565, 
39.66498738,-105.004149); Watts Branch (01651800, 38.90127778, 
−76.94327778); and Willamette River (14,211,720, 45.5175, 
−122.6691667). These USGS gages measure discharge and a variety of 
water quality parameters depending on the location, but only specific 
conductance data was analyzed in this study. Measurements of specific 
conductance were downloaded for Gwynns Falls from the Baltimore 
Ecosystem Study (GFCP; 39.27205556, −76.6498056) (Groffman et al., 
2020), and Boulder Creek conductivity data was obtained from the 
Critical Zone Observatory (ST2; 40.014640, −105.322860) (Anderson 
and Jensen, 2021). Bull Run specific conductance data (38.80312, 
−77.44962) was provided by the Occoquan Watershed Monitoring 
Laboratory. 

For each site, percent urban area is the percentage of cells with 
developed land in the watershed, as delineated and calculated within 
USGS StreamStats with land use data from the National Land Cover 
Dataset (NLCD) (U.S. Geological Survey, 2019a). We also obtained the 
following watershed metrics to use in multiple linear regression 
(described in Section 2.5.). Using the StreamStats watershed de
lineations, we identified wastewater treatment plants (WWTPs) located 
upstream of each site using the dataset HydroWASTE (Ehalt Macedo 
et al., 2022). Then, the effluent discharge metric was summed for all 
plants upstream of each site. Lastly, mean annual precipitation and li
thology characteristics were obtained using U.S. EPA StreamCat (Hill 
et al., 2016). While StreamCat provides a more robust number of pa
rameters, we often had multiple sites along the flowpath within the same 
COMID, thus we used StreamStats to delineate watersheds and more 
precisely calculate percent urban area, which we expect to change along 
flowpaths. 

2.5. Data and statistical analyses 

Distance downstream from the furthest upstream site to the sampling 
site was calculated in QGIS as the distance along the NHD Flowline for 
each stream (U.S. Geological Survey, 2019b). 

Based on Field et al. (2012), each stream was analyzed using a cor
relation matrix with the Hmisc and corrplot packages in R (Harrell and 
Dupont, 2023; Wei et al., 2021). We tested for normality using the 
Shaprio-Wilk test in R, and over half of the variables were not normally 
distributed when broken down by stream. Thus, we used Spearman's rho 
to calculate correlation coefficients and significance for each correlation 
(Field et al., 2012). We adjusted all p-values using a Bonferroni correc
tion for each correlation matrix. Principal component analysis (PCA) 
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was completed on the entire dataset using FactoMineR and factoextra 
packages in R (Field et al., 2012; Husson et al., 2023; Kassambara and 
Mundt, 2020; Maas et al., 2023). The Slope Ratio, SUVA254, B, Ba2+, 
Ca2+, Cu, Fe, K+, Mg2+, Mn, Sr2+, Na+, DOC, and TDN concentrations 
were used in the analysis as these parameters were analyzed for every 
stream. Every analyte was log-transformed to account for the non- 
normality of the data and mean-centered and standardized prior to 
analysis. We used multiple linear regression to explore possible drivers 
of the first principal component from our PCA analysis. The following 
driver variables were explored: wastewater treatment plant discharge, 
mean annual precipitation, percent urban area, and a number of litho
logical metrics, including percent silicic residual material, percent 
noncarbonate residual material, percent carbonate residual material, 
percent glacial related material (sum of the five glacial till/outwash 
categories from StreamCat), percent volcanic material (sum of percent 
alkaline intrusive volcanic rock and percent extrusive volcanic rock), 
percent sediment (sum of eolian, alluvial, and colluvial sediment cate
gories), and percent water. To avoid multicollinearity, the variance 
inflation factor (VIF; MASS package; Ripley et al., 2024) was used to 
screen driver variables; drivers with a VIF > 5 were iteratively removed, 
until a final set with VIF < 5 was obtained. Multiple linear regression 
was subsequently performed (R package, glmulti; Calcagno, 2020) using 
all possible combinations of this final set of drivers. The model with the 
lowest Bayesian Information Criterion (BIC) was taken to be the best-fit 
model. The relaimpo package (Groemping and Lehrkamp, 2023) was 
used to calculate the relative importance of terms for this best-fit model. 

In order to assess chemical trends and transition zones along flow
paths, we completed a breakpoint analysis using the segmented package 
in R (Muggeo, 2023). For each synoptic, linear regression models were 
completed with zero, one, and two breakpoints. We retained the model 
with the lowest Akaike Information Criterion (AIC), as calculated using 
the AICcmodavg package (Mazerolle, 2023). This breakpoint analysis 
does not provide p-values testing if segmented slopes are significantly 
different than zero; thus, we report the 95% confidence intervals of 
slopes. If zero is not contained within this confidence interval (CI), this 
result is akin to p < 0.05. A complete list of slopes, confidence intervals, 
and model parameters is available in the supporting information; we 
report a selection of these results in the main text. 

The breakpoint analysis assumes that the downstream trend is 
continuous, or in other words that there are no abrupt changes in value 
that would be better represented by a non-continuous function. This 
assumption is not met in Bull Run as there is a well-documented pulse in 
many ions from the UOSA effluent outflow (Bhide et al., 2021; Maas 
et al., 2023). Thus, for this site, we split the synoptic and completed 
linear regression analyses above and below the effluent outfall. As the 
Willamette River synoptic survey covered a larger spatial scale than the 
other streams and focused on a more dilute system, the breakpoint 
analysis did not provide insight on local land use change impacts. Thus, 
we also compared stream reaches with varying amounts of urban impact 
by conducting an ANOVA analysis, grouping the sites by their nearest 
city (Albany, Salem, and Portland OR). For the ANOVA analysis, the 
assumption of equal variance and normality were tested using the Lev
ene test and Shapiro-Wilks test, respectively, and post-hoc comparisons 
were completed using a Tukey test; these analyses were completed using 
base R and the car package (Fox et al., 2023). 

