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Abstract

Impervious surface cover increases peak flows and degrades stream health, contributing to a variety of
hydrologic, water quality, and ecological symptoms, collectively known as the urban stream syndrome.
Strategies to combat the urban stream syndrome often employ engineering approaches to enhance stream-
floodplain reconnection, dissipate erosive forces from urban runoff, and enhance contaminant retention,
but it is not always clear how effective such practices are or how to monitor for their effectiveness. In this
study, we explore applications of longitudinal stream synoptic (LSS) monitoring (an approach where
multiple samples are collected along stream flowpaths across both space and time) to narrow this
knowledge gap. Specifically, we investigate: (1) whether LSS monitoring can be used to detect changes in
water chemistry along longitudinal flowpaths in response to stream-floodplain reconnection, and (2) what
is the scale over which restoration efforts improve stream quality. We present results for four different
classes of water quality constituents (carbon, nutrients, salt ions, and metals) across five watersheds with
varying degrees of stream-floodplain reconnection. Our work suggests that LSS monitoring can be used
to evaluate stream restoration strategies when implemented at meter to kilometer scales. As streams flow
through restoration features, concentrations of nutrients, salts and metals significantly decline (p<0.05) or
remain unchanged. This same pattern is not evident in unrestored streams, where salt ion concentrations
(e.g. Na*, Ca*", K) significantly increase with increasing impervious cover. When used in concert with
statistical approaches like Principal Component Analysis, we find that LSS monitoring reveals changes in
entire chemical mixtures (e.g., salts, metals, and nutrients), not just individual water quality constituents.
These chemical mixtures are locally responsive to restoration projects, but can be obscured at the

watershed scale and overwhelmed during storm events.

Keywords

Urban streams, restoration, water quality assessment, nutrient pollution, freshwater salinization
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Introduction

Urbanization and its impacts on water quality are degrading many kilometers of streams in the
Chesapeake Bay watershed and across the U.S. Urbanization can impact a watershed’s physical,
chemical, and biological characteristics (FISRWG, 1998; Paul & Meyer, 2001; Walsh et al., 2005) and
ultimately reduce water quality. Impervious surface cover increases peak flows and degrades stream
health, contributing to a variety of hydrologic, water quality, and ecological symptoms, collectively
known as the urban stream syndrome (Walsh et al., 2005). Pollution from nutrients, metals, and salts
impact sensitive downstream receiving waters such as drinking water supplies or coastal waters. Stream
restoration strategies are diverse (Newcomer-Johnson et al., 2016) and the goal of many stream
restoration projects is to reconnect streams with floodplains and riparian wetlands that are sinks for
carbon and nutrients. Billions of dollars are spent on rehabilitating water quality through stream
restoration and engineering stream channels and floodplains in the U.S. and elsewhere (Bernhardt et al.,
2005; Newcomer-Johnson et al., 2016). Despite the growing prevalence of stream restoration, questions
remain whether stream restoration using engineering approaches actually improve urban water quality and
how to effectively restore and monitor streams. Stream-floodplain reconnection has been shown to
increase nutrient retention along stream flowpaths (Bukaveckas, 2007; Kaushal et al., 2008; Mayer et al.,
2022; McMillan & Noe, 2017), but there can be spatial and temporal variability across stream reaches and
restoration projects that can make it difficult to assess the effectiveness of stream restoration practices
(Booth et al., 2004; Filoso & Palmer, 2011; Kaushal et al., 2023a,b; Sivirichi et al., 2011).

Runoff and contaminants are more efficiently transported to urban streams due to flashy runoff
from impervious surfaces and storm drains (Askarizadeh et al., 2015; Walsh et al., 2005). Runoff from
impervious surfaces is discharged to urban streams from storm drains with minimal opportunity for
biogeochemical retention of pollution from nonpoint sources such as leaky sewer pipes underneath
streams, road salts, fertilizers, vehicles, and other sources (Cooper et al., 2014; Galella et al., 2021;
Kaushal et al., 2020; Maas et al., 2023; Mayer et al., 2010; Morel et al., 2020). Increased runoff decreases
hydrologic connectivity between the stream and its floodplain, which causes polluted water to bypass the
upper soil horizons of floodplains (with ample organic matter and plant roots for retention of
contaminants) (Groffman et al., 2002; Kaushal et al., 2008; Walsh et al., 2005). Increasing impervious
surface cover due to urbanization leads to less infiltration of precipitation and more overland flow during
storm events (Booth & Jackson, 1997; Fanelli et al., 2017; Paul & Meyer, 2001). An urban stream can
become hydrologically disconnected from its floodplain due to increased runoff and erosion of stream
banks contributing to channel incision (Groffman et al., 2002) and other geomorphic changes (Leopold et

al., 2005). Shallow groundwater flowing through the riparian zone cannot adequately interact with
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vegetation and organic matter in upper soil horizons (Fanelli et al., 2017; Groffman et al., 2002; Kaushal
et al., 2008), and can result in decreased retention of pollutants such as nitrogen (Forshay et al., 2022;
Hanrahan et al., 2018; Kaushal et al., 2008) and phosphate (Davis et al., 2015; McMillan et al., 2014).
Specific conductance can be an indicator of surface water contributions during storms versus groundwater
contributions during baseflow (Kaushal et al., 2019; Occhi, 2011; Pellerin et al., 2008). Overall, restoring
hydrologic connectivity between streams and floodplains and shallow groundwater can be critical for

influencing biogeochemical reactions (Kaushal et al., 2008; Mayer et al., 2010; Mayer et al., 2022).

Stream restoration is used to reduce impacts from urbanization; approaches are diverse and may
include channel or in-stream hydromorphic methods, restoring riparian zones, or entire watershed actions.
Stream restoration goals may include enhancing water quality, channel stability, riparian or in-stream
habitats, biodiversity, or any combination of these (Newcomer-Johnson et al., 2016; Palmer et al., 2014).
Diverse approaches for stream restoration are described in detail in Newcomer-Johnson et al. (2016), but
the most common approaches that have shown the potential to improve water quality are (1) stream-
floodplain reconnection, which can enhance N uptake in streams and hyporheic zones and foster
denitrification (Kaushal et al., 2008; Mayer et al., 2022; Newcomer-Johnson et al., 2016); (2) enhancing
hydrologic connectivity between streams and oxbow wetlands, which can enhance denitrification and N
removal (Harrison et al., 2011, 2012a); (3) creating stream-wetland complexes (Filoso & Palmer, 2011;
Forshay et al., 2022; Newcomer et al., 2014); and (4) regenerative stormwater conveyance (Duan et al.,
2019; Williams & Filoso, 2023). There are also other engineered restoration approaches such as natural
channel design (Rosgen, 1996, 2011) in which stream channels are widened, point bars or cutbanks are

added, or the sinuosity of the channel is increased.

Most work evaluating the effects of stream restoration on water quality has focused on nutrient
retention in restored streams while neglecting the fate and transport of salts, metals, and organics together
(Kaushal et al., 2023a,b; Maas et al., 2023). Assessing stream restoration effectiveness using conventional
monitoring approaches that rely only on monitoring one or a few contaminants over time at just one or a
few fixed locations can be difficult. Urban watersheds have spatial and temporal dimensions, which
influence water quality along a continuum of flowpaths (Kaushal & Belt, 2012; Kaushal et al., 2023a,b,
2014b; Maas et al., 2023). Here, we explore a longitudinal stream synoptic (LSS) monitoring approach in
which we have sampled along the entire flowpath or a large reach of flowpath at a fixed frequency at the
same locations. We used this repeated LSS monitoring approach to analyze multiple chemicals to assess
the effectiveness of stream restoration across both space and time, and to identify whether restoration
features can attenuate multiple contaminants, such as nutrients, salts, and metals, along flowpaths. In our

study, LSS monitoring was performed across a wide range of discharges, storm events, and specific
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conductance fluctuations driven by salting events in these streams. The presence of any emergent or
consistent longitudinal patterns in water chemistry along the flowpaths can provide valuable information
regarding the spatial heterogeneity of water quality along the streams and the functioning of the stream

restoration.

Many restoration studies monitor water quality at one or a few sites in restored streams after the
restoration has occurred. Typical monitoring approaches are: sampling streams on a weekly or bi-weekly
basis over a decade (Mayer et al., 2022); collecting groundwater along water well transects on a monthly
basis (Wood et al., 2022); and/or using combinations of bi-weekly sampling and longitudinal synoptic
sampling (Newcomer-Johnson et al., 2014; Pennino et al., 2016b; Sivirichi et al., 2011). Assessing stream
restoration effectiveness depends greatly on when and where monitoring is conducted along a stream
network (Kaushal et al., 2023a,b; Newcomer-Johnson et al., 2014; Sivirichi et al., 2011) and whether
multiple contaminants are monitored (Kaushal et al., 2022; Maas et al., 2023). Repeated LSS monitoring
can also help identify which restoration approaches may be effective over spatial and temporal scales
(Kaushal et al., 2023a,b; Maas et al., 2023). Here, we asked whether we are missing important changes in
water quality associated with different forms of stream restoration by not incorporating high resolution

LSS monitoring where streams are sampled frequently along the entire flowpath.

In order to answer this question, we use repeated LSS approaches to evaluate the effects that
stream restoration can have on water chemistry by sampling across various spatial and temporal scales.
The results from this effort allow us to address: (1) whether LSS monitoring can be used to detect changes
in water chemistry along longitudinal flowpaths in response to stream-floodplain reconnection, and (2)
what is the scale over which restoration efforts improve stream quality. Overall, there are many
challenges when it comes to evaluating restorations, depending on available time, resources, and money.
Therefore, it is important to understand both the advantages and disadvantages of sampling across
different spatial and temporal scales when designing monitoring programs. Consideration of multiple
spatial and temporal scales allows for improved comparisons of seasonality, hydrologic conditions,
pollution events, and land use management practices within and among watersheds (Kaushal et al., 2023a,
b; Maas et al., 2023). Basically, we explore applications of LSS monitoring repeated over time to evaluate
water quality along restored stream flowpaths. The LSS monitoring approach used here evolved from
methods described in Kaushal et al. (2023a,b), Kaushal et al. (2014b), Maas et al. (2023), Newcomer-
Johnson et al. (2014), Pennino et al. (2016b), and Smith et al. (2017). In this study, we repeated LSS
monitoring over time and across seasons and hydrologic events in order to better understand potential

water quality tradeoffs in response to restoration and the potential for co-management of pollutants. We
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found that the implementation of multifunctional nature-based solutions in the form of restoring urban

stream reaches can have a positive impact on streamwater quality.

Methods

LSS Study Design: Monitoring the Impacts of Restorations Along Watershed Flowpaths

Across Space and Time

Five watersheds with stream restoration efforts were monitored along their flowpaths at different
spatial and temporal scales to explore the impacts of watershed restoration projects on stream chemistry.
We sampled streams longitudinally at least once per season to capture changes in water chemistry along
the flowpath. In this study, all streams were sampled longitudinally repeatedly between 4 and 10 times.
The lack of higher frequency synoptic sampling datasets can lead to limitations in the ability to explore
the full benefits of LSS. Longitudinal stream synoptic (LSS) monitoring was conducted according to the
approaches and methods described by Kaushal et al. (2023 a,b) and Maas et al. (2023). LSS monitoring is
also described in greater detail further below when discussing specific detailed field and lab methods. All
stream sampling sites were located along the thalweg of each stream. The same sampling sites were
chosen for each longitudinal synoptic (Figure 1). During longitudinal sampling, automated stream
samplers were placed at each stream to capture diurnal stream chemistry data. Streams were monitored
(1) bi-weekly over an annual cycle to capture the influence of seasonality on water quality changes; (2)
seasonally during baseflow and stormflow to characterize differences in water chemistry during these
conditions; and (3) hourly over diurnal cycles to capture the short-term influence of brief storm events. In
all five watersheds, the following water quality constituents were measured throughout the study: total
dissolved nitrogen (TDN), dissolved organic carbon (DOC), dissolved and particulate elements (B, Ba*",
Ca*", Cu, Fe, K¥, Mg?', Mn, Na“, S, and Sr**), temperature, DO, conductivity, total dissolved solids,

salinity, pH, and oxygen reduction potential.
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Fig. 1 Site Map. Scotts Level Branch, Sligo Creek and Paint Branch watersheds are outlined. Circle
markers depict longitudinal sampling sites at Scotts Level Branch (purple), Sligo Creek (white), Campus
Creek (green), Paint Branch (orange), and Little Paint Branch (teal). Stars represent USGS Stream
Gauge locations. Map colors depict land cover characteristics described by the National Land Cover

Database Classification Legend (NLCD, 2021)

Site Descriptions

All five watersheds are located within Maryland, USA and are tributaries of the Chesapeake Bay (Figure
1). Four of the watersheds are within the Anacostia Watershed. Brief descriptions of the five studied
watersheds and their restoration strategies are summarized below and in Table 1. The watersheds differ in
percent impervious surface cover, percent forest cover, and drainage area (Figure 2). The stream
restoration strategies were dependent upon local hydrology, watershed size, accessibility of the stream

channel’s surrounding floodplain, and the extent of urban infrastructure in and around the stream
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185  Fig. 2 Longitudinal patterns in land use and cumulative drainage area of all five flowpaths plotted

186  against distance downstream. 0 m represents the most upstream point of the sampled flowpath. Percent
187  impervious surface cover (ISC) and forest cover are plotted. Green bars represent restored areas along
188  the flowpaths. Thick dashed lines divide watersheds into two comparable sections of flowpath; Sligo
189  Creek is divided by relative forest cover to ISC (a), Scotts Level Branch (b) and Campus Creek (d) are
190  divided by restored and unrestored flowpath, and Paint Branch is divided by tributary and main stem.
191  Additional dashed lines along the Paint Branch flowpath represent the location of the University of
192 Maryland, College Park campus

193 Two paired watersheds in this study, Sligo Creek and Scotts Level Branch, offered a unique

194  opportunity to compare the effectiveness of different stream restoration approaches. Sligo Creek has

195  undergone channel-based restoration efforts, while Scotts Level Branch has been exposed to floodplain
196  reconnection strategies along sections of its flowpath. These two watersheds are in similar geographic

197  regions, have comparable land use and land cover along their flowpaths, and similar hydrology including
198  similar seasonal precipitation (Online Resource 1). Annually, precipitation, evapotranspiration, and runoff
199  peak at similar times at Sligo Creek and Scotts Level Branch. Sligo Creek usually has higher annual

200  precipitation, while Scotts Level Branch has more outlier flooding events due to heavy rainstorms.

201  Otherwise, precipitation levels and hydrology between the two watersheds are quite similar (Online
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Resource 1). Both watersheds have an average impervious surface cover of 41% and similar average
forest covers at 12-14% (Table 1). Sligo Creek and Scotts Level Branch both have decreasing impervious
surface cover in the beginning of their flowpaths, and they both have similar patterns in stable impervious

cover further downstream (Figure 2).

We also investigated and compared longitudinal water quality responses in nested watersheds.
Little Paint Branch and Campus Creek are both small, nested watersheds within the larger Paint Branch
watershed (Figure 1), which allows us to compare them to each other. Campus Creek was restored using
regenerative stormwater conveyance (RSC), a technique in which a series of step pools are added to
reduce the velocity of the water moving along the flowpath, whereas Little Paint Branch has experienced
“natural floodplain reconnection” due to sedimentation following the construction of a major highway
upstream (Blanchet, 2009). Comparing longitudinal patterns in chemistry along these two sites might tell

us if engineered and natural floodplain reconnections confer different water quality benefits.

