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ABSTRACT: Anthropogenic freshwater salinization is increasing with
global change. Rising freshwater salinity threatens ecosystem
biodiversity, health, and services via toxicity to organisms and
mobilization of nutrients and metals. Brining roads is one major
source of freshwater salinization that continues to grow with rising
urbanization. While the detrimental effects of salinization in streams
are well-documented, high-frequency, temporal patterns in salt
transport, particularly during winter road de-icing in mixed land use
landscapes, are less understood. To address this knowledge gap, we
analyzed high-frequency specific conductance as a proxy for salinity
across 114 high-flow events from 2013 to 2018 in an impaired stream
draining mixed agriculture−urban land use. The specific conductance
was highest in winter (median = 947 μS cm−1) and decreased with
first-order kinetics up to 90 days after brining (β1 = −0.003), suggesting lasting impacts of road de-icing on water quality. Although
hysteresis patterns suggested a transition from distal to proximal salt sources, they showed no clear correlation of flushing versus
dilution to brining events. While seasonal brining increased salinity in receiving streams, unpredictable transport dynamics reduced
the efficacy of hysteresis in characterizing salt transport dynamics. Thus, the complexity of mixed land use watersheds requires more
spatially and temporally explicit monitoring to characterize stream salinization dynamics.
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■ INTRODUCTION

Increasing freshwater salinity is a pervasive water quality issue
worldwide and is estimated to impact 37% of the contiguous
drainage area in the United States.1 Freshwater salinization is
the human-facilitated increase in the concentration of total
dissolved solids within freshwater ecosystems.2 The freshwater
salinization syndrome was recently proposed as a way to link
observed increases in conductance with associated trends in
pH and base cations across hydrologic scales.1 Agriculture,3

resource extraction,4,5 urbanization,6,7 accelerated weathering,8

and de-icing9 all contribute to freshwater salinization.
Numerous ecosystem services are negatively impacted by
freshwater salinization, including the degradation of drinking
water,10 reduced biodiversity caused by the toxicity of salt to
freshwater organisms,11,12 and decreased water quality caused
by salt-induced mobilization of contaminants, including heavy
metals.13 Despite the known risks of salinized freshwater
ecosystems, few water quality standards and management
strategies exist. However, such strategies are sorely needed to
help mitigate this issue.14

Land use within human-modified watersheds is often
complex, which makes tracing different salt sources for
management purposes difficult. However, the relationships

between different solutes and discharge provide information
about transport pathways throughout a watershed. As
precipitation increases stream flow, different flow paths and
sources of solutes from around the watershed are activated.15

Therefore, monitoring salt concentrations relative to changes
in stream flow magnitude can help infer salt sources. For
example, the relationship between discharge and conductivity16

would be positive if salt is transport-limited, because this solute
enriches the stream when delivered by runoff. A negative
conductivity−discharge relationship suggests that salt is a
source-limited solute, because the amplified flow dilutes what
little salt is present in the watershed as it moves to the
stream.17 If there are multiple and/or changing sources of salt,
as in a mixed land use watershed with winter brining,
conductivity−discharge relationships may not be straightfor-
ward and will likely change over time and space. The
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consequences of changing stream flow in conjunction with salt
loading from different sources in mixed land use landscapes are
still not well understood.
Hysteresis, or the temporal lag between increases and

decreases in discharge and the concentration of a solute, has
been used to characterize the transport of numerous suspended
and dissolved constituents in various watershed types.18,19 It
can also be used to associate two or more values of a
dependent variable, such as specific conductance as a proxy for
solute concentration, with an independent variable, such as
discharge.20 Indices have been developed to characterize
hysteresis patterns and to infer sources and mobilization
pathways of both suspended and dissolved constituents. For
example, changes in salt concentrations with discharge may
exhibit a clockwise loop behavior in forested watersheds, where
the concentration increases quickly compared to discharge,
though the directionality of the loop (clockwise versus
counterclockwise) also depends on precipitation intensity.21,22

Hysteresis patterns can take shapes that are not easily
categorized into common types (e.g., clockwise or counter-
clockwise loops),23 so indices are used to facilitate compar-
isons across complex, high-flow events in a watershed.
However, analysis of stream solute hysteresis patterns has
only recently begun to be applied to highly modified, mixed
land use watersheds to study freshwater salinization.24,25