3. Results 

3.1. Salinization varies temporally across streams 

As expected, specific conductance varied between sites over time in 
streams across the U.S. (see Supporting Information), suggesting that 
local climate and lithology can influence differences among cities. 
However, pulses in specific conductance highlight urban influences. Our 
temporal analysis showed that in the Washington D.C. and Baltimore 
areas, road salts can cause specific conductance pulses from 

approximately 5000 to 10,000 μs cm−1. For reference, the average 
specific conductance of the world's oceans is 33,000 μs cm−1 (Tyler 
et al., 2017). Large pulses in specific conductance in the Licking River 
have previously exceeded measurements of 20,000 μs cm−1. In Colo
rado, observed salt pulses were much smaller despite a drier climate, 
with high specific conductance measurements in the South Platte 
reaching about 5000 μs cm−1. The available Boulder Creek data did not 
demonstrate any pulses in specific conductance; the available data was 
collected at a site upstream of most of the urbanization in the watershed 
and snowmelt is a dominant source of water (Murphy, 2006). In the 
dilute Willamette River in Oregon, specific conductance was stable year- 
round at approximately 75 μs cm−1, which was likely due to an extended 
rainy season and snowmelt contributions from the Cascade Mountains 
(Brooks et al., 2012). See Supporting Information for further discussion. 

3.2. Chemical cocktails of salt and related elements observed in streams 
across U.S. cities 

Comparing all measured parameters within each stream revealed 
distinct chemical cocktails dominated by salt ions and correlated ele
ments. In Boulder Creek, Bull Run, Gwynns Falls, the Licking River, 
Scotts Level Branch, the South Platte River, and the Willamette River, 
Na+, Ca2+, Mg2+, K+, Sr2+, and Cu were all frequently positively 
correlated with one another (see Supporting Information for a more 
detailed discussion). Overall, these correlations reveal the formation of 
“salty chemical cocktails” as elemental mixtures usually including Na+, 
Ca2+, Mg2+, K+, Sr2+, and Cu in each stream. TDN was included in the 
chemical cocktails in the South Platte River, the Licking River, Gwynns 
Falls, and the Willamette River. Notably, Ca2+ was not included in the 
salty chemical cocktails in Scotts Level Branch and Gwynns Falls. While 
a clear salty chemical cocktail did not emerge in the Northwest Branch 
of the Anacostia or Watts Branch, some of the salt ions were still 
significantly correlated to one another (p < 0.05), suggesting that these 
elements are still bound by similar sources and processes. The presence 
of these chemical cocktails across different streams in different urban 
areas throughout the U.S. suggest that salty chemical cocktails 
composed of Na+, Ca2+, Mg2+, K+, Sr2+, Cu, and TDN could be common 
urban geochemical signatures. Further details regarding the chemical 
composition and correlations for each site can be found in Supporting 
Information. 

Principal component analysis revealed that the elements composing 
salty chemical cocktails (Na+, Ca2+, Mg2+, K+, Sr2+, Cu, and TDN) 
explained about half of the variability within the dataset (Fig. 1) sug
gesting that similar salty chemical cocktails are formed across cities and 
drive variability between streams. Principal component 1 (PC1) 
explained 46.1 % of the variance within the dataset (Fig. 1); Sr2+, K+, 
Na+, Ca2+, Mg2+, TDN, and Cu were all positively correlated (correla
tion coefficient > 0.65) with this component while SUVA254 was nega
tively correlated (correlation coefficient < −0.65). This principal 
component (PC1) is a single parameter that represents the salty chemical 
cocktails across sites. Principal component 2 (PC2) explained 16.1 % of 
the dataset variance; Ba2+, Fe, and Cu were positively correlated (cor
relation coefficient > 0.4) with this component while the Slope Ratio, B, 
and DOC were negatively correlated (correlation coefficient < −0.5) 
with the component. Other elements were weakly correlated with these 
components; a complete list of correlation coefficients and p-values are 
included in the Supporting Information. In PCA space, Boulder Creek, 
the Willamette River, the South Platte River, the Licking River, Bull Run, 
and Gwynns Falls in December and March tended to shift to the right, 
indicating increases in PC1, with increasing distance downstream (see 
Supporting Information), demonstrating the increasing contributions of 
salty chemical cocktails along rural to urban gradients. 

Principal component analysis also revealed which streams were 
more closely related to one another. Boulder Creek and the Willamette 
River clustered together as streams known to be influenced by snowmelt 
(Brooks et al., 2012; Murphy, 2006) whereas Bull Run and the South 
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Fig. 1. The top panel shows the principal component analysis (PCA) conducted using all of the synoptic data available for every stream. The color and symbol 
represents the stream. The bottom four panels represent the results of the multiple linear regression used to predict PC1, or the salty chemical cocktails. Partial effects 
are evaluated by holding all other model inputs constant. The x-axes are the residuals for the selected driver, representing the portion of the selected driver that is 
independent of all other drivers included in the model. The y-axes are the residuals of the model for PC1 when predicted without the selected driver, representing the 
portion of PC1 that is attributable to only the selected driver. The line, surrounded by the 95% confidence interval, is the relationship between the indicated driver 
and PC1. 
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Platte River clustered together as streams known to be influenced by 
wastewater effluent inputs (Dennehy et al., 1993; Haby and Loftis, 2012; 
Maas et al., 2023). The rest of the streams were clustered in the center of 
PCA space. The Licking River separated out as a cluster known to be 
influenced by limestone and geogenic sources (Carey, 2009; Fisher et al., 
2007), whereas the other Washington D.C. and Baltimore streams 
appeared to form a cluster known to be influenced by human- 
accelerated weathering and road salts (Kaushal et al., 2017). Largely 
based on PC1, which represented salty chemical cocktails, it appeared 
that streams fell into four groups of salinity sources: snowmelt (or 
dilute), geogenic, weathering of impervious surfaces and road salt, and 
effluent. Both anthropogenic and natural factors influence these salty 
chemical cocktails, but ultimately streams in different climates grouped 
together suggesting that urban impacts may overwhelm climatic factors 
influencing water chemistry. 