One of the reasons to explore hydrologic and seasonal changes in the context of this study is that
they have the potential to complicate the detection of restoration effects using longitudinal stream
synoptic monitoring (there may be different longitudinal patterns across streamflow conditions). Given
that our first objective of this study was to explore whether changes in water chemistry can be detected
along longitudinal flowpaths in response to floodplain reconnection, our second objective was to evaluate
how might this change by season, flow condition, and spatial scale. We used linear regression of repeated
LSS monitoring data to help address the first objective and used PCA and changes on a diurnal scale to
address the second objective. The comparison of higher resolution tributary samples (which can resolve
short-duration effects) in Campus Creek and Little Paint Branch and lower resolution watershed-scale
samples (which reveal broader trends) across the entire Paint Branch watershed were also used to address

our second objective, which explores the scales over which restoration efforts improve stream quality.

Sligo Creek Watershed (Minimal Floodplain Reconnection but Changes in Impervious Surface

Cover)

Sligo Creek is a 14.2 km stream within a 29.0 km? watershed that flows through Montgomery and

Prince George’s County in Maryland. Sligo Creek is a tributary of the Northwest Branch of the Anacostia
River, which flows into the Potomac River. The watershed has an average impervious surface cover of
41% and a forest cover of 12% (U.S. Geological Survey, 2019). Silgo Creek has not undergone floodplain
reconnection due to a narrow stream corridor and residential development in close proximity to the stream
channel. Restoration efforts have focused primarily on stream channel stabilization and a series of

stormwater management projects. The Sligo Creek watershed restoration project has undergone six
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phases since 1989 when Montgomery County decided to restore water quality and habitat conditions in
the stream (George, 2012). Phases I-IV (conducted in 1989, 1992-1994, 1996, and 1999) created
stormwater retention ponds and wetlands into the watershed. Phase V (conducted in 2005-2007)
introduced low-impact development (LID) stormwater management bioretention systems, and Phase VI
(conducted in 2010-present) implemented additional stormwater management techniques across 48% of
the upper Sligo Creek subwatershed. Restoration projects at Sligo Creek have resulted in a 41% reduction

in peak flow discharge and overall improvements in water quality (George, 2012).

Sample collection at Silgo Creek was conducted at twelve sites spanning from headwaters to the
confluence. Sample collection sites were spaced between 550-2,000 m apart and were primarily chosen
based on access to the stream channel. Sampling was conducted at the same locations during each LSS
sampling campaign. Sligo Creek was sampled two times during baseflow and two times during stormflow
conditions; diurnal sampling was conducted three times and automated samplers were placed at sites SC2
(1,525 m), SC7 (9,249 m), and SC12 (14,202 m) (Table 2).

Scotts Level Branch Watershed (Floodplain Reconnection Along Headwater Reaches)

Scotts Level Branch is an 8.7 km stream within a 10.4 km? watershed in Baltimore County,
Maryland. Scotts Level Branch is a tributary of Gwynns Falls, which is a tributary of the Middle Branch
of the Patapsco River. This watershed drains residential development and has an average impervious
surface cover of 41% and a forest cover of 14% (U.S. Geological Survey, 2019). Two restoration projects
involving floodplain reconnection have been implemented along the flowpath at Scotts Level Branch
(Scotts Level Branch Stream Restoration Project, 2019). The most upstream restoration project,
constructed in 2019, is from sample site SLB1 (0 m) to SLB2 (491 m), while the second stream
restoration project, completed in 2014, extends from sample site SLB4 (2,576 m) to SLBS5 (3,584 m). A
third floodplain reconnection project focused on a first-order tributary (which flows into the channel
upstream of site SLB5) was under construction in the Fall of 2022. Two additional projects are still in
design. The goal of these projects was to regrade the landscape around deeply incised reaches of the
flowpath to reconnect the stream to its floodplain and reduce sediment and nutrient runoff into the stream
(Ryan, 2022). Additionally, plants native to Maryland watersheds were reintroduced to the floodplain,
and stream sinuosity was increased where possible to slow stream water flow and reduce the probability

of further incision.

As with Silgo Creek, sample collection at Scotts Level Branch was conducted at twelve sites from
the headwaters to the confluence. Sample collection sites were spaced between 375-1,220 m apart and

were primarily chosen based on access to the stream channel. Sampling was conducted at the same
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locations during each LSS sampling campaign. Scotts Level Branch was sampled four times during
baseflow, four times during stormflow conditions, and two times following road salting events; diurnal
sampling was conducted four times and automated samplers were placed at sites SLB1 (0 m), SLB7
(4,650 m), and SLB10 (7,035 m) (Table 2).

Paint Branch Watershed (Streambank Stabilization and Minimal Floodplain Reconnection) and

Subwatersheds

Paint Branch is a 22.5 km stream that flows through Montgomery and Prince George’s Counties
in Maryland. This 80.5 km?* watershed is a fourth-order tributary of the Northeast Branch of the Anacostia
River which feeds into the Potomac River and is the largest watershed of this study. The watershed has an
average impervious surface cover of 33% and a forest cover of 24% (U.S. Geological Survey, 2019). The
Paint Branch watershed has undergone multiple restorations including one performed by the U.S. Army
Corps of Engineers in 2015 and another sanctioned by the MDOT Maryland Transit Administration and
finished in 2021 as part of the Purple Line mass transit project. The 2015 project was designed to restore
fish passage and habitat connectivity along the stream corridor (Roach, 2018). The project ultimately
included floodplain reconnection strategies when the U.S. Fish and Wildlife Service identified that
floodplain connectivity was a main contributor to impairment in the stream (USFWS, 2015). This
restoration project also focused on restabilizing eroding stream banks through the University of Maryland
at College Park campus. The project spans sampling sites PB5 (2,290 m) through PB9 (3,790 m). The
more recent 2021 restoration project, sampled at sites PB11 (4,760 m) and PB12 (5,340 m), also included
floodplain reconnection strategies as well as ways of improving habitat and overall stream stability (Paint
Branch Stream Restoration, 2021) (Figure 2).

The entire Paint Branch watershed (from headwaters to outflow; 22 km transect) was sampled
once at 22 locations along its flowpath. Repeated LSS monitoring was performed at 12 locations along
the downstream-most reach of flowpath (PB 1 (0 m) through PB 12 (5,340 m). Sample collection sites
were spaced between 200-1,130 m apart and were primarily chosen based on access to the stream
channel. Sampling was conducted at the same locations during each LSS sampling campaign. Two
subwatersheds of Paint Branch were also monitored; Little Paint Branch and Campus Creek (described
further below). Paint Branch was sampled one time during baseflow and four times during stormflow
conditions; diurnal sampling was conducted five times and automated samplers were placed at sites PB1
(0 m), PB6 (2,630 m), and PB9 (3,790 m), or only at PB8 (3,590 m) (Table 2).

11
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Little Paint Branch (Natural Floodplain Reconnection from Sedimentation)

The Little Paint Branch tributary flows into the downstream reach of the main Paint Branch
flowpath. The watershed has an average impervious surface cover of 35% and a forest cover of 23% (U.S.
Geological Survey, 2019). Little Paint Branch tributary has undergone a natural floodplain reconnection
(Blanchet, 2009) following the construction of an interstate connector highway (Interstate-495) just
upstream of our study’s first sampling site. Samples were collected at four sites from Interstate-495 (PB1
- 0 m) to the confluence with the main Paint Branch flowpath (PB4 - 1,160 m). Sampling was conducted
at the same location during each LSS synoptic (Figure 2).

Campus Creek Watershed (Floodplain Reconnection with Regenerative Stormwater Conveyance

along Headwater Reach)

Campus Creek is another tributary of Paint Branch that intersects the main Paint Branch flowpath
just upstream of sample site PB8 (3,509 m). Unlike Little Paint Branch, it experienced extensive
engineering of its channel and the construction of RSCs (Kaushal et al., 2022; Wood et al., 2022).
Campus Creek is a 1.4 km stream located in College Park, Maryland. Campus Creek’s 1.8 km? watershed
is the smallest of this study, flowing from the College Park Golf Course at the headwaters through the
University of Maryland campus. The watershed has an average impervious surface cover of 24% and a
forest cover of 23%. The restoration project at Campus Creek, completed in November 2019, was
designed to address stormwater runoff and erosion of the stream channel (Carmichael, 2020). The project
was sampled from sample site CC6 (0 m) through CC4 (610 m). The strategies used in this watershed
included small wetland-like overflow areas, where runoff from heavy rainfall events could be temporarily
stored, as well as the addition of regenerative stormwater conveyance (RSCs). This project spanned about

900 linear meters, over half of the watershed’s flowpath, starting just downstream of its headwaters.

Samples were collected from seven sites spanning from the headwaters to the confluence with the
main Paint Branch flowpath. Sample collection sites were spaced between 80-280 m apart and were
primarily chosen based on access to the stream channel. Sampling was conducted at the same locations
during each LSS monitoring campaign until July 2022 when a heavy storm made the site farthest
downstream (CC0) inaccessible and sampling was moved twenty meters further downstream. Campus
Creek was sampled four times during baseflow and three times during stormflow conditions; diurnal
sampling was conducted five times and automated samplers were placed at sites CC6 (0 m), CC4 (610
m), and CC1 (1,180 m) or CCO (1,390 m) (Table 2).

12
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Longitudinal Stream Synoptic Monitoring

We conducted a survey of each stream and its floodplain to determine monitoring site locations
along the flowpaths. LSS monitoring occurred primarily during baseline levels of specific conductance,
although there was some LSS monitoring during winter road salt events, particularly at Scotts Level
Branch (Figure 3b). Similar to other studies, many monitoring sites along the flowpaths were located
upstream of road crossings or pedestrian bridges over the channels for easier access to the stream
(Wayland et al., 2003). We collected all water samples from the stream channel at each site while
monitoring longitudinally downstream. We collected grab samples in 125 mL bottles after rinsing in
stream water three times. A Yellow Springs Instrument (Y SI) ProQuatro multiparameter meter was used
in conjunction with the grab sample to collect in-situ data for temperature, DO, conductivity, total
dissolved solids (TDS), salinity, pH, and oxidation-reduction potential (ORP). The YSI handheld meter
has an accuracy of £0.1 mg/L for DO, £0.2°C, 0.001 mS/cm for conductivity, £0.1 ppt for salinity, £0.2
units for pH, and £20 mV for ORP (YSI, n.d.). When applicable, grab samples and field probe
measurements (Online Resource 2-6) were collected at the same time as an automated sample collection.
All longitudinal synoptic sampling events are listed in Table 2, while Figure 3 shows each synoptic event
on a relative time scale plotted against specific conductance at that location. Orange and green arrows

depict when repeated LSS monitoring campaigns were performed.

Winter Road Salt

Winter Road Salt

Winter Road Salt
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Fig. 3 Mean daily specific conductivity measurements are provided by USGS gauges at each stream.
Orange arrows depict when LSS monitoring campaigns were performed. The Paint Branch USGS gauge
is not located along the repeated LSS monitoring flowpath but is included to show seasonal patterns
similar to the other watersheds (c). Campus Creek does not have a USGS gauge along its flowpath, so

green arrows depict Campus Creek repeated LSS monitoring campaigns
Diurnal Sampling Along Stream Flowpaths During Baseflow and Storms

We deployed Teledyne ISCO portable automated samplers at select monitoring sites along the
flowpath to collect samples on a diurnal cycle to characterize baseflow conditions and capture brief storm
events (Table 2). Automated samplers were programmed to collect one sample every hour for a full
twenty-four-hour diurnal cycle. The measured diurnal cycle usually started the day of or the day before
the longitudinal sampling. If more than one automated sampler was deployed in nearby streams, they
were all programmed to collect samples simultaneously. At the end of the diurnal cycle, samples collected

by the automated samplers were transferred to 125 mL bottles and filtered in the lab.
External Datasets

Aside from field data collection, multiple resources were used to collect additional watershed
information. The USGS database provided changes in stream conditions over time, such as discharge and
specific conductance, via stream gauge data collection, as well as geologic maps of Maryland and spatial
analytical tools through StreamStats (U.S. Geological Survey, 2019). USGS stream gauge data were used
to supplement high density collection for discharge and specific conductance measurements. StreamStats
was used to determine approximate land use percentages for forest cover and impervious surface cover in
each watershed. The Maryland Topography Viewer, provided through the Maryland Mapping & GIS
Data Portal, was used to determine site elevations. Precipitation data were obtained through Parameter-
elevation Regressions on Independent Slopes Model (PRISM) which is based on the National Weather
Service (NWS) data (Online Resource 1).

Discharge Measurements and Calculations

Three of the five watersheds (Sligo Creek, Scotts Level Branch and Paint Branch) have USGS
gauges and high-frequency sensors for monitoring continuous water quality. USGS stream gauges collect
data every five minutes (U.S. Geological Survey, 2016). The gauges at Sligo Creek (USGS Gauge
01650800 near Takoma Park, MD) and Paint Branch (USGS Gauge 01649190 near College Park, MD)
measure gauge height (ft), discharge (cfs), DO (mg/L), pH, specific conductance (uS/cm at 25 °C),
temperature (°C), and turbidity (FNU). The stream gauge at Scotts Level Branch (USGS Gauge 01589290
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at Rockdale, MD) measures the same parameters, minus DO. Discharge measurements used in this study
are average daily discharge, maximum peak discharge, and average annual discharge. The gauges at Sligo
Creek and Scotts Level Branch are located along flowpaths evaluated in this study. The Paint Branch
gauge is near, but outside, our monitored flowpath. Additional discharge measurements were performed
at Scotts Level Branch during a longitudinal synoptic (March of 2021) to explore the role of hydrologic

factors on changes in chemical concentrations and loads along the flowpath.

Longitudinal discharge measurements were performed at Scotts Level Branch during March
2021. At each synoptic site along the longitudinal flowpath, stream velocity measurements were collected
with a Hach FH950 Portable Flow Meter System to calculate discharge, and channel width and depth
measurements were collected to build cross-sectional plots. Relationships between stream chemistry and
discharge with respect to longitudinal distance from headwaters were assessed. Cross-sectional velocity
measurement locations were chosen at each site by considering accessibility of the stream in that area of
the flowpath. For each discharge measurement, total stream width was measured, followed by incremental
depth and velocity measurements to determine discharge and cross-sectional topography (similar to
Kaushal et al., 2014, Kaushal et al., 2023, Newcomer-Johnson et al., 2014, and Sivrichi et al., 2011). A
velocity measurement taken at two-thirds depth was used to calculate stream discharge (Holmes et al.,
2001).

Sample Processing and Water Chemistry Analyses

Laboratory methods for sample processing and elemental analyses followed those described in
Galella et al. (2021), Haq et al. (2018), Kaushal et al. (2019), and Maas et al. (2023). Samples were
usually processed and prepped for analysis within 24 hours. Each sample was pumped through pre-ashed
0.7 um glass fiber filters using a vacuum. Sample bottles were triple rinsed in deionized water and filters
were replaced between each sample to prevent cross contamination. 30 mL of each filtered sample was
acidified to 0.5% using ultra-pure nitric acid to prevent biological activity and flocculation between

particles within the sample.