We leveraged long-term, high-frequency water quality data
from a stream draining a mixed agricultural−urban watershed
to ask how transport dynamics through a modified,
heterogeneous watershed change as a result of high-flow
event flushing and dilution to reflect sources of salt. We
identified temporal patterns in specific conductivity and
characterized hysteresis patterns to infer salt sources and
mobilization patterns. We hypothesized that high-flow events
following winter brining would have different hysteresis loop
behaviors (e.g., direction, thickness, and shape) compared to

those of events that occurred later in time after a brine
application. We expected hysteresis loops to be clockwise
during flow events following brining, indicating a first flush of a
proximal salt source. Salt loading transport dynamics can better
inform salinization mitigation efforts, especially in heteroge-
neous human-modified watersheds.

■ EXPERIMENTAL METHODS

Study Site. Stroubles Creek is an approximately 19 km
long tributary of the New River that begins in the town of
Blacksburg, VA, and flows through the Virginia Tech campus
(Figure 1). The region experiences an average of 104 cm of
precipitation and 68.5 cm of snowfall annually. Stroubles Creek
is a highly modified stream that drains a mixed land use
watershed with an area of approximately 14.45 km2 at our
monitoring location. The Stroubles Creek watershed is >80%
developed.26 In 1998, an 8 km portion of Stroubles Creek
flowing through the upper watershed was listed on the U.S.
Environmental Protection Agency’s (EPA) 303d list of
impaired waters. A subsequent total maximum daily load
(TMDL) analysis identified sediment as the primary stressor,
and a benthic TMDL was approved by the EPA in 2004 noting
benthic impairment in the associated waterways.27 The
Stroubles Creek TMDL implementation plan was subsequently
developed,28 and various best management practices have been
implemented to reduce sediment loads, including stream
restoration, riparian plantings, and urban stormwater manage-
ment practices.29 In 2010, Wynn et al.30 conducted a three-
stage restoration effort on 2.1 km of the impaired reach and a
small tributary that are now encompassed by the Virginia Tech
Stream Research, Education, and Management (StREAM) Lab
(vtstreamlab.weebly.com/). While the restoration and imple-
mentation of various best management practices have led to
some improvement in the benthic community monitored by

Figure 1. Stroubles Creek watershed and associated land cover, StREAM Lab (Stream Research, Education, and Management Laboratory), the
monitoring and sampling point (Bridge 1), and its position in relation to the Town of Blacksburg and Montgomery County, Virginia.
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the Virginia Department of Environmental Quality down-
stream, Stroubles Creek is still listed as impaired.
Stroubles Creek has been extensively studied since the early

1900s, with much of the work focusing on bacterial ecology
and water quality.31,32 Over the past few decades, research
projects have diversified to include a variety of overlapping
fields, including hydrology,33,34 land use and imaging,35,36

restoration and monitoring,37,38 ecosystem metabolism and
biogeochemistry,39,40 and organismal studies both within the
stream and along the riparian corridor.41,42 Pressures from the
urbanizing watershed, Virginia Tech’s expansion, and climate
change have continued to increase anthropogenic stress on this
water body. One specific pressure is the use of road salts by
both the Town of Blacksburg and the Virginia Tech
Department of Facilities Operations, as well as the latter’s
use of de-icing brine obtained from its Central Steam Plant.
The exact compositions of the road salts and brine are
unknown to the authors. The well-characterized nature of this
stream, the landscape heterogeneity of its watershed, and the
availability of high-frequency, long-term water quality data
make Stroubles Creek an ideal system for assessing historical
trends and event-based loading and transport dynamics of salts.
Long-Term Conductivity Data. In December 2012, an in

situ YSI 6920 V2 instrument (Yellow Springs Instruments,
Yellow Springs, OH) was placed in a 2.7 m wide channel
(Sample Point, Figure 1) with an annual average discharge (Q)
of 0.2 m3/s within the StREAM Lab to continuously record
water quality parameters every 15 min. Water quality
parameters collected include dissolved oxygen (milligrams
per liter, percent), pH, specific conductance (SC; microsie-
mens per centimeter), turbidity [nephelometric turbidity units
(NTU)], and water temperature (degrees Celsius), of which
only SC was analyzed in our study. Additionally, a Campbell
Scientific CS451 pressure transducer was installed to
continuously record the stream stage height (m) every 10
min (Campbell Scientific, Logan, UT). The long-term
Stroubles Creek water quality dataset, associated quality

assurance methods, and stage−discharge relationship can be
accessed via the Environmental Data Initiative data portal.43