Multiple linear regression was able to predict 62.9% of the variance 
in PC1 (the salty chemical cocktails) using the six following drivers: 
percent urban land (%; β = 0.0661; p < 2.2 * 10−16), wastewater 
treatment plant discharge (m3 day−1; β = 5.40 * 10−6; p = 1.66 * 10−8), 
mean annual precipitation (mm; β = −0.0132; p < 2.2 * 10−16), percent 
silicic residual material (%; β = −0.0440; p < 2.2 * 10−16), percent 
volcanic material (%; β = 0.412; p = 2.76 * 10−5), and percent carbonate 
residual material (%; β = 0.137; p = 3.38 * 10−6) (Fig. 1). Mean annual 
precipitation and percent urban area had the highest relative impor
tance in the regression, explaining 29.6 and 13.0 of the 62.9% predicted 
variance, respectively. This suggests that mean annual precipitation and 

percent urban area are the most important contributors to differences in 
PC1 along stream flowpaths and across sites, while lithology and 
wastewater treatment plant discharge play a smaller, but still signifi
cant, role. 

The overall patterns for the salty chemical cocktails along streams 
with different sources (streams influenced by snowmelt, wastewater, 
geogenic salt sources, and weathering impervious surfaces and road salt) 
can be observed by plotting Principal Component 1 downstream (Fig. 2). 
Overall, this principal component, which represents salty chemical 
cocktails, tended to increase longitudinally along the flowpaths of 
Boulder Creek, Bull Run, Gwynns Falls (with the exception of July), the 
Licking River, the South Platte River, Watts Branch, and the Willamette 
River. Principal component 1 tended to decrease along the flowpath of 
Scotts Level Branch (a stream restoration site), and was relatively stable 
for the Northwest Branch of the Anacostia River (a stream flowing 
through a large conservation area). Some factors influencing longitu
dinal patterns are discussed in the sections below. 

3.3. Salty chemical cocktails increased along urbanizing flowpaths, and 
there were breakpoints relating to local land use 

Across U.S. cities, salty chemical cocktails often increased along rural 
to urban longitudinal flowpaths, and breakpoints, or changes, in 
downstream trends coincided with transitions in surrounding land use 
and management. Overall, the elements included in the salty chemical 
cocktails (Na+, Ca2+, Mg2+, K+, Sr2+, Cu, and TDN) had similar 

Fig. 2. Principal component 1 plotted downstream for each river. Different colors represent different sampling dates.  
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longitudinal trends along flowpaths, following distinct typologies in 
longitudinal trends similar to those conceptualized and demonstrated 
for streams and rivers (Kaushal et al., 2023a). In Boulder Creek, the 
South Platte River, the Licking River, Bull Run, Gwynns Falls, Watts 
Branch, and the Willamette River, the salty chemical cocktails followed 
an increasing typology in longitudinal trends with increasing urbani
zation, as most elements included in the salty chemical cocktails had 
increasing concentrations downstream. These elevated salt 

concentrations suggest that freshwater salinization may be a common 
signature of urbanization. We were also able to discern breakpoints 
along these longitudinal typologies in our current analysis. 

3.3.1. Increasing longitudinal trends along urbanizing streams influenced 
by snowmelt 

At our sites in the western U.S., streams and rivers can be heavily 
influenced by snowmelt, particularly during spring and summer months 

Fig. 3. Na+, Ca2+, Mg2+, TDN, and Fe concentrations downstream for Boulder Creek. The locations and associated 95% confidence intervals of the breakpoints 
analyzed for every parameter. Circles represent the January 6, 2023 sampling date while triangles represent the June 13, 2022 sampling date. Note that y-axes are 
scaled relative to each concentration range. 
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(Brooks et al., 2012; Murphy, 2006). In the Willamette River, we 
sampled upstream, within, and downstream of Albany, OR and Salem, 
OR as well as along the Portland urbanization gradient. Despite low 
concentrations of solutes, we were able to detect longitudinal increases 
along the entire flowpath in Na+, Sr2+, Mg2+, K+, and TDN ranging from 
3.9 * 10−5 to 0.0036 mg L−1 km−1. We also found that element con
centrations tended to be higher in the larger Portland area than 
compared to the Albany/Salem reaches, particularly for TDN (p <

0.001), Sr2+ (p < 0.05), Mg2+ (p < 0.01), and K+ (p < 0.05). Na+ was 
only significantly higher in Portland when compared to Salem (p =

0.005), while Albany did not significantly differ from either city. During 
summer months, 60–80% of the river's water comes from snowy up
lands, while valley rains have a larger contribution during winter 
(Brooks et al., 2012). 

In Boulder Creek, CO, salty chemical cocktails followed an increasing 
typology (Fig. 3). There was also an abrupt transition in land use at the 

Fig. 4. Na+, Ca2+, Mg2+, TDN, and Fe concentrations downstream for the South Platte. The locations and associated 95 % confidence intervals of the breakpoints 
analyzed for every parameter. Circles represent the January 5, 2023 sampling date while triangles represent the June 14, 2022 sampling date. Note that y-axes are 
scaled relative to each concentration range. 
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city border where the stream flows from its highly forested mountainous 
reaches into the urban area at a breakpoint (11.1 ± 1.23km downstream 
(mean ± standard deviation, listed as such throughout the text)) in the 
increasing trend of many salt ions during January 2023. During January 
2023, Ca2+, K+, Mg2+, Na+, TDN, and Sr2+ concentrations increased 
downstream with rates ranging from 0.0073 to 5.9 mg L−1 km−1, with 
greater increasing trends occurring after the breakpoint. During June 
2022, Ca2+, Na+, and Mg2+, and Sr2+ increased along the flowpath at 

0.0015 to 0.088 mg L−1 km−1. Across both the Willamette River and 
Boulder Creek (snowmelt influenced streams), we observed increases in 
salty chemical cocktails along rural to urban flowpaths. 