Non-acidified samples were frozen until analyzed on a Total Organic Carbon Analyzer (TOC-L;
Shimadzu, Columbia, Maryland) to measure total dissolved nitrogen (TDN) and dissolved organic carbon
(DOC). Samples were injected in the TOC-L with hydrochloric acid (HCI) to transform inorganic carbon
into carbon dioxide. The organic carbon content was calculated by subtracting the inorganic carbon from
the total carbon in the sample. Total dissolved nitrogen concentrations were calculated by combusting
each sample and passing it through a non-dispersive infrared detector (Galella et al., 2023; Haq et al.,
2018; Maas et al., 2023; Wood et al., 2022). The TOC-L has a detection limit of 4 ug/L for carbon
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measurements and 5 pg/L for nitrogen measurements, and a maximum reproducibility coefficient of
variation of 1.5% (Total Organic Carbon Analyzer,2011). We recognize that manufacturer-stated
uncertainties may not always be achievable in real applications due to potential matrix effects sometimes.
However, all laboratory analyses in this project use standards methods, and all laboratory protocols and
methods have been approved as Quality Assurance/Quality Control Plans by the U.S. Environmental
Protection Agency (Galella et al., 2020; Shelton et al., 2023). All standards analyzed as samples were
within 10% of true values of commercially certified standard values (Galella et al., 2020; Shelton et al.,

2023). All samples in this project were considerably elevated above the detection limits of measurement.

Acidified samples were analyzed via inductively coupled plasma optical emissions spectrometer
(ICP-OES) using a Shimadzu Elemental Spectrometer (ICPE-9800, Shimadzu, Columbia, Maryland,
USA) to measure base cation (Ca?, K¥, Mg?*", Na*) and other elemental (B, Ba?*, Cu, Fe, Mn, S, and Sr*")
concentrations. Comparisons to external commercial check standards were used to assess instrument
accuracy. All standards analyzed as samples were within 10% of true values of commercially certified
standard values (Galella et al., 2020; Shelton et al., 2023). As reported by the manufacturer, the ICP-OES
has uncertainties of 0.6, 10, 0.6, and 0.6 pg/mL for Ca?*, K*, Mg?’, and Na*, respectively (Sellers, 2014).

As mentioned above, all measured values in urban polluted streams were considerably elevated
above the detection limits. All analytical methods followed those described in US Environmental
Protection Agency Quality Assurance Plans and followed in previous studies (Galella et al., 2021; Galella
et al., 2023; Shelton et al., 2023).

Statistical Analyses

Linear regression was used to explore relationships between chemical concentrations and distance
downstream. Each watershed provided a natural experiment, in which we could compare the differences
in linear regressions between restored and unrestored stream reaches. Separate models were developed for
flowpaths through restoration or forest features and flowpaths through degraded conditions or increasing
impervious surface cover. Linear regression calculations were performed using MATLAB version

R2022b. We determined statistical confidence of linear trends as having p-values less than 0.05.

Principal component analysis (PCA) was used to investigate dominant patterns in water chemistry
across temporal and spatial scales. All data collected from LSS monitoring were pooled for each
individual stream so that PCA could be performed on a stream-by-stream basis. Data from LSS
monitoring were standardized by subtracting the mean and dividing by the standard deviation of each
parameter (Gelman, 2008). A stopping rule comparable to the Rand-Lamda rule defined by Peres-Neto et

al. (2005) was used to determine how many PC modes to interpret. Only principal components that
16
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revealed significantly higher variance than expected due to chance ata p < 0.05 level (Rippy et al., 2017)
were retained and interpreted in our analysis. Any missing data values due to sample handling or
instrument detection limits were estimated using the minimum value of that parameter. PCA results were
displayed in three ways to highlight different factors that might influence dominant patterns in water
chemistry; (1) by LSS sampling campaign date (differences by season), (2) by baseflow/stormflow
responses (differences by flow condition), and (3) by surrounding land use/land cover (differences by
degree of urbanization). PCA calculations were performed in R-studio using FactoMineR (L& et al., 2008)

and factoextra (Kassambara & Mundt, 2017) packages.
Results

Longitudinal Patterns in Streamwater Chemistry Along Watershed Flowpaths

Patterns of salt ion concentrations and redox-sensitive reactions were explored as
biogeochemical indicators of hydrologic connectivity. Previous studies have shown that hydrologic
connectivity would be linked to longitudinally decreasing salt ion (Ca*", K*, Mg?*, Na") trends due to
dilution and retention on ion exchange sites in soils and sediments (Galella et al., 2023; Kaushal et al.,
2022). Following those studies, we also expected Fe, Mn, and sulfate (SO4>) reduction, suggesting
increased redox reactions, and increases in dissolved Fe and Mn concentrations with decreases in
elemental S in response to decreased redox potentials. In addition, we expected an inverse relationship
between DOC and TDN in some stream reaches, which could suggest denitrification (Forshay et al.,

2022; Mayer et al., 2010; Taylor & Townsend 2010) where hydrologic connectivity was greater.

Sligo Creek Watershed (Minimal Floodplain Reconnection and High Impervious Surface Cover)

There were distinct patterns in longitudinal water quality along different stream flowpaths that
appeared to be influenced by stream restoration features and surrounding land use. For example, there
were increasing trends in base cation concentrations from headwaters to confluence at Sligo Creek, likely
influenced by surrounding land use (Figure 4). In the reaches of Sligo Creek draining land use with less
impervious surface cover, base cations of Ca*", Na*, and K" increased significantly (p<0.05) at rates of
1.00, 1.14, and 0.04 mg/L per km downstream, respectively. Mg?* decreased at a rate of 0.42 mg/L per
km at this reach of the flowpath. In the reaches of Sligo Creek draining land use with increasing
impervious surface, all base cations increased significantly (p<0.05) at 1.24, 1.67, and 0.21 mg/L per km
downstream for Ca*", Na*, and K*, respectively. Overall, the rates of base cations increased in the two
segments of Sligo Creek and were greater where there was more impervious surface cover suggesting low

retention in groundwater and therefore poor hydrologic connectivity along the flowpath. Fe and Mn
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concentrations decreased along Sligo Creek’s entire flowpath (Figure 4), which is tied to decreasing DO

levels along the flowpath (Figure 5d) and further indicating changes in surrounding land use and

decreased hydrologic connectivity.
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Fig. 4 Longitudinal variations in Ca’*, K*, Mg?*, Na*, and dissolved Mn and Fe at Sligo Creek. The area
to the left of the dashed line represents a high forest cover to impervious surface cover ratio, the area to
the right represents a lower forest cover to impervious surface cover ratio. The arrow represents the
direction of flow at Sligo Creek. Blue lines represent data averages for each stream sampling site. Red

lines represent significant patterns in the data
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Fig. 5 Biweekly temporal concentrations of Na* (a) and dissolved Mn (b) at Sligo Creek, Scotts Level
Branch, and Paint Branch. Cumulative biweekly DOC and TDN (c) and temperature and DO (d)
relationships at Sligo Creek, Scotts Level Branch, and Paint Branch. Streamwater samples were collected
biweekly via grab sample at fixed locations along each flowpath. Fixed sampling locations corresponded
with USGS gauges in the Sligo Creek and Scotts Level Branch watersheds. Grab samples collected at

Paint Branch were not collected at the USGS site, but they were collected at the same location biweekly

Scotts Level Branch Watershed (Floodplain Reconnection Along Headwater Reaches)

Total dissolved nitrogen (TDN) decreased between both restored reaches at Scotts Level Branch,
while dissolved organic carbon increased, but there were few statistically significant trends (Figure 6).
Linear regression of dissolved organic carbon (DOC) of the trend along the flow path revealed a
significant decrease below the restored reach of the flowpath (R? = 0.645, F(1,6) = 10.9, p<0.05). We
observed an inverse relationship between DOC and TDN at Scotts Level Branch (Figure 6c), suggesting
increased denitrification in restored reaches and indicating increased hydrologic connectivity. There were
significant (p<0.05) decreasing linear trends of 4.40 and 4.41 mg/L per km downstream in base cations
Ca*" and Mg*", respectively, in the restored reach (Figure 7a,b). Decreasing linear trends in base cations

in restored reaches suggest that there is dilution or retention within the floodplain as water moves through
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the restored reach. Conversely, there were no significant linear relationships in base cation concentrations
along the unrestored reaches of Scotts Level Branch; there appeared to be a plateau and stabilization in
chemical concentrations through these unrestored stream reaches (Figure 7). Stable forest and impervious
surface cover percentages after sampling site SLB6 (3975 m), as well as the introduction of Scotts Level
Park at site SLB7 (4650 m), appeared to influence steady state concentrations of some chemicals along
the unrestored segment of the flowpath. S and Fe are redox-sensitive elements that can reflect the amount
of DO in the stream. A significant (p<0.05) decreasing trend in S and a significant (p<0.05) increasing
trend in Fe in the restored reach (Figure 7c,d) reflects a lower DO in the stream water from slower flows
due to stream restoration. Elemental S concentrations increase below restored reaches while Fe

significantly decreases, which potentially reflects less floodplain reconnection along the unrestored

flowpath.
DoC a TDN b
107 T — T T T — T 25FT T T — T T T — 3
9 * Flowpath T ' Flowpath
| : . | :
sl | ResSIECHl:  Unrestored | Restored & Unrestored
- | 2] \ 3 J
‘E, 7k i y =-0.00014x + 4.489896 | X T |
z | R?=0.65 P=0.02 [ ;
s 6 154 \s \ . .
3
=]
8
5 4 : |
@] 3 13
H|
2. - -
: 0.5F . H 1
o o s s e s E h e o e e s s s
S N S N
) 7 A FA? & N 9 OPUN 9% & itk A A° P N9 DN %
s e o RN A A & W K2 ® R A S P A &
Distance, m Distance, m
3
C
25
L
L ]
o e
~
£ .
15
- * . y=-0.1168x+ 1.5484
8 R?=0.21 P<0.001
1 ']
[
05
0
0 1 2 3 4 5 6 7 8 9 10

DOC, mg/L

20



511

512

513

514

515
516
517

518
519
520
521
522
523
524
525
526
527
528

Fig. 6 Variations in longitudinal DOC (a) and TDN (b) at Scotts Level Branch. The area to the left of the
dashed line represents the restored reach of flowpath; the area to the right represents the unrestored

reach of flowpath. Relationship between DOC and TDN at Scotts Level Branch (c)
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Fig. 7 Longitudinal variations in Ca’*, Mg*", and dissolved Fe and S at Scotts Level Branch. The area to
the left of the dashed line represents the restored reach of flowpath; the area to the right represents the

unrestored reach of flowpath. The arrow represents the direction of flow at Scotts Level Branch

Discharge measurements at Scotts Level Branch were taken once during baseflow conditions
three days after a storm event. Linear regressions show that discharge and stream velocity had increasing
trends between the restored reaches (R? = 0.93, F(1,3) = 39.2, p < 0.001) and also along the unrestored
reaches (R? = 0.944, F(1,5) = 79.6, p < 0.01) (Figure 8a). All four base cations (Ca?*, K*, Mg**, Na")
decreased in concentration from headwaters to confluence (Figure 8b). Na* peaked at the third sampling
site within an unrestored reach and decreased along the flowpath. Using the longitudinal discharge and
longitudinal base cation concentrations, the longitudinal base cation mean daily loads were calculated and
plotted against the distance downstream (Figure 8c). Mean daily loads increased along the flowpath, with
Ca*" and Na" reaching around 380 and 340 kg/day, respectively. K™ had a comparatively much smaller
mean daily load, likely because it is a biologically available nutrient to plants (Tripler et al., 2006). When

normalized to basin area and discharge, we observed that export of salt ions did not follow the same
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pattern as stream discharge (Figure 8d). Stable export between restoration features suggests that there is

retention of salt ions and that the longitudinal patterns in loads are not just hydrologically driven.
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Fig. 8 Longitudinal discharge measurements (a), base cation concentrations (b), daily load of base

cations (c), and daily load of base cations normalized to basin area (d) plotted against distance

downstream at Scotts Level Branch

Paint Branch Watershed: Campus Creek Watershed (Floodplain Reconnection with Regenerative

Stormwater Conveyance along Headwater Reach)

Along Campus Creek, concentrations of all four base cations plateaued in the stream reach,

draining the restoration project with RSCs, but increased (p<0.05) in the degraded, unrestored reach
downstream of the restoration area (Figure 9). Ca**, K¥, Mg?*, and Na" increased by 8.63, 0.95, 3.53, and

22.7 mg/L per km downstream in the degraded, unrestored reach of Campus Creek, respectively. There

was also less variability in chemical concentrations along the restored reach than the unrestored reach.

Concentrations of base cations were steady within the RSCs of the restored reach, while there was a

significant increase in base cations further downstream in the unrestored reach. Fe and Mn concentrations
increased throughout the restored reach, followed by a decrease in Fe and a significant (p<0.05) decrease
in Mn through the degraded, unrestored reach (Figure 9). Consistent with longitudinal patterns observed

at Sligo Creek and Scotts Level Branch, the increasing trends in dissolved Fe and Mn concentrations
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547  suggest increased hydrologic connectivity through Campus Creek’s RSCs. Previous work at this same site
548  has shown that concentrations of DO declined through the RSCs at Campus Creek, sometimes to levels
549  undetectable by the instrument, which enhance conditions for Fe and Mn reduction and increased

550  concentrations of Fe and Mn in these restoration features (Kaushal et al., 2023).
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553  Fig. 9 Longitudinal variations in Ca**, K", Mg’*, Na*, and dissolved Mn and Fe at Campus Creek. The
554  area to the left of the dashed line represents the restored reach of flowpath, the area to the right

555  represents the unrestored reach of flowpath. The arrow represents the direction of flow at Campus Creek
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556  Paint Branch Watershed: Little Paint Branch (Natural Floodplain Reconnection)

557 Paint Branch and the Little Paint Branch tributary offer a comparison between a tributary and
558  mainstem chemistry. The mainstem Paint branch shows significantly (p<0.05) increasing Na+ and

559  decreasing Fe. These patterns are not found along the Little Paint Branch tributary (Figure 10a,b). If

560  consistent with other watersheds in this study, the increasing Na+ and decreasing Fe found along Paint
561  Branch may suggest that it has poor hydrologic connectivity with its floodplain, despite being a restored
562  reach. The reach along the Paint Branch mainstem sampled with repeated LSS monitoring was relatively

563  small compared to the watershed-scale length of the Paint Branch flowpath (22 km in length).
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565  Fig. 10 Longitudinal variations in Na* and dissolved Fe at Paint Branch (a). Na* and dissolved Fe

566  concentrations at Paint Branch at the full watershed scale (b). The area to the left of the dashed line
567  represents the Little Paint Branch flowpath, the area to the right represents the main Paint Branch

568  flowpath. The arrow represents the direction of flow through these watersheds. Vertical solid black lines
569  represent similar sampling sites between the repeated LSS monitoring sites and the entire watershed-

570  scale sampling sites (c). Parks and restorations along the Paint Branch flowpath are indicated
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Differences in Chemical Cocktails Across Seasons and Sampling Locations