For this study, continuous SC and associated stage datasets
from 2012 to 2018 were passed through a rigorous quality
control process before further analysis in R version 3.6.1.44 SC
and stage data were flagged as “suspect” when known sonde
limitations and sensor error codes occurred (<0.005% of the
total dataset). SC records were also flagged due to the
conductivity sensor on the YSI instrument being above the
stream water level during base flow conditions (93% of the
total dataset). As this study solely focuses on the 90th
percentile of flow events, with an average flow rate of 1.55 m3

s−1, the exclusion of potentially suspect water quality data
during low-flow periods did not affect our analyses or
subsequent results.

Flow Event Manual Inspection and High-Flow Event
Identification Criteria. We selected the 90th percentile of all
flow events, ranked by net Q, which resulted in a subset of 377
flow events. We visualized and checked each of these events
against the corresponding SC records to identify eligible data
for analysis (Figure S1). Flow event visualization was
conducted by at least two investigators who systematically
included or excluded potential high-flow events on the basis of
three criteria (Text S1). The criteria for a legitimate high-flow
event included (1) analyzing the rising limb of each flow event
to ensure inclusion of a frequently occurring initial Q peak
representing direct discharge from a large urban development
area immediately upstream from the YSI instrument location
point (Figure S2), (2) analyzing the falling limb of the flow
event to make sure that Q returned to base flow, and (3)
identifying where multiple successive events satisfied criteria 1
and 2, in which case we split them into discrete events. If there
was irreconcilable disagreement between the two investigators
on classification, the event was excluded (n = 93). After
meeting all inclusion criteria, 185 high-flow events within the
90th percentile of Q (49% inclusion) were identified for further
analysis.

Figure 2. Hydrographs of (A) discharge and (B) conductivity. (C) Discharge−conductivity hysteresis plot for one of the high-flow events used in
this study’s analyses. The hydrographs of other events in the 2013−2018 dataset vary widely in amplitude and duration, as well as in the general
shape of their respective hysteresis plots.
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High-Flow Event and Associated Brine Event Param-
eters. For the 185 high-flow events analyzed, we extracted
date, duration, season, SC ranges, and Q ranges (Table S1). In
addition, using known road brining dates obtained from the
Facilities Department at Virginia Tech, we calculated the
number of days since brining (DSB) for all events. Over the
seven-year dataset, there were 19 known brine applications
(Table S2). Due to missing salt brining records for the winters
of 2012 to 2013 and 2015 to 2016, flow events from these
periods until the following winters (2014 to 2015 and 2016 to
2017, respectively) were excluded, leaving 114 events for our
final high-flow dataset (Figure S1).
Hysteresis and Flushing Index Calculations. We used

the overall shape of associated hysteresis loops to further
characterize relationships between SC and Q during flow
events.45 The hysteresis index (HI) describes the direction of
the hysteresis loop and can be used to infer whether
constituent sources are proximal, or readily transported, versus
distal, or slower to mobilize16 (Figure 2). A clockwise loop
(positive HI), where the concentration increases quickly
compared to discharge (also called “first flush”), suggests a
proximal source, while a counterclockwise loop (negative HI),
where concentrations increase slowly compared to discharge,
suggests a distal source. The magnitude of the HI reflects the
thickness of the loop shape; a larger absolute magnitude means
that there is a greater difference between the rising and falling
limbs of the flow event, yielding a wider, more circular looking
loop.42 The absolute magnitude of HI may reflect antecedent
flow conditions or variations in Q through the event.43 Three
main shapes of hysteresis loops (circular, figure eight, and
linear) are commonly observed in nature and provide insight
into the behavior of the dependent variable during high-flow
events.44,45 A circular loop in either direction suggests that the
times of peak concentration and peak discharge are offset,
while a figure-eight loop indicates that there are multiple peaks
of both variables during the event and their timings relative to
each other change throughout the event.44

Hysteresis and flushing indices (HI and FI, respectively)
were calculated using normalized SC and normalized Q values
over the duration of each event. The HI for each event was
calculated following methods from Zuecco and colleagues.45

First, Q and SC were normalized as

=
−
−

u t
x t x
x x

( )
( ) min

max min (1)

=
−
−

v t
y t y

y y
( )