3.3.2. Increasing longitudinal trends and breakpoints along urbanizing 
streams influenced by wastewater 

There were also increasing longitudinal trends in the salty chemical 
cocktails with increasing watershed urbanization in streams influenced 

Fig. 5. Na+, Ca2+, Mg2+, TDN, and Fe concentrations downstream for the Licking River. The locations and associated 95 % confidence intervals of the breakpoints 
analyzed for every parameter. Circles represent the January 30, 2023 sampling date while triangles represent the January 31, 2023 sampling date. Both dates were 
analyzed concurrently within the breakpoint analysis. Note that y-axes are scaled relative to each concentration range. 
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by wastewater inputs. The salty chemical cocktails in the South Platte 
River generally increased with some ions following a plateau typology 
(Fig. 4). Na+, Ca2+, Mg2+, K+, Sr2+, TDN, and Cu increased along the 
South Platte's flowpath, ranging from 0.00045 to 10 mg L−1 km−1. In 
January 2023, some of the ions reached a breakpoint (Cu at 14.4 km, 
Mg2+ at 18.3 km, Na+ at 14.4 km downstream), after which the 
downstream trends were more stable, suggesting a potential saturation 
of urban inputs. However, this plateau region with no overall 

downstream trend was variable for all of these elements, suggesting 
pulses of pollution inputs within the city of Denver. 

In Bull Run, the salty chemical cocktails first followed an increasing 
typology and then are marked by two pulses potentially related to a 
quarry and wastewater effluent. B, Ca2+, Cu, Na+, Mg2+, K+, and Sr2+ all 
initially increased along the flowpath as Bull Run flowed through pro
gressively more urban areas with rates ranging from 0.00017 to 2.4 mg 
L−1 km−1. Along Bull Run, there was a pulse then attenuation of Ca2+, 

Fig. 6. Na+, Ca2+, Mg2+, TDN, and Fe concentrations downstream for Scotts Level Branch. The locations and associated 95 % confidence intervals of the breakpoints 
analyzed for every parameter. The shaded regions are the areas where Scotts Level Branch has been restored. Circles represent the December 12, 2023 sampling date, 
triangles represent the March 9, 2023 sampling date, and squares represent the July 13, 2022 sampling date. Note that y-axes are scaled relative to each concen
tration range. 
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Mg2+, Sr2+, and B 25–29 km downstream located near a quarry. TDN 
decreased along the flowpath until the wastewater treatment plant 
outfall, after which there was a pulse then attenuation in Na+, K+, and 
TDN. Ultimately, in both effluent influenced streams, there was a clear 
urbanization-related increase in salinity which is due to both effluent 
and other anthropogenic factors. 

3.3.3. Increasing longitudinal trends and breakpoints in urbanizing streams 
influenced by geogenic salinity sources 

Along the Licking River, the salty chemical cocktails followed a 
consistent increasing typology (Fig. 5). The average breakpoint location 
for all ions roughly coincided with the region sampled for both dates, 
suggesting that variation between days drove differences in trends. 
Here, we report the trends downstream of the breakpoint as these rea
ches coincided more closely with the urbanization gradient. Ca2+, Mg2+, 

Fig. 7. Na+, Ca2+, Mg2+, TDN, and Fe concentrations downstream for Gwynns Falls. The locations and associated 95 % confidence intervals of the breakpoints 
analyzed for every parameter. The shaded area is the region where Gwynns Falls flows through Leakin Park. Circles represent the December 12, 2023 sampling date, 
triangles represent the March 9, 2023 sampling date, and squares represent the July 13, 2022 sampling date. Note that y-axes are scaled relative to each concen
tration range. 
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Na+, Sr2+, and K+ all increased along the flowpath at 0.00044 to 0.21 
mg L−1 km−1. Na+ concentrations spiked and stabilized around the 
confluence of Banklick Creek, suggesting that this highly urban creek 
may contribute a localized pulse of Na+. 

3.4. Parks and restoration are related to stable or decreasing trends in 
salty chemical cocktails 

Although we generally observed increasing longitudinal trends in 
salty chemical cocktails with increasing urbanization, there were three 
streams with decreasing or stable trends as they flowed through parks 
and restoration areas (Scotts Level Branch, Northwest Anacostia, and 
Gwynns Falls). More specifically, the salty chemical cocktails in Scotts 
Level Branch decreased in concentration along the flowpath (Fig. 6). 
Scotts Level Branch is a suburban stream that has several stream resto
ration projects along reaches, as well as a wider forested riparian zone. 
Na+, Cu, and K+ decreased consistently along the entire flowpath 
ranging from −1.9 to −0.00043 mg L−1 km−1 while Ca2+ was stable or 
slightly decreasing. Mg2+ and TDN decreased in the upstream reaches, 
where the stream restorations are located. Mg2+ had a breakpoint 
downstream of the second restoration at 4.0 ± 1.5 km downstream and 
TDN had a breakpoint after the first restoration at 0.89 ± 0.056 km 
downstream, then TDN and Mg2+ had stable or increasing trends in 
downstream, degraded reaches. Iron, a redox-sensitive element, fol
lowed an opposing trend, increasing throughout the restoration sites to 
4.5 ± 1.4 km downstream, then decreasing for the rest of the degraded 
flowpath. These results suggested that, in the restored reaches, there was 
more floodplain connectivity where mobile, reduced iron was more 
prevalent, while in degraded reaches there was less floodplain connec
tivity (Kaushal et al., 2023a; Maas et al., 2023; Malin et al., 2024). 

The salty chemical cocktails in the Northwest Branch of the Ana
costia River was decreasing or stable, demonstrating that parks and 
conservation areas may prevent urban impacts. The stream flows 
through the Rachel Carson Greenway and Burnt Mills Park, where, 
despite increasing urbanization in the watershed, the stream has a wide 
riparian buffer zone. Some elements were decreasing or stable along the 
entire flowpath, including Ca2+, Sr2+, and TDN. In July and December, 
Mg2+ had a breakpoint just after the start of the Rachel Carson 
Greenway at 15 ± 2.1 km downstream; after this point Mg2+ decreased 
(−0.28 to −0.12 mg L−1 km−1). Trends along the flowpath in Cu, Na+, 
and K+, including slopes, number of breakpoints, and breakpoint loca
tions, were variable between seasons, but tended to be stable or 
increasing. Na+, Cu, K+, and Ca2+ all increased in concentration 
downstream of the confluence with Sligo Creek, suggesting that this 
tributary provided a localized pulse of ions. 