PCA biplots allow us to visualize dominant patterns in chemical constituents in various
watersheds. Here we can visualize the patterns that exist in the compositions of chemical mixtures of salt,
metals, and nutrients and seeing the extent to which they have spatial or temporal signatures that are
consistent with changes in land use, storm events, and seasons in urban streams (Figure 11). We do not
show the full potential of PCA to analyze all the different analytes possible and how all chemical
cocktails shift along longitudinal stream synoptic flowpaths; further examples of this are described in
Kaushal et al. (2023b), Maas et al. (2023), and elsewhere (e.g., Byrne et al., 2017). Instead, we explore a
few case studies illustrating that the combination of LSS monitoring and PCA can be a useful approach to
detect how entire chemical mixtures and groups of elements shift in response to stream restoration and
management along flowpaths. For example, the five LSS monitoring events along the Paint Branch
flowpath appear as clusters in the PCA biplot (Figure 11a), showing that the average chemical cocktail of
the watershed changes depending on the time of year. At Scotts Level Branch, monitoring occurred at
least twice during baseflow, stormflow, and road salting events in the watershed. A PCA biplot shows the
importance of monitoring a stream during these various weather events, as distinct clusters in chemical
cocktails can be seen depending on the flow intensity and introduction of road salts to the watershed
(Figure 11b). Finally, there was a difference in stream chemistry at Sligo Creek based on surrounding
land use/land cover along the flowpath, emphasizing the importance of sampling at multiple locations
along the flowpath (Figure 11c). Along Sligo Creek, sampling sites with a higher ratio of forest cover to
impervious surface cover had a stream water chemical composition different from sites draining a lower

ratio of forest cover to impervious surface cover.
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Fig. 11 PCA biplots of LSS monitoring data categorized by monitoring campaign at Paint Branch (a),
baseflow, stormflow, and road salt events at Scotts Level Branch (b), and level of hydrologic connectivity
at Sligo Creek to show differences in chemical cocktails based on those factors. Larger points on each

biplot represent the average data point for each cluster

Flashy Variations in Chemistry due to Stormflow Conditions at Sligo Creek and Paint

Branch

In order to investigate flashiness of streamwater chemistry due to stormflow, Sligo Creek and
Paint Branch were sampled hourly over 24 hours (Figure 12). Baseflow conditions were sampled at least
three days following a storm event to allow the stream to recover. There was relatively little variation in
chemical concentrations during baseflow conditions compared to stormflow conditions. However,
stormflow showed large fluctuations, or flashiness, in chemical concentrations. For example, the storm
event captured in the headwaters of Sligo Creek showed a dilution in base cations in response to a heavy
influx of runoff (Figure 12a). Baseflow concentrations, captured between sampling times 10:00 AM and
2:00 AM, are generally stable until the storm event begins after 2:00 AM. The quick salt ion dilution is
followed shortly after by the beginning of a recovery period (Reisinger et al., 2017), where concentrations

can be observed rising back to baseflow conditions. Hourly concentrations of base cations at Paint Branch
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showed a dilution during a heavy rainstorm during the same evening when the automated stream sampler
was deployed but rebounded quickly after the storm (Figure 12b). Diurnal samples collected at Paint
Branch were also measured for dissolved inorganic carbon (DIC), DOC, and TDN (Figure 12c). In
contrast to the dilution observed in salt ion concentrations due to the storm event, carbon and nitrogen

experienced a pulse in concentrations likely due to hydrologic flushing of nonpoint pollution sources

within the watershed.
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Fig. 12 Base cation concentrations of hourly samples taken after a storm event at Sligo Creek (a) and
during a different storm event at Paint Branch (b). Carbon and nitrogen concentrations collected from

the same storm event at Paint Branch (c). Dashed black lines depict where the effects due to storms are

first observed

Discussion

This study investigates longitudinal patterns in the transport of nutrients, salt ions, dissolved
organic matter, and metals along restored flowpaths to provide further insights into whether restoration
can influence different chemical cocktails. We found that repeated LSS monitoring can be used to detect
changes in stream chemistry at varying spatial and temporal scales in response to stream-floodplain

connection. Hydrologic connectivity can be linked to longitudinally decreasing salt ion trends, increased

27



629
630
631
632
633
634

635
636
637
638
639
640
641
642
643
644
645

646
647
648
649
650
651
652
653
654
655
656
657
658

concentrations of redox sensitive elements (dissolved Fe and Mn), and relationships between carbon and
nitrogen indicating denitrification. We also found that in general, stream reaches with restored flowpaths
by means of stream-floodplain reconnection show more geochemical indicators of hydrologic
connectivity (changes in Fe, Mn, S, C, N) than stream reaches with minimal to no restoration strategies.
Periods of baseflow and stormflow, as well as seasonal road salting events, can result in different

chemical cocktails longitudinally along flowpaths and over time.

There are many considerations and challenges when monitoring and evaluating the effectiveness
of stream restoration projects. Each stream restoration project may be unique, and there can be variability
in stream restoration responses not only among sites but also variability along stream reaches within the
same restoration project (Kaushal et al., 2008, 2023b; Sivirichi et al., 2011). Varying spatial and temporal
scales of monitoring can impact perceptions of positive and negative outcomes for both biological and
water quality responses (Griffith & McManus, 2020; Kaushal et al., 2023b). Although most work has
focused on analyzing changes in urban water quality over time, there is growing work investigating how
water quality changes along urban stream flowpaths (e.g., Deemy & Rasmussen, 2017; Duan et al., 2019;
Fernald et al., 2006; Kaushal & Belt, 2012; Kaushal et al., 2014b; Lintern et al., 2018; Newcomer
Johnson et al., 2014; Pennino et al., 2016b; Smith et al., 2017; Welty et al., 2023). Analysis of spatial

patterns in water quality represents a research frontier in hydrological sciences (Lintern et al., 2018).

Similarly, many studies evaluating the effects of stream restoration on water quality have focused
on N because of the impacts associated with eutrophication, but more work also needs to holistically
consider the fate and transport of salt ions, organic matter, and metals (Galella et al., 2023; Kaushal et al.,
2018b, 2022, 2020; Morel et al., 2020). For example, freshwater salinization is increasingly recognized as
an urban water quality issue, and major ions in urban streams can be significantly greater than in
agricultural and forest streams, with road salt and chemical weathering of impervious surfaces suggested
as potential sources (Kaushal et al., 2017). Less work has focused on understanding mechanisms of salt
retention along flowpaths (Oswald et al., 2019), but stream restoration involving floodplain reconnection
may have the potential to retain salt ions within limits (Cooper et al., 2014; Kaushal et al., 2022; Maas et
al., 2021, 2023). Changes in concentrations of redox sensitive elements like Fe, Mn, S, and N may be
valuable indicators of localized inputs of subsurface groundwater to streams or the effects of associated
wetlands with lower levels of DO (e.g., Kaushal et al., 2023c, 2014b; Lautz & Fanelli, 2008; Sharma et
al., 2022).
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Biogeochemical and Hydrological Processes that Influence Chemical Cocktails

Our results showed that the base cations (Ca*", K*, Mg**, and Na") tend to decrease along restored
reaches. Recent work shows that stream restoration and stormwater management have the potential to
retain different salt ions (Galella et al., 2023; Kaushal et al., 2023c, 2022). lon exchange and dilution are
the two main mechanisms for decreasing salt ions in restored stream reaches which have enhanced
hydrologic connectivity with floodplains (Galella et al., 2023; Kaushal et al., 2022; Maas et al., 2023).
Engineering floodplains to increase meanders, riffles, and pools can increase hydrologic exchange
(Bukaveckas, 2007; Kasahara & Hill, 2006; Kaushal et al., 2008; Klocker et al., 2009). These engineered
features can increase the sinuosity and length of the stream channel, leading to enhanced hyporheic
exchange and a longer residence time for water within the stream (Bukaveckas, 2007; Kasahara & Hill,
2006). As water moves slowly through the restored stream reach, it has more contact time with the
streambed, enhancing opportunities for ion exchange processes to occur between the water and the
sediments or biofilms present (Bukaveckas, 2007; Klocker et al., 2009). Stream sediments can also act as
a reservoir for salt ions through ion exchange and influence water quality (Kaushal et al., 2023b,c, 2022;
Maas et al., 2023). Stream restoration efforts may focus on managing sediment inputs and transport and
introduce geologic substrates and expose soils with the capacity for ion exchange. Sediment management
strategies, such as stabilizing eroding stream banks or installing sediment traps, may promote ion
exchange in streams. Hyporheic exchange may also increase opportunities for ion exchange and retention
along flowpaths (Kaushal et al., 2022). Slowing water flow can also increase the opportunity for dilution
by allowing additional water to mix with the saline stream water, thereby reducing salt ion concentrations
(Kaushal et al., 2022; Maas et al., 2021, 2023).

Stream restoration projects that incorporate floodplain reconnection, wetland creation, or the
addition of woody debris can enhance nutrient cycling and biogeochemical processes (Harrison et al.,
2012b; Kaushal et al., 2008; Newcomer Johnson et al., 2014, 2016; Passeport et al., 2013). Stream
restoration often involves the re-establishment of riparian vegetation, which plays a critical role in ion
exchange processes as well as the movement of water throughout the floodplain. Restoration can also
involve construction activities that disrupt riparian soils and vegetation leading to pulses of nutrients,
major ions, and metals in ground water and streams (Kaushal et al., 2022; Wood et al., 2022). The roots
of riparian vegetation can release organic acids and other compounds that alter the chemistry of the
surrounding soil and stream water, influencing ion exchange reactions (Dosskey et al., 2010; Gift et al.,
2010; Miller et al., 2016). Additionally, organic matter inputs from vegetation and leaf litter contribute to
the development of biofilms and microbial communities on streambed surfaces (Romani et al., 2013).

These biofilms can promote denitrification and ion exchange by providing organic surfaces for ion
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adsorption and facilitating microbial-mediated transformations (Groffman et al., 2005; Kapoor &
Viraraghavan, 1997; Xu et al., 2022). A discussion of whether the cumulative effects of stream restoration
on longitudinal biogeochemical patterns and processes can be detected is explored further in our case

studies and comparisons below.
Restoration Strategies May Influence Longitudinal Patterns of Streamwater Chemistry

Scotts Level Branch and Sligo Creek are two watersheds within 40 miles of each other on
Maryland’s Piedmont plateau and are comparable in watershed size, land use, and hydrologic
characteristics. Thus, differences in longitudinal patterns in chemical concentrations between Sligo Creek
and Scotts Level Branch may be strongly influenced by differences in management along the stream
valley (a combination of surrounding riparian management, land use, or stream-floodplain restoration

activities).

The Sligo Creek and Scotts Level Branch watersheds showed contrasting longitudinal patterns of
base salt cations (Ca*", Mg**, K*, Na"). Base cation concentrations at Sligo Creek generally increase
downstream along the flowpath. Conversely, Scotts Level Branch showed attenuation of base cation
concentrations downstream, along with a general decrease in concentrations through the restored areas
along the flowpath. There was a significant (p<0.05) inverse relationship between longitudinal
concentrations of DOC and TDN along both streams (Online Resource 7) that could be due to
denitrification (Mayer et al., 2010; Taylor & Townsend 2010) and/or biological uptake and
transformation of N to organic matter (Kaushal et al., 2014a). There were strong, significant (p<0.05)
longitudinal increases in dissolved Fe and decreases in S concentrations along restoration features at
Scotts Level Branch likely due to floodplain reconnection, decreased DO in groundwater, and Fe and
SO4* reduction. In contrast, Sligo Creek showed no patterns in Fe and Mn, suggesting lower degrees of
stream-floodplain connection. These differences in streamwater quality may be due to stream-floodplain
reconnection at Scotts Level Branch and the lack of a comparable restoration approach at Sligo Creek.
The decreased hydrologic connectivity between the floodplain and Sligo Creek due to a narrow and
highly urbanized stream corridor and a focus on bank stabilization approaches and armoring could be one
factor explaining multiple differences in longitudinal patterns of chemical concentrations along the

flowpath.

Detecting Impacts of Engineered Floodplain Reconnection on Longitudinal Water
Quality

Campus Creek has the highest degree of engineered stream-floodplain connection in this study
via the RSC construction. There were significant increases in Na®, Ca*", Mg?*, and K in the degraded
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reach, but not in the upstream restored reach. Previous work has shown that there can be substantial
retention of salt ions in the restored reach of Campus Creek likely due to base cation exchange (Kaushal
et al., 2022). There is also likely dilution of salt ions in the RSC systems (Kaushal et al., 2022). The
combination of retention and dilution processes may be enhanced by stream-floodplain reconnection in
smaller upstream reaches, but there may be a limited capacity for contaminant retention processes in
downstream reaches with higher peak flows. Base cation concentrations measured at Campus Creek
during longitudinal monitoring were comparable to previous studies (Kaushal et al., 2022; Wood et al.,
2022). Previous work at Campus Creek has also shown that there can be a longitudinal increase in
dissolved Fe and Mn in the RSCs, as well as a significant relationship between dissolved Fe and Mn

concentrations and riparian buffer width along the flowpath (Kaushal et al., 2023a).

Effects of Hydrologic Variability and Seasonality on Urban Chemical Cocktails

Fluctuations in streamflow and seasonal pollution events can result in varied chemical cocktails.
PCA shows the differences in chemical cocktails during periods of baseflow, stormflow, and in response
to road salting events in the Scotts Level Branch watershed (Figure 11). Sudden increases in streamflow
due to storm events can dramatically change concentrations of base cations, DOC, and TDN along the
flowpath (Figure 12). Under certain conditions, both natural and engineered systems can be overwhelmed
by storm and road salting events, potentially resulting in either dilution of ions or pulses of contaminants.
Annual wet and dry periods will also impact chemical cocktail concentrations in stream water, as
observed at Paint Branch (Figure 11a). In general, less is known about diurnal cycles of water chemistry
and the impacts of storms on elemental chemistry along small urban streams; there may be substantial
fluctuations in some chemical concentrations throughout the day and night (Kaushal et al., 2020). For
example, one study monitored a river in southwest Germany every 15 minutes for 355 days to explore
diurnal patterns in nitrate and concluded that diurnal variability was caused by in-stream processes
(Greiwe et al., 2021). Another study found significant changes in concentrations of nitrate, base cations,
and other major anions at the Montousse catchment at Aurade in southwest France over sampling periods
of hours to decades (Ponnou-Delaffon et al., 2020). In this study, there were large diurnal fluctuations in
stream chemistry during storm events compared to baseflow, which suggests that pollution events may

also have an important impact on longitudinal transport and transformation of chemicals.

There were distinct seasonal patterns in chemical concentrations in the watersheds reflecting the
effects of dominant processes such as road salting during winter months, biogeochemical transformations,
and changes in seasonal baseflow. For example, there were large seasonal variations in specific
conductance during the sampling period with seasonal pulses in specific conductance during winter

months when road salts were applied (Figure 3). Mean daily specific conductance also fluctuated during
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non-winter months, usually due to changes in streamflow and storm events. There were also peaks in
concentrations of Na" and Mn in all streams during winter months coinciding with winter road salting
events (Figure 5a,b). There were significant inverse relationships between DOC and TDN in all streams
over time (Figure 5c), reflecting the importance of biogeochemical reactions such as denitrification,
uptake of nitrogen, and primary production of organic carbon (Kaushal et al., 2014b). Similarly, there
were significant inverse relationships between water temperature and DO in all streams over time (Figure
5d). Peaks in Na* and Mn can be indicative of road salts entering the stream in all three watersheds
(Galella et al., 2021). Mn and other metals can be mobilized by road salt events due to ion exchange,
sodium dispersion of organic matter and release of sorbed and complexed metals, and other
biogeochemical processes (Galella et al., 2021; Kaushal et al., 2019). Overall, seasonal cycles appeared to

be consistent across sites, although the peaks and persistence of chemical concentrations varied.