( ) min

max min (2)

where x(t) and y(t) represent Q (cubic meters per second) and
SC (microsiemens per second) at time t, respectively. xmax,
xmin, ymax, and ymin represent the maximum and minimum Q
and SC, respectively, during the flow event. u(t) and v(t) are
the normalized values of x(t) and y(t), respectively. The HI
was calculated as

∑= Δ
=

[ ]AHI
k

n

i j
1

,
(3)

where n is the number of intervals and ΔA is the difference
between definite integrals on the rising and falling curves of the
hysteresis loop for the upper and lower limit of the SC interval
[i, j] and is calculated as

Δ = −[ ] [ ] [ ]A A Ai j i j i j, r , f , (4)

where Ar[i, j] and Af[i, j] are the definite integrals for the rising
and falling limbs, respectively.
The FI for each flow event was calculated by subtracting the

normalized SC at the start of the event [v(t=0)] from the
normalized SC at peak Q during the same event [v(t=xmax)).
We generated hysteresis loops for each flow event using a HI
and FI computational tool45 and calculated the minimum and
maximum differences between the rising and falling limbs of
each event to describe hysteresis loop direction, shape, and
class.45 Of the 114 events analyzed, 26 failed to generate a
hysteresis loop and affiliated indices because Q did not return
to its starting value of the event’s rising limb. These failures to
return to baseline Q were typically related to flow events in
quick succession and were independent of incongruities not
covered by the baseline SC criterion, criterion 2.

Effects of Testing Days Since Brine on Individual
High-Flow Events. Using the 114 events identified with
known DSB values (Figure S1), we used one-way analysis of
variance (ANOVA) to examine differences in event SCmax
among months, followed by a Tukey HSD test to identify
contrasting subsets of months. A breakpoint was used to
constrain regressions to a duration post-brining where brine
was still impacting stream salt concentrations. We used linear
regressions to test the effect of days since brining (DSB) on
HI, |HI|, and FI. This analysis was limited to flow events within
the first 90 DSB based on a breakpoint identified via a
segmented linear model,46 which indicated that SC decreased
only up to 90 DSB. Using this breakpoint to subset our data,
we conducted linear regression of log10(SCmax) on DSB to
calculate a decay rate of SC.

Statistical Analysis. Regression and Tukey HSD analyses
were performed using JMP, version 15 (SAS Institute Inc.,
Cary, NC), and R version 3.6.1.44 The breakpoint analysis was
performed as described by Muggeo.46 The land use map in
Figure 1 was produced using ArcGIS version 10.7 (Environ-
mental Systems Research Institute, Inc., Redlands, CA).

■ RESULTS
Flow Event Magnitude, SC, and Indices Follow Mixed

Seasonal Patterns. Flow events had the highest Q values in
summer and fall and the lowest Q values in winter, while
changes in event duration did not fit a seasonal pattern. Across
the 185 analyzed events from 2013 to 2018, the longest events
[mean ± standard error (SE)] were in February (14.1 ± 4.6
h), July (14 ± 3.3 h), and March (12.7 ± 2.6 h). The shortest
events (by ∼2-fold) were in September (5 ± 0.98 h), August
(6.7 ± 0.59 h), and June (7.1 ± 0.78 h). Qmax had a trend
dissimilar to that of duration, with the highest flow in October
(6.2 ± 1.2 cms), June (5.3 ± 0.98 cms), and July (4 ± 0.94
cms). The lowest-Qmax events (by ∼2-fold) occured in March
(1.9 ± 0.41 cms), February (2.1 ± 0.88 cms), and December
(2.4 ± 0.67 cms).
There were pronounced differences in SCmax during flow

events occurring across different months and seasons, but no
seasonal patterns emerged for HI, |HI|, or FI. The highest
median SCmax values were in February (947 μS cm−1), March
(845 μS cm−1), and January (713 μS cm−1). The lowest
median SCmax values (by ∼2-fold) were in August (435 μS
cm−1), July (517 μS cm−1), and June (522 μS cm−1). There
was no apparent seasonal pattern in HI, which was normally
distributed (−0.05 ± 0.024). February (0.14 ± 0.09), June
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(0.01 ± 0.06), and November (0.09 ± 0.09) were the only
months when HI averages were positive, implying proximal salt
sources. Meanwhile, the lowest-HI months were August
(−0.22 ± 0.07), December (−0.16 ± 0.07), and January
(−0.16 ± 0.09). Similarly, FI and |HI| were not related to
season. Furthermore, FI was not related to DSB. Forty-two
high-flow events had negative FI values, while only 14 events
had positive FI values. Multiple logistic regression on event
duration, SCmax, Qmax, and month found flow event duration to
be a significant predictor of whether FI was positive or
negative. The durations of flow events with positive FI values
were significantly shorter than the durations of those with
negative FI values, lasting 8.9 and 13.0 h, respectively (p =
0.038). There was no strong ordination of events in HI−FI
space based on DSB beyond the apparent effect on |HI|
(Figure 3B).
Flow Event SCmax Decreases with DSB. SCmax was