Salty chemical cocktails generally increased longitudinally along the 
Gwynns Falls (Fig. 7) but were attenuated when the stream flowed 
through a large forest conservation area at Leakin Park. Ca2+, Mg2+, and 
Na+ tended to increase along the flowpath, although there was some 
seasonal variability (see Supporting Info for the complete list of rates). 
Steeper linear increases in concentrations of weathering-related ions 
(Ca2+ and Mg2+) and less persistent increases in Na+ suggest that 
human-accelerated weathering is a main source of some anthropogenic 
ions in the Gwynns Falls watershed (Kaushal et al., 2017). The average 
breakpoint location across all parameters is 13.8 ± 4.3 km downstream, 
which coincided with Leakin Park, an extensive urban forest and con
servation area. There were a variety of breakpoints and shifts in con
centrations of Sr2+, TDN, K+, and Na+ in Leakin Park, indicating that 
this forested area likely influences water chemistry. During winter 
months, Na+ and Cu experienced a pulse at the last site, located under 
highways, indicating a potential road salt pulse. Given the conservation 
areas, presence of urban forests, and stream restoration involving 
stream-floodplain reconnection, the results from Scotts Level Branch, 
the Northwest Anacostia, and Gwynns Falls suggest that conservation 
and restoration features may have potential to attenuate elevated salt 
concentrations from urbanization (sensu Maas et al., 2023, Kaushal 

et al., 2023a). 

4. Discussion 

Salinization represents a growing environmental concern across 
local, regional, and global scales (e.g., Cañedo-Argüelles et al., 2013; 
Dugan et al., 2017; Hintz et al., 2022; Kaushal et al., 2005, 2021, 2023a; 
Thorslund et al., 2021). In this study, we found that Ca2+, Mg2+, Na+, 
K+, Sr2+, TDN, and Cu were consistently related to one another, forming 
salty chemical cocktails across different streams and rivers draining five 
major U.S. metropolitan areas. Across metropolitan regions, there were 
consistently increasing longitudinal trends in salty chemical cocktails in 
streams and rivers along rural to urban flowpaths. These longitudinal 
trends showed distinct typologies of linear increases and plateaus 
(Kaushal et al., 2023a). Decreasing longitudinal trends as streams and 
rivers flowed through parks and restoration areas are similar to a 
growing body of work within the Chesapeake Bay region (Kaushal et al., 
2023a; Maas et al., 2023; Malin et al., 2024). There were statistical 
breakpoints representing transitions in longitudinal trends influenced by 
urban boundaries, parks, and restoration and conservation zones. Our 
work illustrates the value of incorporating a watershed chemical cock
tail approach of monitoring multiple elements simultaneously to char
acterize urban water quality signatures and track degradation and 
restoration of water quality. Below, we discuss the impacts of sur
rounding land use, underlying geology, and wastewater inputs on for
mation of chemical cocktails along stream flowpaths across different 
metropolitan regions. We also discuss how longitudinal trends and 
transitions in chemical cocktails can be attenuated on local scales by 
watershed management, riparian conservation, and stream-floodplain 
restoration. 

4.1. Effects of urbanization on the formation of chemical cocktails 

In our study, each longitudinal synoptic survey revealed a distin
guishable chemical cocktail composed of salt ions and correlated ele
ments. Na+, Ca2+, Mg2+, K+, Sr2+, and Cu were all frequently positively 
correlated with one another, and in many streams, TDN was also 
correlated. Our results suggest that there were distinct chemical cock
tails formed along urban flowpaths, which can result from distinctly 
urban sources and processes. Principal component analysis revealed that 
these elements were related to one another across sites, forming salty 
chemical cocktails, and drove about half of the variability within the 
dataset. Overall, our results suggest that the transport and trans
formation of salts influences and/or co-mobilizes other elements 
creating close linkages among elements, which can be represented and 
visualized as chemical cocktail mixtures. 

Our results are consistent with studies that describe how many salt 
ions follow similar patterns in sources and transport (Bhide et al., 2021; 
Haq et al., 2018; Kaushal et al., 2017, 2020, 2023c; Moore et al., 2017), 
but there can also be variations in the cycling of salts (Kaushal et al., 
2023c). In natural environments, most major ions are controlled by 
similar weathering mechanisms (Gaillardet et al., 1999), while in urban 
environments, chemical cocktails form as multiple different chemical 
constituents (such as nutrients, salts, organic matter, and metals) can 
come from the same urban sources (E et al., 2023; Kaushal et al., 2017, 
2020, 2023a; Maas et al., 2023). This watershed chemical cocktail 
approach allows us to understand which constituents are related bio
geochemically to one another (Galella et al., 2021; Kaushal et al., 2018a, 
2019, 2020; Morel et al., 2020) and reveals contaminant sources, sinks, 
and transformation processes relevant to water quality. 

Many different urban sources and processes can contribute to 
chemical cocktails. For example, impervious surface cover increases 
runoff (Dunne and Leopold, 1978; Kaye et al., 2006), which flushes road 
salts, corroded metals, trash, nutrients, organic pollutants (such as 
polycyclic aromatic hydrocarbons), and pesticides into streams (Askar
izadeh et al., 2015; Heaney and Sullivan, 1971; Kaushal et al., 2020; 
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Masoner et al., 2019; McGrane, 2016; Paul and Meyer, 2001). Weath
ering, dissolution, and leaching of buildings, roads, and bridges releases 
base cations and carbonates that are transported to streams (Kaushal 
et al., 2017, 2020; Wright et al., 2011). In addition to increased runoff, 
changes in surface/subsurface hydrologic connectivity (e.g., water 
movement through storm drains bypassing riparian zones or leaky 
infrastructure interactions with groundwater) impact the formation of 
chemical cocktails (Kaushal and Belt, 2012; McGrane, 2016). These 
broader processes lead to the formation of salty chemical cocktails, 
although other processes more specifically describe how base cations, 
Sr2+, Cu, and TDN can be co-mobilized and transformed. 