Influence of Natural Floodplain Reconnection on Longitudinal Patterns in Streamwater
Chemistry and Redox Sensitive Elements as Indicators of Hydrologic Connectivity

Redox-sensitive elements have been used as indicators of hyporheic exchange in wetlands
(Briggs et al., 2013; Hoagland et al., 2020; Soils, 2002). In saturated soils under low DO conditions, Fe,
Mn, S, and N are reduced to forms available for anaerobic microbial respiration (Mayer et al., 2010),
whereas redox-sensitive metals form particulates in unsaturated soils (D'Amore et al., 2004; Ou et al.,
2019). In restored streams, redox conditions influence the oxidation and reduction of redox-sensitive
metals. For example, under aerobic conditions, Fe and Mn tend to be present in their oxidized forms (Fe**
and Mn*"), which are less soluble and tend to precipitate as solid particles. In hydrologically connected
systems, as oxic surface water flows into hypoxic and anoxic groundwater, redox-sensitive elements, such
as Fe and Mn, become electron acceptors and reduce to more soluble forms. This in turn increases the
concentrations of redox-sensitive Fe and Mn in the surface water. Conversely, under hypoxic and anoxic
conditions, these metals are reduced to more soluble forms (Fe?" and Mn?"), which can stay dissolved in
the water column and increase dissolved Fe and Mn concentrations. Therefore, a stream that is
hydrologically connected with its floodplain allows for greater surface water-groundwater interactions
and potentially higher subsurface DO. Restoring a hydrologic connection is a goal of many stream
restoration efforts (Feng et al., 2022), but evaluating whether hydrologic connectivity is actually achieved
may be complex and challenging. Results from this study suggest measurements of redox-sensitive
elements may serve as geochemical indicators of hydrologic connectivity that improve our ability to

understand groundwater-surface water interactions along restored streams.
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Effects of Watershed Spatial Scales on Detecting Longitudinal Patterns in Chemical
Concentrations

Unlike the other stream reaches, longitudinal patterns in chemical concentrations were difficult to
detect along Paint Branch when conducting repeated LSS monitoring over relatively smaller spatial
scales. Interestingly, the smaller scale restoration project along Paint Branch near the University of
Maryland campus actually showed that there was minimal hydrologic connectivity when analyzing
geochemical indicators. For example, there was a longitudinal increase in Na* and decrease in dissolved
Fe concentrations. These longitudinal trends in geochemical indicators underscore the notion that not all
stream restoration projects will show positive signs of hydrologic connectivity. However, there were clear
increases in Na* and dissolved Fe concentrations in restoration projects and conservation areas along the
entire Paint Branch at the watershed scale (Figure 10c). This discrepancy between smaller reach- and
whole watershed-scales points to the need to conduct LSS monitoring at spatial scales sufficiently long
enough to detect potential “hot spots” of hydrologic connectivity. The rapid increases in Fe near
restoration sites and conservation areas in parks further support the idea that dissolved Fe can be an
indicator of local redox conditions. However, the significant decrease in Fe measured with repeated LSS
monitoring at the reach scale did not significantly impact longitudinal patterns at the watershed scale.
This suggests that reach-scale engineered stream restoration projects, such as the one on the mainstem of

Paint Branch, will show localized but not necessarily watershed scale impacts (Figure 10c).

Potential Benefits of Incorporating LSS Monitoring Approaches in Assessing Restoration

The LSS monitoring approach described in this study can be used to monitor other streams and
rivers with their own unique forms of restoration, whether natural or engineered. By considering both
temporal and spatial scales, we can gain a more well-rounded assessment of management activities within
a watershed context. In addition, there is value in incorporating a watershed chemical cocktail approach
considering multiple chemicals holistically (Galella et al., 2023; Kaushal et al., 2018a, 2020; Maas et al.,
2023; Morel et al., 2020). Stream monitoring can focus purely on physical changes, chemical changes,
biological changes, or any combination of these. Evaluating these parameters together will provide the
most information regarding cumulative changes along flowpaths or over time (Kaushal et al. 2023b).
Diurnal sampling of baseflow, storms, and road salting events can reveal important information regarding
limitations and context for our interpretations of successes and failures in restoration (Kaushal et al.,

2023Db). Spatial and temporal resolution of sampling should be planned according to individual
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watersheds. Physical, chemical, and biological characteristics of a stream can change along a flowpath,
and disentangling the drivers can be difficult. Changes in erosion and depositional patterns can change the
physical flow of a stream; point and nonpoint sources of pollution into the channel can alter the
chemistry; the amount of canopy cover and direct sunlight can affect biota processes (Yoshimura &
Kubota, 2022). Therefore, sampling at only one location or the top and bottom of a stream reach may not
be adequate. Exploring stream sampling locations around tributaries, roadways, new construction, and
natural and engineered stream restorations can sometimes help to explain where and how the physical,
chemical, and biological characteristics of a watershed are behaving along its flowpath (Cooper et al.,
2014; Kaushal et al., 2014, 2023a; Maas et al., 2023; Newcomer-Johnson et al., 2014; Pennino et al.
2016a; Sivirichi et al., 2011).

Longitudinal Stream Synoptic Monitoring Can Help Evaluate Trade-Offs Associated with
Restoration

Typically, stream restoration approaches are used for habitat rehabilitation, flow velocity control,
and streambank and substrate stability (Palmer et al., 2014; Smith and Prestegaard, 2005). Floodplain
reconnection has been shown to enhance N and P retention (Bukaveckas, 2007; Duan et al., 2019;
Forshay et al., 2022; Newcomer-Johnson et al., 2016; Williams & Filoso, 2023). However, it is unclear
whether stream-floodplain reconnection approaches have the potential to retain multiple contaminants
(Kaushal et al., 2022; Wood et al., 2022). For example, recent work suggests there may be water quality
tradeoffs during and after stream restoration, such as (1) increases in multiple contaminants mobilized due
to removal of trees and disturbance of soils during the construction process (Kaushal et al., 2022; Wood et
al., 2022); (2) retention and release of chemical cocktails in restored streams due to road salt (Kaushal et
al., 2022); (3) weathering of chemical cocktails from geological substrates used during the restoration
process (Williams et al., 2016); and (4) low dissolved oxygen (DO) impacts on aquatic organisms induced

by reconnecting streams to wetland and ponded features (Fanelli et al., 2019).

Stream restoration projects may need to consider complex trade-offs in water quality. While these
projects aim to restore natural processes and enhance ecosystem services, they often involve trade-offs
due to various factors (Wood et al., 2022). Large-scale stream restoration projects can offer the greatest
potential for watershed rehabilitation (Shields et al. 2003), but they can be expensive, requiring
significant financial resources (Kenney et al., 2012). Restoration projects can also take a long time to
implement and achieve desired outcomes and delays can occur due to permitting requirements,
stakeholder consultations, and the natural time needed for ecosystems to recover (Mayer et al., 2022).
Balancing the urgency of restoration goals with the time required for project completion is a trade-off.

Another potential trade-off relates to impacts due to weather. A large storm during implementation could
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completely destroy a project before it has time to establish or uproot all riparian buffer restoration efforts.
If this happens and there are no additional funds to replant or repair the work that was done the project
could be discontinued or fail again in the future. Finally, stream restoration usually includes significant
disturbance to implement the project, such as removing large trees and compacting the streambed, and

could degrade water quality for some time before improvements are seen.

Streams are complex ecosystems with interconnected components, including physical, chemical,
and biological factors. Disturbing an ecosystem to restore its flowpath can disrupt existing ecological
relationships, leading to unintended consequences and increases in contaminant concentrations (Kaushal
et al., 2022; Mayer et al., 2022; Wood et al., 2022). There may be trade-offs between the desired scope of
restoration activities and negative impacts (Kaushal et al., 2023b, Wood et al., 2022). We observed that
prioritization of restoration goals and careful planning is necessary to balance cost considerations with
ecological benefits. LSS monitoring approaches can reveal tradeoffs. For example, we observed decreases
in DO in RSCs at Campus Creek (Online Resource 5), and this has been documented elsewhere (Kaushal
et al., 2023a). LSS monitoring also revealed local changes in pH associated with restoration features
(Online Resource 5). Changes in DO and pH associated with restoration may influence habitat for aquatic
organisms, although not a focus of this study. Future work incorporating more metrics in LSS monitoring
could help identify whether modifying stream channels may alter the habitat for certain species or change
sediment transport patterns. Balancing the restoration objectives with potential ecological impacts and
tradeoffs is crucial. Implementing adaptive management approaches that allow for learning and

adjustment based on LSS monitoring results can help mitigate these trade-offs.
Management Implications and Conclusions

This study shows that there can be longitudinal patterns in water chemistry with distance
downstream, and these relationships can be different among different stream reaches experiencing
variations in land use, restoration, and management. Results from this study show that, depending on
where we sample along an urban stream, we can get completely different answers and insights regarding
investigating patterns and processes of water quality. Results from longitudinal monitoring in this study
also suggest that there may be differences in the impacts of restoration in headwater systems versus
further downstream. For example, in Scotts Level Branch and Campus Creek, it was possible to detect
longitudinal patterns influenced by stream restoration. However, these patterns were not as evident along
the restored stream reaches of Paint Branch, which were much further downstream and larger in size. We
see restoration activities and parks buffering Na* and Fe concentrations, yet overall increases in both Na*
and Fe along the entire Paint Branch flowpath (Figure 10c¢). Restoration projects along headwater reaches

may have more of an impact than restorations on downstream reaches or with minimal floodplain
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reconnection (Filoso and Palmer, 2011; Newcomer-Johnson et al., 2014). For smaller watersheds,
headwater restoration projects may be more useful for improving overall water quality along a shorter
flowpath. For larger watersheds, headwater restoration projects may be impractical, if there are many
first-order streams at the top of the flowpath. In this case, fewer but larger restoration projects
downstream may be less expensive to complete. If the upstream sources of pollution are not controlled,
the constant flow of lesser-quality water may overwhelm ecosystem contaminant retention functions in a

restoration project.

LSS monitoring has the potential to detect hydrologic connectivity, localized disturbances along
stream flowpaths, and help prioritize reaches for stream restoration impacted by wastewater leaks and
other disturbances. One potentially promising indicator of hydrologic connectivity may be dissolved Fe
and Mn concentrations along flowpaths. Our results at the reach scale and entire watershed scale of Paint
Branch suggested that increases in dissolved Fe and Mn can occur in restoration and conservation areas
with increased potential for groundwater-surface water interactions. LSS monitoring can also identify
areas along streams receiving pollution. Sewage leaks represent a major nonpoint source of pollution in
urban streams of our study region (Kaushal et al., 2011). Many public sewage drain pipes are commonly
buried near streams in urban developments (Kaushal & Belt, 2012) as the pipes need to run downhill for
gravitational flow. As baseflow stream velocity throughout the stream network slows and discharge from
urban areas increases, stream channels are subject to erosion. If sewage drain pipes are placed too close to
the stream, they can become exposed through weathering and erosion, which contributes to rusting and
cracking of the pipes and eventually leads to sewage leaks. This would heavily pollute the stream network
and may require expensive rehabilitation efforts (Bonneau et al., 2017; Kaushal & Belt, 2012). This can
have a great impact on the quality of its water and surrounding environment (Roy & Bickerton, 2012).
Most stream restoration projects in and around Maryland strive to improve water quality (Newcomer-
Johnson et al., 2016), as many streams ultimately empty into the Chesapeake Bay (Chang et al., 2021). A
stream-floodplain reconnection approach would need to work to protect and maintain, if not relocate,
nearby sewage drain pipes in surrounding stream watersheds to prevent groundwater from the incursion
of excess pollutants. This approach reverses hydrologic degradation and brings polluted water to hot spots

of contaminant retention in floodplains.

Overall, the longitudinal data collected from each of the five watersheds in this study show the
importance of monitoring streams at various spatial and temporal scales. Changes in stream chemistry can
occur along a flowpath, so sampling one location along a flowpath over time will not provide an accurate
overview of the watershed as a whole. Local natural and anthropogenic inputs such as tributaries or new

construction can change the chemistry of a stream and the rest of the downstream flowpath. Future stream
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restoration projects should be monitored over both spatial and temporal scales. Multidimensional
monitoring approaches including lateral, longitudinal, or surface-groundwater sampling should be
considered when assessing the effectiveness of a stream restoration. In addition, more longitudinal
sampling locations throughout a watershed allows for more accurate conclusions about local changes in

water chemistry along flowpaths.

37



925

926
927
928
929

930

931
932
933
934
935
936
937

938
939
940
941
942

943
944

945

946
947
948

Acknowledgements

Karen Prestegaard, Phil Piccoli, and Sydney Shelton provided helpful comments and suggestions on
previous versions of the manuscript. Carly Maas, Sydney Shelton, Ruth Shatkay, Bennett Kellmayer,
Steven Hohman, Alexis Yaculak, Phil Piccoli, and Christiana Hoff provided assistance in the field and the
lab.

Declarations

Ethics Approval and Consent to Participate

All authors have read, understood, and have complied as applicable with the statement on "Ethical
responsibilities of Authors" as found in the Instructions for Authors.

Availability of Data and Material

The authors confirm that the data supporting the findings of this study are available within the article and
its supplementary materials or available upon request.

Funding

This research was supported by Maryland Sea Grant SA75281870W and NA18OAR4170070, National
Science Foundation Growing Convergence program grants CBET 2021089, CBET 2021015, Washington
Metropolitan Council of Governments contract # 21-001, and US Environmental Protection Agency. The
information in this document has been subjected to US Environmental Protection Agency peer and

administrative review, and it has been approved for publication as an Agency document.

Competing Interests

The authors have no competing interests to declare that are relevant to the content of this article.

Author’s Contributions

Joseph Malin and Sujay Kaushal wrote the main manuscript text and Joseph Malin prepared figures 1-12.
Joseph Malin, Carly Maas, and Steven Hohman performed data collection. Megan Rippy provided the
PCA biplot code. All authors reviewed the manuscript.

38



949

950
951
952
953
954

955
956
957
958

959
960

961
962
963

964
965
966

967
968
969
970

971
972
973

974
975
976

References

Askarizadeh, A., Rippy, M. A., Fletcher, T. D., Feldman, D. L., Peng, J., Bowler, P., Mehring, A. S.,
Winfrey, B. K., Vrugt, J. A., AghaKouchak, A., Jiang, S. C., Sanders, B. F., Levin, L. A., Taylor,
S., & Grant, S. B. (2015). From rain tanks to catchments: use of low-impact development to
address hydrologic symptoms of the urban stream syndrome. Environmental science &
technology, 49(19), 11264-11280. DOI: https://doi.org/10.1021/acs.est.5b01635

Bernhardt, E. S., Palmer, M. A., Allan, J. D., Alexander, G., Barnas, K., Brooks, S., Carr, J., Clayton, S.,
Dahm, C., Follstad-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D., Hassett, B., Jenkinson,
R., Katz, S., Kondolf, G. M., Lake, P. S., ... & Sudduth, E. (2005). Synthesizing US river
restoration efforts. Science, 308(5722), 636-637. DOI: https://doi.org/10.1126/science.1109769

Blanchet, Z. D. (2009). Effects of bar formation on channel stability and sediment loads in an urban
watershed. (Master’s Thesis). University of Maryland, College Park.

Bonneau, J., Fletcher, T. D., Costelloe, J. F., & Burns, M. J. (2017). Stormwater infiltration and the
‘urban karst’—A review. Journal of Hydrology, 552, 141-150.
https://doi.org/10.1016/j.jhydrol.2017.06.043

Booth, D. B., & Jackson, C. R. (1997). Urbanization of aquatic systems: degradation thresholds,
stormwater detection, and the limits of mitigation 1. JAWRA Journal of the American Water
Resources Association, 33(5), 1077-1090.

Booth, D.B., Karr, J.R., Schauman, S., Konrad, C.P., Morley, S.A., Larson, M.G. & Burges, S.J. (2004).
Reviving urban streams: Land use, hydrology, biology, and human behavior 1. JAWRA Journal of
the American Water Resources Association, 40(5), 1351-1364. https://doi.org/10.1111/j.1752-
1688.1997.tb04126.x

Briggs, M. A., Lautz, L. K., Hare, D. K., & Gonzalez-Pinzon, R. (2013). Relating hyporheic fluxes,
residence times, and redox-sensitive biogeochemical processes upstream of beaver dams.
Freshwater Science, 32(2), 622-641. https://doi.org/10.1899/12-110.1

Bukaveckas, P. A. (2007). Effects of channel restoration on water velocity, transient storage, and nutrient
uptake in a channelized stream. Environmental Science & Technology, 41(5), 1570-1576.
https://doi.org/10.1021/es061618x

39



977
978
979

980
981

982
983
984

985
986
987

988
989
990

991
992
993
994

995
996
997

998
999
1000
1001

1002
1003
1004
1005

Bymne, P., Runkel, R. L., & Walton-Day, K. (2017). Synoptic sampling and principal components
analysis to identify sources of water and metals to an acid mine drainage stream. Environmental
Science and Pollution Research, 24(20), 17220-17240.

Carmichael, M. (2020). Campus Creek Restoration. Arboretum Outreach Center.

https://arboretum.umd.edu/articles/campus-creek-restoration

Chang, S. Y., Zhang, Q., Byrnes, D. K., Basu, N. B., & Van Meter, K. J. (2021). Chesapeake legacies:
The importance of legacy nitrogen to improving Chesapeake Bay water quality. Environmental
Research Letters, 16(8), 085002. https://doi.org/10.1088/1748-9326/ac0d7b

Cooper, C. A., Mayer, P. M., & Faulkner, B. R. (2014). Effects of road salts on groundwater and surface
water dynamics of sodium and chloride in an urban restored stream. Biogeochemistry, 121, 149-
166. https://doi.org/10.1007/s10533-014-9968-z

D'Amore, D. V., Stewart, S. R., & Huddleston, J. H. (2004). Saturation, Reduction, and the Formation of
Iron—-Manganese Concretions in the Jackson-Frazier Wetland, Oregon. Soil Science Society of
America Journal, 68(3), 1012-1022. https://doi.org/10.2136/sss2j2004.1012

Davis, R. T., Tank, J. L., Mahl, U. H., Winikoff, S. G., & Roley, S. S. (2015). The influence of two-stage
ditches with constructed floodplains on water column nutrients and sediments in agricultural
streams. JAWRA Journal of the American Water Resources Association, 51(4), 941-955.
https://doi.org/10.1111/1752-1688.12341

Deemy, J. B., & Rasmussen, T. C. (2017). Hydrology and water quality of isolated wetlands: Stormflow
changes along two episodic flowpaths. Journal of Hydrology: Regional Studies, 14, 23-36.
https://doi.org/10.1016/j.ejrh.2017.10.001

Dosskey, M. G., Vidon, P., Gurwick, N. P., Allan, C. J., Duval, T. P., & Lowrance, R. (2010). The role of
riparian vegetation in protecting and improving chemical water quality in streams 1. JAWRA
Journal of the American Water Resources Association, 46(2), 261-2717.
https://doi.org/10.1111/j.1752-1688.2010.00419.x

Duan, S., Mayer, P. M., Kaushal, S. S., Wessel, B. M., & Johnson, T. (2019). Regenerative stormwater
conveyance (RSC) for reducing nutrients in urban stormwater runoff depends upon carbon
quantity and quality. Science of the Total Environment, 652, 134-146.
https://doi.org/10.1016/j.scitotenv.2018.10.197

40


https://doi.org/10.1016/j.scitotenv.2018.10.197
https://doi.org/10.1111/j.1752-1688.2010.00419.x
https://doi.org/10.1016/j.ejrh.2017.10.001
https://doi.org/10.1111/1752-1688.12341
https://doi.org/10.2136/sssaj2004.1012
https://doi.org/10.1007/s10533-014-9968-z
https://doi.org/10.1088/1748-9326/ac0d7b
https://arboretum.umd.edu/articles/campus-creek-restoration

1006
1007
1008

1009
1010
1011

1012
1013
1014

1015
1016
1017

1018
1019
1020

1021
1022

1023
1024
1025
1026

1027
1028
1029
1030

1031
1032
1033
1034

Fanelli, R., Prestegaard, K. & Palmer, M. (2017). Evaluation of infiltration-based stormwater
management to restore hydrological processes in urban headwater streams. Hydrological
Processes, 31(19), 3306-3319. https://doi.org/10.1002/hyp.11266

Fanelli, R. M., Prestegaard, K. L., & Palmer, M. A. (2019). Urban legacies: Aquatic stressors and low
aquatic biodiversity persist despite implementation of regenerative stormwater conveyance
systems. Freshwater Science, 38(4), 818-833. https://doi.org/10.1086/706072

Feng, J., Liu, D., Liu, Y., Li, Y., Li, H., Chen, L., ... & Dong, J. (2022). Hyporheic exchange due to in-
stream geomorphic structures. Journal of Freshwater Ecology, 37(1), 221-241.
https://doi.org/10.1080/02705060.2022.2034673

Fernald, A. G., & Guldan, S. J. (2006). Surface water—groundwater interactions between irrigation
ditches, alluvial aquifers, and streams. Reviews in Fisheries Science, 14(1-2), 79-89.
https://doi.org/10.1080/10641260500341320

Filoso, S. & Palmer, M.A. (2011). Assessing stream restoration effectiveness at reducing nitrogen export
to downstream waters. Ecological Applications, 21(6), 1989-2006. https://doi.org/10.1890/10-
0854.1

Federal Interagency Stream Restoration Working Group (US). (1998). Stream corridor restoration:

Principles, processes, and practices. National Technical Info Svc.

Forshay, K. J., Weitzman, J. N., Wilhelm, J. F., Hartranft, J., Merritts, D. J., Rahnis, M. A., Walter, R. C.,
& Mayer, P. M. (2022). Unearthing a stream-wetland floodplain system: increased denitrification
and nitrate retention at a legacy sediment removal restoration site, Big Spring Run, PA, USA.
Biogeochemistry, 161(2), 171-191. https://doi.org/10.1007/s10533-022-00975-z

Galella, J. G., Kaushal, S. S., Mayer, P. M., Maas, C. M., Shatkay, R. R., & Stutzke, R. A. (2023).
Stormwater best management practices: Experimental evaluation of chemical cocktails mobilized
by freshwater salinization syndrome. Frontiers in Environmental Science, 11, 339.
https://doi.org/10.3389/fenvs.2023.1020914

Galella, J. G., Kaushal, S. S., Wood, K. L., Reimer, J. E., & Mayer, P. M. (2021). Sensors track
mobilization of 'chemical cocktails' in streams impacted by road salts in the Chesapeake Bay
watershed. Environmental Research Letters, 16, 035017. https://doi.org/10.1088/1748-
9326/abe48f

41


https://doi.org/10.1088/1748
https://doi.org/10.3389/fenvs.2023.1020914
https://doi.org/10.1007/s10533-022-00975-z
https://doi.org/10.1890/10
https://doi.org/10.1080/10641260500341320
https://doi.org/10.1080/02705060.2022.2034673
https://doi.org/10.1086/706072
https://doi.org/10.1002/hyp.11266

1035 Galella, J., Mayer, P., Kaushal, S., Linker, L., & Poeske, R. (2020). Mobilization of Metals in Urban
1036 Catchment Sediments: A Sediment Macrocosm Incubation Analysis Under Differing Salt (NaCl)
1037 Concentrations. L-PESD-32847-QP-1-0

1038  Gelman, A. (2008). Scaling regression inputs by dividing by two standard deviations. Statistics in
1039 Medicine, 27(15), 2865-2873. https://doi.org/10.1002/sim.3107

1040  George, J. (2012). Stream Restoration Reduces Peak Storm Flow and Improves Aquatic Life in Sligo
1041 Creek. Washington, DC; U.S. Environmental Protection Agency.

1042 Gift, D. M., Groffman, P. M., Kaushal, S. S., & Mayer, P. M. (2010). Denitrification potential, root
1043 biomass, and organic matter in degraded and restored urban riparian zones. Restoration Ecology,
1044 18(1), 113-120. https://doi.org/10.1111/j.1526-100X.2008.00438.x

1045 Greiwe, J., Weiler, M., & Lange, J. (2021). Diel patterns in stream nitrate concentration produced by in-
1046 stream processes. Biogeosciences, 18(16), 4705-4715. https://doi.org/10.5194/bg-18-4705-2021

1047  Griffith, M. B., & McManus, M. G. (2020). Consideration of spatial and temporal scales in stream
1048 restorations and biotic monitoring to assess restoration outcomes: A literature review, part 1.
1049 River Research and Applications, 36(8), 1385-1397. https://doi.org/10.1002/rra.3692

1050  Groffman, P.M., Boulware, N.J., Zipperer, W.C., Pouyat, R.V., Band, L.E. & Colosimo, M.F. (2002).
1051 Soil nitrogen cycle processes in urban riparian zones. Environmental Science & Technology,
1052 36(21), 4547-4552. https://doi.org/10.1021/es020649z

1053 Groffman, P. M., Dorsey, A. M., & Mayer, P. M. (2005). N processing within geomorphic structures in
1054 urban streams. Journal of the North American Benthological Society, 24(3), 613-625.
1055 https://doi.org/10.1899/04-026.1

1056  Hanrahan, B. R., Tank, J. L., Dee, M. M., Trentman, M. T., Berg, E. M., & McMillan, S. K. (2018).
1057 Restored floodplains enhance denitrification compared to naturalized floodplains in agricultural
1058 streams. Biogeochemistry, 141, 419-437. https://doi.org/10.1007/s10533-018-0431-4

1059  Hagq, S., Kaushal, S. S., & Duan, S. (2018). Episodic salinization and freshwater salinization syndrome
1060 mobilize base cations, carbon, and nutrients to streams across urban regions. Biogeochemistry,
1061 141, 463-486. https://doi.org/10.1007/s10533-018-0514-2

1062  Harrison, M. D., Groffman, P. M., Mayer, P. M., & Kaushal, S. S. (2012a). Microbial biomass and
1063 activity in geomorphic features in forested and urban restored and degraded streams. Ecological

1064 Engineering, 38(1), 1-10. https://doi.org/10.1016/j.ecoleng.2011.09.001
42


https://doi.org/10.1016/j.ecoleng.2011.09.001
https://doi.org/10.1007/s10533-018-0514-2
https://doi.org/10.1007/s10533-018-0431-4
https://doi.org/10.1899/04-026.1
https://doi.org/10.1021/es020649z
https://doi.org/10.1002/rra.3692
https://doi.org/10.5194/bg-18-4705-2021
https://doi.org/10.1111/j.1526-100X.2008.00438.x
https://doi.org/10.1002/sim.3107

1065
1066
1067

1068
1069
1070

1071
1072
1073

1074
1075
1076

1077
1078

1079
1080
1081

1082
1083

1084
1085

1086
1087
1088
1089

1090
1091
1092
1093
1094

Harrison, M. D., Groffman, P. M., Mayer, P. M., & Kaushal, S. S. (2012b). Nitrate removal in two relict
oxbow urban wetlands: a 15 N mass-balance approach. Biogeochemistry, 111, 647-660.
https://doi.org/10.1007/s10533-012-9708-1

Harrison, M. D., Groffman, P. M., Mayer, P. M., Kaushal, S. S., & Newcomer, T. A. (2011).
Denitrification in alluvial wetlands in an urban landscape. Journal of Environmental Quality,
40(2), 634-646. https://doi.org/10.2134/jeq2010.0335

Hoagland, B., Navarre-Sitchler, A., Cowie, R., & Singha, K. (2020). Groundwater—stream connectivity
mediates metal (loid) geochemistry in the hyporheic zone of streams impacted by historic mining
and acid rock drainage. Frontiers in Water, 2, 600409. https://doi.org/10.3389/frwa.2020.600409

Holmes, Jr., Robert R., Terrio, Paul J., Harris, Mitchell A., & Mills, Patrick C. (2001). (rep.) Introduction
to Field Methods for Hydrologic and Environmental Studies. Urbana, Illinois: United States
Geological Survey, 25.

Kapoor, A., & Viraraghavan, T. (1997). Nitrate removal from drinking water. Journal of Environmental
Engineering, 123(4), 371-380. https://doi.org/10.1061/(ASCE)0733-9372(1997)123:4(371)

Kasahara, T., & Hill, A. R. (2006). Hyporheic exchange flows induced by constructed riffles and steps in
lowland streams in southern Ontario, Canada. Hydrological Processes: An International Journal,
20(20), 4287-4305. https://doi.org/10.1002/hyp.6174

Kassambara, A., & Mundt, F. (2017). Package ‘factoextra’. Extract and visualize the results of

multivariate data analyses, 76(2).