Geochemical and biogeochemical processes also enhance formation 
of chemical cocktails. Ion exchange leads to the mobilization of other 
cations and Cu when one cation is elevated (Galella et al., 2023a; Haq 
et al., 2018; Kaushal et al., 2017). Increases in salinity also increase ionic 
strength, which mobilizes hydrogen ions, thereby decreasing pH and 
influencing sediment dispersal (Haq et al., 2018; Kaushal et al., 2017, 
2018b). Nitrogen can co-occur with these cations, as it can originate 
from the same urban sources such as effluent (Martí et al., 2004, 2010), 
be mobilized by ion exchange (Duan and Kaushal, 2015; Kaushal et al., 
2017), and be partitioned between ammonium and nitrate differently 
due to salinization (Green et al., 2008). While this previous research 
describes how chemical cocktails can form in urban environments, this 
paper alongside other work contributes to the growing need to under
stand the role of salt ions as potential tracers of urbanization (Galella 
et al., 2021; Kaushal et al., 2018a, 2019, 2020; Morel et al., 2020). 

4.2. Salty chemical cocktails can be a common signature of urbanization 

We found consistent increasing trends in salty chemical cocktails 
(made up of Na+, Ca2+, Mg2+, K+, Sr2+, Cu, and sometimes TDN) across 
rural to urban gradients in seven streams flowing through five different 
metropolitan areas. The consistent formation of these salty chemical 
cocktails across cities and consistent increases in these salty chemical 
cocktails suggest that elevated salinity involving multiple different ele
ments is a signature of urbanization. Other work has similarly shown 
that salinity tends to be elevated in urban areas, although most of the 
studies focus on specific conductance or one or two elements. Many 
urban streams have experienced chronic increases in salinity over time 
(Kaushal et al., 2018b), and increasing chloride concentrations have 
been observed across U.S. cities year-round related to urban develop
ment (Coles et al., 2012; Corsi et al., 2015; Kaushal et al., 2005; Moore 
et al., 2020; Stets et al., 2018). Increasing patterns in chloride with 
impervious surface cover are more pronounced in the northeastern U.S. 
compared to the southeastern U.S. due to higher usage rates of road salts 
(Moore et al., 2020). Road salts specifically have been linked to 
increasing specific conductance and Na+ and Cl− concentrations 
throughout the U.S. (Coles et al., 2012; Cooper et al., 2014; Corsi et al., 
2010, 2015; Kaushal et al., 2005, 2021; Moore et al., 2020). Other in
fluences of urbanization such as wastewater inputs have been shown to 
increase salinity in regions that do not frequently use road salt (Rose, 
2007). Spatially, specific conductance has also been shown to be 
elevated in urban areas when compared to rural areas (Brown et al., 
2009). However, the impacts of urbanization depend on rural land use; 
urban signals tend to be stronger when compared to forested land use 
than when compared to agricultural land use (Brown et al., 2009; Rei
singer et al., 2019). These urban increases in salinity across multiple ions 
in urban areas suggest that a chemical cocktail of salt is one signature of 
urbanization. 

4.3. Increasing salty chemical cocktails were commonly found along rural 
to urban flowpaths 

In this study, PCA results across nine streams and rivers suggested 
that there were different clusters of streams characterized by salty 
chemical cocktails representing influences from snowmelt, wastewater, 

geogenic salt sources, and weathering of impervious surfaces and road 
salt. Previous studies have established that climate, particularly aridity, 
can control solute concentrations (Li et al., 2022), however both our 
multiple linear regression and our longitudinal trends demonstrate that 
urbanization can also increase solutes across climate types. Our multiple 
linear regression revealed that across cities, salty chemical cocktails are 
influenced by urban land use and wastewater effluent in addition to 
climate and lithology. Our results show increased concentrations of 
many salt ions in urban areas in both the arid western and humid eastern 
U.S. Seven of nine studied urban streams had increasing longitudinal 
trends in salt ions, while the other two streams results were defined by 
parks and restoration areas. We found that there were increasing lon
gitudinal trends of salty chemical cocktails along rural to urban gradi
ents in streams and rivers, indicating that urbanization can drive 
increases in salinity. 

We observed increasing longitudinal trends in salinization along 
streams and rivers as they flowed through progressively more urban 
areas. Previous longitudinal synoptic work has focused on smaller reach 
scales (Kaushal et al., 2023a; Maas et al., 2023), and our work expands 
this approach by focusing on urban stream flowpaths in larger water
sheds and across metropolitan regions of the U.S. In seven of the nine 
streams studied, salt ions increased along stream flowpaths from rural to 
urban areas. There were increasing trends and plateaus in chemical 
cocktails of salt, TDN, Cu, and Sr2+. These trends were consistent across 
seasons, similar to other results suggesting spatial patterns are consistent 
over time (Wheeler and Ledford, 2023). There were also distinct tran
sitions for multiple elements at sites coinciding with shifts in landscapes 
or management affecting multiple elements associated with salt. These 
results suggest that salty chemical cocktails can contribute to the overall 
geochemical signature of urbanization. The two streams that showed 
decreasing longitudinal trends and typologies have conservation and 
restoration features, which suggests that forest conservation areas, 
parks, and stream-floodplain restoration may disrupt the propagation of 
the salt signature further downstream through biogeochemical uptake, 
dilution, or hydrologic storage (see Section 4.4.). 