Kaushal, S. S., & Belt, K. T. (2012). The urban watershed continuum: evolving spatial and temporal
dimensions. Urban Ecosystems, 15, 409-435. https://doi.org/10.1007/s11252-012-0226-7

Kaushal, S. S., Delaney-Newcomb, K., Findlay, S. E., Newcomer, T. A., Duan, S., Pennino, M. J.,
Sivirichi, G. M., Sides-Raley, A. M., Walbridge, M. R., & Belt, K. T. (2014a). Longitudinal
patterns in carbon and nitrogen fluxes and stream metabolism along an urban watershed
continuum. Biogeochemistry, 121, 23-44. https://doi.org/10.1007/s10533-014-9979-9

Kaushal, S. S., Duan, S., Doody, T. R., Haq, S., Smith, R. M., Newcomer Johnson, T. A., Newcomb, K.
D., Gorman, J., Bowman, N., Mayer, P. M., Wood, K. L., Belt, K. T., & Stack, W. P. (2017).
Human-accelerated weathering increases salinization, major ions, and alkalinization in fresh
water across land use. Applied Geochemistry, 83, 121-135.
https://doi.org/10.1016/j.apgeochem.2017.02.006

43


https://doi.org/10.1016/j.apgeochem.2017.02.006
https://doi.org/10.1007/s10533-014-9979-9
https://doi.org/10.1007/s11252-012-0226-7
https://doi.org/10.1002/hyp.6174
https://doi.org/10.1061/(ASCE)0733-9372(1997)123:4(371
https://doi.org/10.3389/frwa.2020.600409
https://doi.org/10.2134/jeq2010.0335
https://doi.org/10.1007/s10533-012-9708-1

1095
1096
1097

1098
1099
1100

1101
1102
1103

1104
1105
1106
1107
1108

1109
1110
1111

1112
1113
1114
1115
1116

1117
1118
1119
1120
1121
1122

1123
1124
1125

Kaushal, S. S., Fork, M. L., Hawley, R. J., Hopkins, K. G., Rios-Touma, B., & Roy, A. H. (2023a).
Stream restoration milestones: monitoring scales determine successes and failures. Urban
Ecosystems, 1-12. https://doi.org/10.1007/s11252-023-01370-8

Kaushal, S. S., Groffman, P. M., Band, L. E., Elliott, E. M., Shields, C. A., & Kendall, C. (2011).
Tracking nonpoint source nitrogen pollution in human-impacted watersheds. Environmental
Science & Technology, 45(19), 8225-8232. https://doi.org/10.1021/es200779¢

Kaushal, S. S., Groffman, P. M., Mayer, P. M., Striz, E., & Gold, A. J. (2008). Effects of stream
restoration on denitrification in an urbanizing watershed. Ecological Applications, 18(3), 789-
804. https://doi.org/10.1890/07-1159.1

Kaushal, S. S., Gold, A. J., Bernal, S., Johnson, T. A. N., Addy, K., Burgin, A., Burns, D. A., Coble, A.
A., Hood, E., Lu, Y., Mayer, P., Minor, E. C., Schroth, A. W., Vidon, P., Wilson, H.,
Xenopoulos, M. A., Doody, T., Galella, J. G., Goodling, P., ... & Belt, K. T. (2018). Watershed
‘chemical cocktails’: forming novel elemental combinations in Anthropocene fresh waters.
Biogeochemistry, 141, 281-305. https://doi.org/10.1007/s10533-018-0502-6

Kaushal, S. S., Likens, G. E., Pace, M. L., Utz, R. M., Haq, S., Gorman, J., & Grese, M. (2018b).
Freshwater salinization syndrome on a continental scale. PNAS, 110, ES74-E583.
https://doi.org/10.1073/pnas. 1711234115

Kaushal, S. S., Likens, G. E., Pace, M. L., Haq, S., Wood, K. L., Galella, J. G., Morel, C., Doody, T. R.,
Wessel, B., Kortelainen, P., Rdike, A., Skinner, V., Utz, R., & Jaworski, N. (2019). Novel
‘chemical cocktails' in inland waters are a consequence of the freshwater salinization syndrome.
Philosophical Transactions of the Royal Society B, 374(1764), 20180017.
https://doi.org/10.1098/rstb.2018.0017

Kaushal, S. S., Maas, C. M., Mayer, P. M., Newcomer-Johnson, T. A., Grant, S. B., Rippy, M. A.,
Shatkay, R. R., Leathers, J., Gold, A. J., Smith, C., McMullen, E. C., Haq, S., Smith, R., Duan,
S., Malin, J., Yaculak, A., Reimer, J. E., Newcomb, K. D., Raley, A. S., ... & Belt, K. T. (2023b).
Longitudinal stream synoptic monitoring tracks chemicals along watershed continuums: a
typology of trends. Frontiers in Environmental Science, 11, 1122485.
https://doi.org/10.3389/fenvs.2023.1122485

Kaushal, S. S., Mayer, P. M., Likens, G. E., Reimer, J. E., Maas, C. M., Rippy, M. A., Grant, S. B., Hart,
L., Utz, R. M., Shatkay, R. R., Wessel, B. M., Maietta, C. E., Pace, M. L., Duan, S., Boger, W. L.,
Yaculak, A. M., Galella, J. G., Wood, K. L., Morel, C. J., ... & Becker, W. D. (2023c¢). Five state

44


https://doi.org/10.3389/fenvs.2023.1122485
https://doi.org/10.1098/rstb.2018.0017
https://doi.org/10.1073/pnas.1711234115
https://doi.org/10.1007/s10533-018-0502-6
https://doi.org/10.1890/07-1159.1
https://doi.org/10.1021/es200779e
https://doi.org/10.1007/s11252-023-01370-8

1126
1127

1128
1129
1130
1131

1132
1133
1134
1135
1136
1137

1138
1139
1140
1141
1142
1143

1144
1145
1146

1147
1148
1149

1150
1151

1152
1153

1154
1155
1156

factors control progressive stages of freshwater salinization syndrome. Limnology and
Oceanography Letters, 8(1), 190-211. https://doi.org/10.1002/1012.10248

Kaushal, S. S., Mayer, P. M., Vidon, P. G., Smith, R. M., Pennino, M. J., Newcomer, T. A., Duan, S.,
Welty, C., & Belt, K. T. (2014b). Land use and climate variability amplify carbon, nutrient, and
contaminant pulses: a review with management implications. JAWRA Journal of the American

Water Resources Association, 50(3), 585-614. https://doi.org/10.1111/jawr.12204

Kaushal, S. S., Reimer, J. E., Mayer, P. M., Shatkay, R. R., Maas, C. M., Nguyen, W. D., Boger, W. L.,
Yaculak, A. M., Doody, T. R., Pennino, M. J., Bailey, N. W., Galella, J. G., Weingrad, A.,
Collison, D. C., Wood, K. L., Haq, S., Newcomer-Johnson, T. A., Duan, S., & Belt, K. T. (2022).
Freshwater salinization syndrome alters retention and release of chemical cocktails along
flowpaths: From stormwater management to urban streams. Freshwater Science, 41(3), 420-441.
https://doi.org/10.1086/721469

Kaushal, S. S., Wood, K. L., Galella, J. G., Gion, A. M., Haq, S., Goodling, P. J., Haviland, K. A.,
Reimer, J. E., Morel, C. J., Wessel, B., Nguyen, W., Hollingsworth, J. W., Mei, K., Leal, J.,
Widmer, J., Sharif, R., Mayer, P. M., Newcomer Johnson, T. A., Newcomb, K. D., ... & Belt, K.
T. (2020). Making ‘chemical cocktails’~Evolution of urban geochemical processes across the
periodic table of elements. Applied Geochemistry, 119, 104632.
https://doi.org/10.1016/j.apgeochem.2020.104632

Kenney, M. A., Wilcock, P. R., Hobbs, B. F., Flores, N. E., & Martinez, D. C. (2012). Is urban stream
restoration worth It? 1. JAWRA Journal of the American Water Resources Association, 48(3),
603-615. https://doi.org/10.1111/j.1752-1688.2011.00635 .x

Klocker, C. A., Kaushal, S. S., Groffman, P. M., Mayer, P. M., & Morgan, R. P. (2009). Nitrogen uptake
and denitrification in restored and unrestored streams in urban Maryland, USA. Aquatic Sciences,
71,411-424. https://doi.org/10.1007/s00027-009-0118-y

Lautz, L. K., & Fanelli, R. M. (2008). Seasonal biogeochemical hotspots in the streambed around
restoration structures. Biogeochemistry, 91, 85-104. https://doi.org/10.1007/s10533-008-9235-2

Lg, S., Josse, J., and Husson, F. (2008). FactoMineR: An R Package for Multivariate Analysis. Journal of
Statistical Software, 25, 1-18. https://doi.org/10.18637/jss.v025.101

Leopold, L. B., Huppman, R., & Miller, A. (2005). Geomorphic effects of urbanization in forty-one years
of observation. Proceedings of the American Philosophical Society, 349-371.

http://www jstor.org/stable/4598940
45


http://www.jstor.org/stable/4598940
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1007/s10533-008-9235-2
https://doi.org/10.1007/s00027-009-0118-y
https://doi.org/10.1111/j.1752-1688.2011.00635.x
https://doi.org/10.1016/j.apgeochem.2020.104632
https://doi.org/10.1086/721469
https://doi.org/10.1111/jawr.12204
https://doi.org/10.1002/lol2.10248

1157
1158
1159

1160
1161

1162
1163
1164
1165

1166
1167
1168

1169
1170
1171

1172
1173
1174

1175
1176
1177

1178
1179
1180

1181
1182
1183

1184
1185
1186

Lintern, A., Webb, J. A., Ryu, D., Liu, S., Bende-Michl, U., Waters, D., Leahy, P., Wilson, P., &
Western, A. W. (2018). Key factors influencing differences in stream water quality across space.
Wiley Interdisciplinary Reviews: Water, 5(1), €1260. https://doi.org/10.1002/wat2.1260

Maas, C. M., Anderson Jr, W. P., & Cockerill, K. (2021). Managing stormwater by accident: A
conceptual study. Water, 13(11), 1492, https://doi.org/10.3390/w13111492

Maas, C. M., Kaushal, S. S., Rippy, M., Mayer, P. M., Grant, S., Shatkay, R. R., Malin, J. T., Bhide, S.
V., Vikesland, P., Krauss, L., Reimer, J. E., & Yaculak, A. M. (2023). Freshwater Salinization
Syndrome limits management efforts to improve water quality. Frontiers in Environmental
Science. https://doi.org/10.3389/fenvs.2023.1106581

Mayer, P. M., Groffman, P. M., Striz, E. A., & Kaushal, S. S. (2010). Nitrogen dynamics at the
groundwater—surface water interface of a degraded urban stream. Journal of Environmental
Quality, 39(3), 810-823. https://doi.org/10.2134/jeq2009.0012

Mayer, P. M., Pennino, M. J., Newcomer-Johnson, T. A., & Kaushal, S. S. (2022). Long-term assessment
of floodplain reconnection as a stream restoration approach for managing nitrogen in ground and
surface waters. Urban Ecosystems, 25(3), 879-907. https://doi.org/10.1007/s11252-021-01199-z

McMillan, S. K., & Noe, G. B. (2017). Increasing floodplain connectivity through urban stream
restoration increases nutrient and sediment retention. Ecological Engineering, 108, 284-295.
https://doi.org/10.1016/j.ecoleng.2017.08.006

McMillan, S. K., Tuttle, A. K., Jennings, G. D., & Gardner, A. (2014). Influence of restoration age and
riparian vegetation on reach-scale nutrient retention in restored urban streams. JAWRA Journal of
the American Water Resources Association, 50(3), 626-638. https://doi.org/10.1111/jawr.12205

Miller, J. J., Bremer, E., & Curtis, T. (2016). Influence of organic amendment and compaction on nutrient
dynamics in a saturated saline-sodic soil from the riparian zone. Journal of Environmental
Quality, 45(4), 1437-1444. https://doi.org/10.2134/jeq2016.01.0033

Morel, C. J., Kaushal, S. S., Tan, M. L., & Belt, K. T. (2020). Developing sensor proxies for “chemical
cocktails” of trace metals in urban streams. Water, 12(10), 2864.
https://doi.org/10.3390/w12102864

National Land Cover Database Class Legend and description. National Land Cover Database Class
Legend and Description | Multi-Resolution Land Characteristics (MRLC) Consortium. (2021).

https://www.mrlc.gov/data/legends/national-land-cover-database-class-legend-and-description

46


https://www.mrlc.gov/data/legends/national-land-cover-database-class-legend-and-description
https://doi.org/10.3390/w12102864
https://doi.org/10.2134/jeq2016.01.0033
https://doi.org/10.1111/jawr.12205
https://doi.org/10.1016/j.ecoleng.2017.08.006
https://doi.org/10.1007/s11252-021-01199-z
https://doi.org/10.2134/jeq2009.0012
https://doi.org/10.3389/fenvs.2023.1106581
https://doi.org/10.3390/w13111492
https://doi.org/10.1002/wat2.1260

1187
1188
1189

1190
1191
1192

1193
1194

1195
1196

1197
1198
1199

1200
1201
1202
1203

1204
1205

1206
1207
1208

1209
1210
1211
1212

1213
1214

Newcomer-Johnson, T. A., Kaushal, S. S., Mayer, P. M., & Grese, M. M. (2014). Effects of stormwater
management and stream restoration on watershed nitrogen retention. Biogeochemistry, 121, 81-
106. https://doi.org/10.1007/s10533-014-9999-5

Newcomer-Johnson, T. A., Kaushal, S. S., Mayer, P. M., Smith, R. M., & Sivirichi, G. M. (2016).
Nutrient retention in restored streams and rivers: a global review and synthesis. Water, 8(4), 116.
https://doi.org/10.3390/w8040116

Oakton Instruments (n.d.). PCTSTestr™ 5 Waterproof Pocket Tester.
http://www.4oakton.com/proddetail.asp?parent=390&prod=421&seq=1&TotRec=1

Occhi, M. E. (2011). Hydrograph separation analyses to determine runoff sources in a large, urban

watershed. (Master’s Thesis). University of Maryland, College Park.

Oswald, C. J., Giberson, G., Nicholls, E., Wellen, C., & Oni, S. (2019). Spatial distribution and extent of
urban land cover control watershed-scale chloride retention. Science of the Total Environment,
652, 278-288. https://doi.org/10.1016/j.scitotenv.2018.10.242

Ou, Y., Rousseau, A. N., Wang, L., Yan, B., Gumiere, T., & Zhu, H. (2019). Identification of the
alteration of riparian wetland on soil properties, enzyme activities and microbial communities
following extreme flooding. Geoderma, 337, 825-833.
https://doi.org/10.1016/j.geoderma.2018.10.032

Paint Branch Stream Restoration. Coastal Resources, Inc. (2021). https://www.coastal-

resources.net/project/paint-branch-stream-restoration/

Palmer, M. A., Hondula, K. L., & Koch, B. J. (2014). Ecological restoration of streams and rivers:
shifting strategies and shifting goals. Annual Review of Ecology, Evolution, and Systematics,
45(1), 247-269. https://doi.org/10.1146/annurev-ecolsys-120213-091935

Passeport, E., Vidon, P., Forshay, K. J., Harris, L., Kaushal, S. S., Kellogg, D. Q., Lazar, J., Mayer, P., &
Stander, E. K. (2013). Ecological engineering practices for the reduction of excess nitrogen in
human-influenced landscapes: A guide for watershed managers. Environmental management, 51,
392-413. https://doi.org/10.1007/s00267-012-9970-y

Paul, M. J., & Meyer, J. L. (2001). Streams in the urban landscape. Annual review of Ecology and
Systematics, 32(1), 333-365. https://doi.org/10.1146/annurev.ecolsys.32.081501.114040

47


https://doi.org/10.1146/annurev.ecolsys.32.081501.114040
https://doi.org/10.1007/s00267-012-9970-y
https://doi.org/10.1146/annurev-ecolsys-120213-091935
https://resources.net/project/paint-branch-stream-restoration
https://www.coastal
https://doi.org/10.1016/j.geoderma.2018.10.032
https://doi.org/10.1016/j.scitotenv.2018.10.242
http://www.4oakton.com/proddetail.asp?parent=390&prod=421&seq=1&TotRec=1
https://doi.org/10.3390/w8040116
https://doi.org/10.1007/s10533-014-9999-5

1215
1216
1217

1218
1219
1220

1221
1222
1223
1224

1225
1226
1227

1228
1229
1230
1231
1232

1233
1234

1235
1236
1237

1238
1239
1240

1241
1242
1243
1244
1245

Pellerin, B. A., Wollheim, W. M., Feng, X., & Vorosmarty, C. J. (2008). The application of electrical
conductivity as a tracer for hydrograph separation in urban catchments. Hydrological Processes:
An International Journal, 22(12), 1810-1818. https://doi.org/10.1002/hyp.6786

Pennino, M. J., Kaushal, S. S., Mayer, P. M., Utz, R. M., & Cooper, C. A. (2016a). Stream restoration and
sewers impact sources and fluxes of water, carbon, and nutrients in urban watersheds. Hydrology
and Earth System Sciences, 20(8), 3419-3439. https://doi.org/10.5194/hess-20-3419-2016

Pennino, M. J., McDonald, R. L., & Jaffe, P. R. (2016b). Watershed-scale impacts of stormwater green
infrastructure on hydrology, nutrient fluxes, and combined sewer overflows in the mid-Atlantic
region. Science of the Total Environment, 565, 1044-1053.
https://doi.org/10.1016/j.scitotenv.2016.05.101

Peres-Neto, P. R., Jackson, D. A., & Somers, K. M. (2005). How many principal components? Stopping
rules for determining the number of non-trivial axes revisited. Computational Statistics & Data
Analysis, 49(4), 974-997. https://doi.org/10.1016/j.csda.2004.06.015

Ponnou-Delaffon, V., Probst, A., Payre-Suc, V., Granouillac, F., Ferrant, S., Perrin, A. S., & Probst, J. L.
(2020). Long and short-term trends of stream hydrochemistry and high frequency surveys as
indicators of the influence of climate change, agricultural practices and internal processes
(Aurade agricultural catchment, SW France). Ecological Indicators, 110, 105894.
https://doi.org/10.1016/j.ecolind.2019.105894

PRISM Climate Group, Oregon State University, https://prism.oregonstate.edu, data created 1 Oct 2010,
accessed 25 Nov 2022.