We observed increasing trends in salty chemical cocktails along the 
longitudinal flowpaths of Boulder Creek, Bull Run, Gwynns Falls, the 
Licking River, the South Platte River, Watts Branch, and the Willamette 
River. Increases in salinity from nonpoint sources in urban areas are 
often attributed to road salt application, weathering of impervious sur
faces, and sewage leaks (Bain et al., 2012; Bhide et al., 2021; Brooks, 
2014; Dailey et al., 2014; Hocking and Bailey, 2022; Kaushal et al., 
2011, 2017, 2022, 2023a; Leslie and Lyons, 2018; Maas et al., 2023; 
Moore et al., 2017; Morel et al., 2020; Snodgrass et al., 2017). We 
observed these background increases in salinity across all seven sites 
with increasing typologies. Previous work has similarly shown that ur
banization is related to elevated salinity either within or in the regions 
surrounding Boulder Creek (Barber et al., 2006; Nolan, 2020), Bull Run 
(Bhide et al., 2021; Maas et al., 2023), Gwynns Falls (Bain et al., 2012; 
Kaushal et al., 2011, 2017, 2023a; Kaushal and Belt, 2012; Moore et al., 
2017; Snodgrass et al., 2017), the South Platte River (Hocking and 
Bailey, 2022; Litkey and Kimbrough, 1998), Watts Branch (Kaushal 
et al., 2022, 2023a; Maas et al., 2023; Morel et al., 2020), and the 
Willamette River (Waite et al., 2008). The one stream with additional 
non-urban drivers is the Licking River, where salt concentrations within 
the basin are largely attributed to the lithology, which is defined by 
shale, limestone, and salt licks (Carey, 2009; Fisher et al., 2007). 
However, urbanization has been shown to increase salinity in Kentucky 
and Ohio (Brooks, 2014; Dailey et al., 2014; Leslie and Lyons, 2018), and 
our observed pulse of Na+ likely originated from the urbanized Banklick 
Creek, suggesting that urbanization still plays a role in the Licking River 
salinity. 

Point sources, specifically wastewater treatment plant effluent out
falls, also play a role in urban salt inputs. Consistent with other studies 
(Bhide et al., 2021; Maas et al., 2023), we observed how wastewater 
treatment plant effluent pulses elevate salinity in Bull Run. Effluent has 
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also been shown to add salinity in the South Platte River (Dennehy et al., 
1993; Haby and Loftis, 2012; Hocking and Bailey, 2022) and Boulder 
Creek (Barber et al., 2006; Murphy, 2006), and impact water quality in 
the Willamette River (Bloom, 2007). Wastewater treatment plant out
falls are located within our study area, thus this effluent likely con
tributes to increasing salinity observed across these sites. Across our 
study sites, nitrogen, phosphorus, pesticides, and organic contaminants 
have also been observed to increase in urban areas (Barber et al., 2006; 
Dennehy et al., 1998; Dougherty et al., 2006; Duan and Kaushal, 2013; 
Kaushal et al., 2011; Leland et al., 1997; Murphy, 2006; Waite et al., 
2008). Elevated trace metals have been observed to be elevated in urban 
areas (Bain et al., 2012), and this pattern is present in our results as Cu is 
frequently included within the salty chemical cocktail. In Bull Run, the 
effluent pulse of Na+ coincides with elevated Cu, suggesting that some 
sources of salt are also sources of Cu. Additionally, ion exchange has 
been shown to mobilize Cu (Kaushal et al., 2019; Kaushal et al., 2022; 
Galella et al., 2023a, 2023b). Across the seven sites with increasing 
longitudinal trends in salty chemical cocktails, this elevated salinity can 
generally be related to urbanization. 

However, some of these streams have experienced localized in
creases in salinity relating to non-urban anthropogenic sources. In the 
South Platte, most previous work on salinity has focused downstream of 
Denver where increasing trends have been attributed to water reuse in 
agriculture. In this setting, evaporation, dissolution of soil minerals, and 
plant rejection of salts increase salinity (Dennehy et al., 1998; Haby and 
Loftis, 2012). In Bull Run, longitudinal pulses of Ca2+, Mg2+, and Sr2+

were likely influenced by the presence of a quarry, which has been 
shown to negatively impact the water quality in a nearby tributary Cub 
Run (Brent et al., 2022). Lastly, elevated groundwater salinities in the 
Licking River watershed have been attributed to brines from fossil fuel 
production (Carey, 2009; Fisher et al., 2007). Overall, anthropogenic 
activities elevate freshwater salinity in a wide variety of ways across 
cities, particularly in urban areas. 

Spatial data, including longitudinal stream synoptics, provide un
derstanding on how salts and other contaminants are loaded to streams 
(Byrne et al., 2017; Snodgrass et al., 2017). Within our work, the lon
gitudinal stream synoptic data have provided insight on how water 
quality changes along rural to urban gradients, identified how abrupt 
changes in land use can influence water quality (such as the city border 
crossing in Boulder Creek), and located potential point sources (such as 
the wastewater treatment plant outfall and quarry in Bull Run). This 
type of data can reveal more information about the water quality im
pacts of channel morphology, the biogeochemical processing that occurs 
along flowpaths, how streams act as transporters and transformers of 
solutes, and how management approaches can attenuate contaminants 
along flowpaths (Mayer et al., 2022; Kaushal et al., 2023a; Kaushal and 
Belt, 2012). Longitudinal spatial data provides additional insights on 
what urban processes are occurring as spatial characteristics influence 
water quality. The way in which contaminant sources are located within 
and interact with the catchment influences how solutes are mobilized 
(Lintern et al., 2018). Land cover, land use, land management, atmo
spheric deposition, geology/soils, climate, topography, and hydrology 
influence the source, mobilization, and delivery of solutes (Lintern et al., 
2018). House age, impervious surface extent, and stormwater connec
tivity have been shown to add variability in how urbanization impacts 
water quality (Carle et al., 2005). Urban infrastructure, such as storm 
drain pipe density, influences how urban-related increases in salinity 
change over time and at different flow conditions (Blaszczak et al., 
2019). Ultimately, using longitudinal stream synoptic (LSS) monitoring 
data has allowed us to gain additional insight as to how urbanization 
impacts water chemistry, but more work is needed to fully understand 
how different spatial characteristics and biogeochemical processes 
mechanistically drive increases in salinity. 