Reisinger, A. J., Rosi, E. J., Bechtold, H. A., Doody, T. R., Kaushal, S. S., & Groffman, P. M. (2017).
Recovery and resilience of urban stream metabolism following Superstorm Sandy and other
floods. Ecosphere, 8(4), e01776. https://doi.org/10.1002/ecs2.1776

Rippy, M. A., Deletic, A., Black, J., Aryal, R., Lampard, J. L., Tang, J. Y. M., McCarthy, D., Kolotelo,
P., Sidhu, J., & Gernjak, W. (2017). Pesticide occurrence and spatio-temporal variability in urban

run-off across Australia. Water research, 115,245-255.

Roach, A. A. (2018). Anacostia Watershed Restoration Prince George’s County, Maryland: Ecosystem
Restoration Feasibility Study and Integrated Environmental Assessment. US Army Corps of
Engineers.
https://www.nab.usace.army.mil/Portals/63/docs/Environmental/Anacostia/AWR_ PG Main_Rep

ort FINAL Dec2018.pdf
48


https://www.nab.usace.army.mil/Portals/63/docs/Environmental/Anacostia/AWR_PG_Main_Rep
https://doi.org/10.1002/ecs2.1776
https://prism.oregonstate.edu
https://doi.org/10.1016/j.ecolind.2019.105894
https://doi.org/10.1016/j.csda.2004.06.015
https://doi.org/10.1016/j.scitotenv.2016.05.101
https://doi.org/10.5194/hess-20-3419-2016
https://doi.org/10.1002/hyp.6786

1246
1247
1248

1249
1250

1251
1252

1253
1254
1255

1256
1257

1258
1259

1260

1261
1262
1263

1264
1265
1266

1267
1268
1269

1270
1271
1272

1273
1274

Romani, A. M., Amalfitano, S., Artigas, J., Fazi, S., Sabater, S., Timoner, X., Ylla, 1., & Zoppini, A.
(2013). Microbial biofilm structure and organic matter use in mediterranean streams.
Hydrobiologia, 719, 43-58. https://doi.org/10.1007/s10750-012-1302-y

Rosgen, D.L., 1996. Applied River Morphology. Wildland Hydrology, Pagosa Springs, Colorado. [ISBN-
10: 0965328902.

Rosgen, D. L. (2011). Natural channel design: fundamental concepts, assumptions, and methods. Stream

restoration in dynamic fluvial systems: scientific approaches, analyses, and tools, 194, 69-93.

Roy, J. W., & Bickerton, G. (2012). Toxic groundwater contaminants: an overlooked contributor to urban
stream syndrome?. Environmental science & technology, 46(2), 729-736.
https://doi.org/10.1021/es2034137

Ryan, R. (2022). Baltimore County Stream Restoration Project Helps Restore Scotts Level Branch to its
Natural State. Washington, DC; U.S. Environmental Protection Agency.

Scotts Level Branch Stream Restoration Project (2019). Youtube Available at:
youtube.com/watch?v=ix42pr9t3ts.

Sellers, A. (2014). (Certificate of Analysis). High-Purity Standards.

Sharma, N., Wang, Z., Catalano, J. G., & Giammar, D. E. (2022). Dynamic responses of trace metal
bioaccessibility to fluctuating redox conditions in wetland soils and stream sediments. ACS Earth
and Space Chemistry, 6(5), 1331-1344. https://doi.org/10.1021/acsearthspacechem.2c00031

Shelton, S., Mayer, P., Newcomer Johnson, T., Kaushal, S., Linker, L., Poeske, R., & Linker L. (2023).
Chemical Cocktails from Coast to Coast: Investigating the Convergence of Urban Water Quality.
L-PESD-0033943-QP-1-1

Shields, F. D., Cooper Jr, C. M., Knight, S. S., & Moore, M. T. (2003). Stream corridor restoration
research: a long and winding road. Ecological engineering, 20(5), 441-454.
https://doi.org/10.1016/j.ecoleng.2003.08.005

Total Organic Carbon Analyzer. (2011). (User Manual). Shimadzu. 2023,
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/pim/pim_document _file/brochures/10
330/c391-e079.pdf

Sivirichi, G. M., Kaushal, S. S., Mayer, P. M., Welty, C., Belt, K. T., Newcomer, T. A., Newcomb, K. D.,
& Grese, M. M. (2011). Longitudinal variability in streamwater chemistry and carbon and

49


https://www.shimadzu.com/an/sites/shimadzu.com.an/files/pim/pim_document_file/brochures/10
https://doi.org/10.1016/j.ecoleng.2003.08.005
https://doi.org/10.1021/acsearthspacechem.2c00031
https://doi.org/10.1021/es2034137
https://doi.org/10.1007/s10750-012-1302-y

1275 nitrogen fluxes in restored and degraded urban stream networks. Journal of Environmental
1276 Monitoring, 13(2), 288-303. https://doi.org/10.1039/COEMO00055H

1277  Smith, R. M., Kaushal, S. S., Beaulieu, J. J., Pennino, M. J., & Welty, C. (2017). Influence of
1278 infrastructure on water quality and greenhouse gas dynamics in urban streams. Biogeosciences,
1279 14(11), 2831-2849. https://doi.org/10.5194/bg-14-2831-2017

1280  Smith, S. M., & Prestegaard, K. L. (2005). Hydraulic performance of a morphology-based stream channel
1281 design. Water Resources Research, 41(11). https://doi.org/10.1029/2004WR003926

1282 USDA, NRCS. (2003) Field Indicators of Hydric Soils in the United States, Version 5.01. G.W. Hurt,
1283 P.M. Whited, and R.F. Pringle (eds.). USDA, NRCS in cooperation with the National Technical
1284 Committee for Hydric Soils, Fort Worth, TX.

1285  Taylor, P. G., & Townsend, A. R. (2010). Stoichiometric control of organic carbon—nitrate relationships
1286 from soils to the sea. Nature, 464(7292), 1178-1181. https://doi.org/10.1038/nature08985

1287  Tripler, C. E., Kaushal, S. S., Likens, G. E., & Todd Walter, M. (2006). Patterns in potassium dynamics
1288 in forest ecosystems. Ecology Letters, 9(4), 451-466. https://doi.org/10.1111/j.1461-
1289 0248.2006.00891.x

1290  USFWS (2015). Endangered Species Act Determination for Anacostia Watershed Restoration in
1291 Montgomery and Prince George’s Counties. Letter correspondence from LaRouche to Pinkney,
1292 dated November 2, 2015.

1293  U.S. Geological Survey (2016). National Water Information System data available on the World Wide
1294 Web (USGS Water Data for the Nation), accessed August 16, 2023, at URL
1295 http://waterdata.usgs.gov/nwis/.

1296  U.S. Geological Survey (2019). The StreamStats program, online at https://streamstats.usgs.gov/ss/

1297  Walsh, C. J., Roy, A. H., Feminella, J. W., Cottingham, P. D., Groffman, P. M., & Morgan, R. P. (2005).
1298 The urban stream syndrome: current knowledge and the search for a cure. Journal of the North
1299 American Benthological Society, 24(3), 706-723. https://doi.org/10.1899/04-028.1

1300  Wayland, K. G., Long, D. T., Hyndman, D. W., Pijanowski, B. C., Woodhams, S. M., & Haack, S. K.

1301 (2003). Identifying relationships between baseflow geochemistry and land use with synoptic
1302 sampling and R-mode factor analysis. Journal of Environmental Quality, 32(1), 180-190.
1303 https://doi.org/10.2134/jeq2003.1800

50


https://doi.org/10.2134/jeq2003.1800
https://doi.org/10.1899/04-028.1
https://streamstats.usgs.gov/ss
http://waterdata.usgs.gov/nwis
https://doi.org/10.1111/j.1461
https://doi.org/10.1038/nature08985
https://doi.org/10.1029/2004WR003926
https://doi.org/10.5194/bg-14-2831-2017
https://doi.org/10.1039/C0EM00055H

1304
1305
1306
1307

1308
1309
1310

1311
1312
1313

1314
1315
1316

1317
1318
1319

1320
1321

1322
1323
1324

1325

Welty, C., Moore, J., Bain, D. J., Talebpour, M., Kemper, J. T., Groffman, P. M., & Duncan, J. M.
(2023). Spatial Heterogeneity and Temporal Stability of Baseflow Stream Chemistry in an Urban
Watershed. Water Resources Research, €2021WR031804.
https://doi.org/10.1029/2021WR031804

Williams, M. R., & Filoso, S. (2023). Changes in hydrology and pollutant loads from stream restoration
in an urban headwater catchment. Journal of Hydrology, 618, 129164.
https://doi.org/10.1016/j.jhydrol.2023.129164

Williams, M. R., Wessel, B. M., & Filoso, S. (2016). Sources of iron (Fe) and factors regulating the
development of flocculate from Fe-oxidizing bacteria in regenerative streamwater conveyance

structures. Ecological Engineering, 95, 723-737. https://doi.org/10.1016/j.ecoleng.2016.06.120

Wood, K. L., Kaushal, S. S., Vidon, P. G., Mayer, P. M., & Galella, J. G. (2022). Tree trade-offs in
stream restoration: Impacts on riparian groundwater quality. Urban Ecosystems, 1-23.
https://doi.org/10.1007/s11252-021-01182-8

Xu, H., Ma, Y., Chen, J., Zhang, W. X., & Yang, J. (2022). Electrocatalytic reduction of nitrate—a step
towards a sustainable nitrogen cycle. Chemical society reviews, 51(7), 2710-2758.
https://doi.org/10.1039/D1CS00857A

YSI Incorporated (n.d.). ProDSS Multiparameter Digital Water Quality Meter.

https://www.ysi.com/prodss

Yoshimura, M., & Kubota, T. (2022). Evaluation of sunlight penetration through riparian forest and its
effects on stream biota. Global Ecology and Conservation, 34, €02043.
https://doi.org/10.1016/j.gecco.2022.¢02043

51


https://doi.org/10.1016/j.gecco.2022.e02043
https://www.ysi.com/prodss
https://doi.org/10.1039/D1CS00857A
https://doi.org/10.1007/s11252-021-01182-8
https://doi.org/10.1016/j.ecoleng.2016.06.120
https://doi.org/10.1016/j.jhydrol.2023.129164
https://doi.org/10.1029/2021WR031804

1326  Tables

1327  Table 1. Stream characteristics. Stream length and stream elevation drop were calculated using Google
1328  Earth measuring tools. Basin area, impervious surface cover (ISC), and forest cover data retrieved from
1329  USGS StreamStats.

Watershed | Basin Stream Stream ISC % | Forest Restoration Approach
Area, km? | Length, Sinuosity Cover %
km
Sligo 29.0 km? 14.2 km 1.33 41% 12% Scattered stormwater ponds,
Creek bioretention zones, and

minimal in-stream projects

Scotts 10.4 km? 8.7 km 1.22 41% 14% Floodplain Reconnection
Level with riprap, J-hooks
Branch

Paint 80.5 km? 5.35 km 1.24 33% 24% Floodplain Reconnection
Branch (22.5 km) with riprap, J-hooks
Campus 1.8 km? 1.4 km 1.13 24% 23% Regenerative Stormwater
Creek Conveyance system
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Table 2. Table defining all longitudinal synoptic and diurnal sampling dates. Synoptic date column

defines the date of longitudinal sampling and either the start or end date of diurnal sampling. The two

synoptic dates marked with “N/A” did not include longitudinal sampling, but automated samplers were

placed starting on the dates listed in parentheses. “Road Salting” events are characterized by sampling

dates within a week after road salting in the watershed. Average daily discharge and average daily

specific conductance were collected from USGS stream gauge data;

a USGS gauge along the sampled flowpath.

“--"was shown for streams without

Watershed Synoptic Date | Diurnal Event Avg Daily Avg Daily
Sampling Discharge, Specific
Site(s) m’/s Conductance,

uS/cm at 25 °C

Sligo Creek 06/08/2022 SC2, SC7, SC12 | Stormflow 0.124 612

Sligo Creek 08/17/2022 SC2, SC7,SC12 | Stormflow 0.063 N/a

Sligo Creek 11/04/2022 SC7 Baseflow 0.059 670

Sligo Creek 03/01/2023 N/A Baseflow 0.111 600

Scotts Level 03/27/2021 N/A Baseflow 0.072 520

Branch

Scotts Level 08/12/2021 N/A Stormflow 0.012 359

Branch

Scotts Level 09/02/2021 N/A Stormflow 0.060 202

Branch

Scotts Level 11/02/2021 SLB10 Baseflow 0.046 394

Branch

Scotts Level 01/05/2022 N/A Road Salting 0.029 1820

Branch

Scotts Level 01/12/2022 N/A Road Salting | 0.028 2120

Branch

Scotts Level 02/22/2022 SLB1, SLB7, Baseflow 0.051 731

Branch SLB10

Scotts Level 05/25/2022 SLB1, SLB7, Stormflow 0.037 378

Branch SLBI10

Scotts Level 08/09/2022 SLBI1, SLB7, Stormflow 0.031 329

Branch SLBI10

Scotts Level 11/09/2022 N/A Baseflow 0.017 420

Branch

Paint Branch 09/16/2021 PBS Stormflow -- --

Paint Branch N/A PBS8 Baseflow -- --
(10/20/2021)

Paint Branch 02/16/2022 PB1, PB6, PB9 Baseflow -- --

Paint Branch 05/17/2022 PB1, PB6, PB9 Stormflow -- --

Paint Branch 08/02/2022 PB1, PB6, PB9 Stormflow -- --

Paint Branch 11/16/2022 N/A Stormflow -- --
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Campus Creek | 09/02/2021 CCo Stormflow -- --
Campus Creek | 10/06/2021 N/A Baseflow -- --
Campus Creek | N/a CCo Baseflow -- --
(10/20/2021)
Campus Creek | 02/09/2022 CC6, CC4, CCO | Stormflow -- --
Campus Creek | 05/10/2022 CC6, CC4, CCO | Stormflow -- --
Campus Creek | 07/15/2022 N/a Baseflow -- --
Campus Creek | 07/26/2022 CC6, CC4, CC1 | Baseflow -- --
Campus Creek | 10/28/2022 N/A Baseflow -- --
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