4.4. Parks and restoration can reduce urban water quality signatures and 
salinization 

Urbanization-related increases in salinity pose larger water quality 
concerns, even though salt is a largely unregulated contaminant (Kau
shal et al., 2021). Elevated salt concentrations can pose hazards to 
aquatic life (Hintz and Relyea, 2019), mobilize toxic metals such as 
copper and lead (Galella et al., 2023a; Stets et al., 2018; Wilhelm et al., 
2019), mobilize nitrogen and phosphorus (Green et al., 2008; Duan and 
Kaushal, 2015; Haq et al., 2018; Galella et al., 2023b), and pose direct 
threats to drinking water supplies, such as exceeding EPA recommended 
limits for sodium restricted diets (Kaushal et al., 2005; Grant et al., 
2022). Thus there is a need to understand how elevated salinity can be 
managed within urban watersheds. 

We observed decreasing or stable longitudinal trends in salty 
chemical cocktails at two sites with conservation and restoration fea
tures, suggesting that different watershed management strategies can 
play a role in attenuating urban salt pulses. Despite seasonal pulses of 
road salt and other increases of urbanization-related salinity in the 
Washington D.C. and Baltimore region (Kaushal et al., 2017; Moore 
et al., 2017), we found decreasing trends in salt ions along the flowpath 
of Scotts Level Branch consistent with other studies (Kaushal et al., 
2023a; Maas et al., 2023; Malin et al., 2024). These decreases are related 
to stream restoration that promoted floodplain reconnection (Maas 
et al., 2023; Malin et al., 2024) and result in the attenuation of road salt 
pulses along the flowpath (Kaushal et al., 2023a; Maas et al., 2023). 
Load measurements suggest that these decreases in concentration are a 
result of attenuation, not only dilution (Malin et al., 2024). Retention 
and ion exchange can occur in sediments and floodplains at this site 
(Kaushal et al., 2022, 2023a), and increases in redox-sensitive elements 
alongside decreases in salt ion concentrations support retention within 
floodplains (Malin et al., 2024). Similarly, salt ions tended to decrease or 
have no trend along the flowpath of the Northwest Branch of the Ana
costia River, despite increasing urban area along the flowpath, observed 
road salt pulses, and established urban sources of salinization in the 
Anacostia Watershed such as road salts and broken sewer lines (Galella 
et al., 2021; Haq et al., 2018; Miller et al., 2007). The Northwest Branch 
of the Anacostia River is surrounded by a large forested riparian buffer 
zone as it flows through the Rachel Carson Greenway and Burnt Mills 
Park. Forested portions of urban areas can increase infiltration and 
improve water quality (Berland et al., 2017); for the Northwest Branch 
of the Anacostia specifically, this conservation area likely limits urban 
road salt and infrastructure weathering sources of salts. Another 
mechanism for salt attenuation is the hydrologic retention of salts, 
where groundwater-surface water interactions have been shown to 
reduce salt pulses (Ledford and Lautz, 2015; Maas et al., 2021). The 
presence of parks and restoration areas in Scotts Level Branch and the 
Northwest Branch of the Anacostia River tempered the urban salty 
chemical cocktail. 

The influence of parks and forest conservation areas on salt con
centrations was also apparent in some of our sites with increasing ty
pologies. In Gwynns Falls, many ions had breakpoints as the stream 
flowed through the Leakin Park. While this park was not large enough to 
disrupt overall increasing trends (Bain et al., 2012; Kaushal et al., 2017, 
2023a; Kaushal and Belt, 2012), our more localized synoptic survey 
showed an influence on salt ions in the park. Leakin Park is an urban 
woodland that spans over 1000 acres (City of Baltimore, 2015), where 
there is a lack of urban sources like road salt and weathering of the built 
environment (Kaushal et al., 2017). Similarly in Bull Run, concentra
tions of Na+, Ca2+, and Mg2+ decreased after their pulse-sources as the 
stream flowed through Bull Run Regional Park. While some of this could 
be due to dilution, downstream of the UOSA outflow Na+ is negatively 
related to Mg2+ and no longer positively related to Ca2+ (see Supporting 
Information), suggesting that ion exchange is attenuating Na+ along the 
flowpath. Additionally, the wide riparian buffer width within Bull Run 
Regional Park has been shown to drive the non-seasonal variance of salts 
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(Maas et al., 2023). Overall, the presence of parks and restoration areas 
in the riparian zones of streams increases the potential for salty chemical 
cocktails to be attenuated along stream flowpaths. 

4.5. Conclusions 

In seven different streams across 5 different U.S. cities, we observed 
increasing salt concentrations along rural to urban flowpaths, suggesting 
that salinization can be a signature of urbanization. Our analysis of 
longitudinal stream synoptic monitoring data provided further insights 
regarding sources, sinks, transport, and transformation processes 
impacting pollutants in urban watersheds. In urban streams, we iden
tified common chemical cocktails made up of Na+, Ca2+, Mg2+, K+, Cu, 
Sr2+, and TDN. Further, we found that salinity increased along flow
paths in seven of nine studied urban streams across the U.S. In the two 
streams with decreasing or stable longitudinal trends, parks and resto
ration areas were a noticeable component of land use. Identifying this 
salty, urbanization-related chemical cocktail, and utilizing a longitudi
nal stream synoptic approach is helpful in understanding the sources, 
transformation, and attenuation of stream contaminants. In the future, 
the chemical cocktail approach could potentially be utilized to under
stand urban contaminants as tracers of opportunity for tracking 
nonpoint and point source pollution. Thus, this approach and our results 
can be useful for water quality managers attempting to reduce urban 
stream contaminants, such as through implementation of best manage
ment practices or enforcement of total maximum daily loads (TMDLs). 
Although more work is needed, our results demonstrate that the 
chemical cocktail approach can be useful in identifying and tracking 
urbanization signatures, furthering our understanding of what urbani
zation processes and impacts are generalizable and what management 
strategies may be applicable across regions. 
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Martí, E., Aumatell, J., Godé, L., Poch, M., Sabater, F., 2004. Nutrient retention efficiency 
in streams receiving inputs from wastewater treatment plants. J. Environ. Qual. 33 
(1), 285–293. https://doi.org/10.2134/jeq2004.2850. 

Martí, E., Riera, J.L., Sabater, F., Sabater, S., Barceló, D., 2010. Effects of Wastewater 
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