highest and most variable in winter months. Given winter
storm timing and resulting road brining, DSB was lowest in
February (18.6 ± 3.8 days) and peaked in October (209.2 ±
9.3 days). Individual flow events with exceptionally high SCmax
values occurred in March (3921 μS cm−1) and February (2912
μS cm−1). Among the 114 high-flow events associated with
known brining dates, the median SC range over an event’s
duration was 287 μS cm−1 and the minimum and maximum
were 28 and 3453 μS cm−1, respectively. Months with the
highest variance in event SCmax were February (SE = 239 μS
cm−1) and November (SE = 227 μS cm−1).
Months with higher SC values during high-flow events were

also associated with greater average temporal proximity to salt
brine applications (Figure 4) and also had the lowest mean
DSB (17.8 days in February and 30.8 days in March). The
months with the lowest SCmed values during flow events were
associated with higher mean DSB (157.4 days in August, 142.6
days in July, and 204 days in October). While August, July, and
October were associated both with the highest DSB and the
lowest SC, it is most likely that DSB does not explain SC
during these months, when winter brining is mechanistically
irrelevant.47 SCmax was higher during flow events that occurred
closer in time to salt brine application (i.e., lower DSB). This

pattern was present both on an individual event basis as and
when aggregated by month (pooled across 2013−2018,
excluding 2016 due to a lack of brining records). SCmax of
50% (n = 90) of all high-flow events occurred within the first
20% of their duration, suggesting mobilization of salts in the
“first flush” of the event.
SCmax declined with time since brining. Segmented

regression analysis of disaggregated SCmax against DSB (Figure
5A) resulted in a breakpoint of 90.8 ± 16.1 days (p < 0.0001).
For flow events within 90 days of the last brine event,
regression of log(SCmax) on DSB (Figure 5B) yielded a decay
rate of −0.003 day−1 (p < 0.0001).

The Absolute Value of HI Decreases with Time Since
Brining Event. There was no significant change in HI within
90 DSB. However, |HI| decreased with DSB [p = 0.041 (Figure
3B)], falling by an average of 0.05 every 30 days. A greater |HI|
indicates a greater hysteresis loop size and, therefore, a longer
temporal lag between Qmax and SCmax among events most
immediately following brining. Across the <90 DSB high-flow
events, |HI| ranged from 0.008 to 0.51, indicating that Qmax
lagged SCmax by 2.5−2.75 h.

Figure 3. (A) Hysteresis and flushing indices of 57 high-flow events between 2013 and 2018. The marker color indicates days elapsed from the
most recent road salt brine application event. (B) Negative relationship between days since brining and |HI|. Flow events in both panels are limited
to those that are positively known to be <90 DSB and did not fail to generate a hysteresis loop (n = 57).

Figure 4. Monthly mean ± SE of maximum specific conductance
during 114 high-flow events pooled across 2013−2018. The bar color
represents the monthly mean time since the last brine event.
Significant differences among months were derived via a post hoc
Tukey HSD (p < 0.0001) and are indicated by the letters on each bar,
such that months with no letters in common are significantly different
from one another (i.e., A vs B, but not AB vs A or AB vs B).
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■ DISCUSSION
Despite increasing interest in salinization as an environmental
stressor and water quality issue, high-frequency character-
izations of the relationship between flow and salt dynamics in
modified watersheds are few. To that end, we conducted a
hysteresis analysis of 114 high-flow events in a developing,
mixed land use watershed to identify temporal patterns in salt
concentrations and infer salt sources and mobilization patterns.
Due to the high degree of urbanization and agriculture in the
watershed, Stroubles Creek has high background SC, even in
the absence of brine. SC was higher in January through March,

when brining salts are frequently applied to improve road
safety during winter storms. Flow event SC in these months
(1079 ± 116 μS cm−1) peaked at values nearly double that in
April through December (625 ± 28 μS cm−1). Post-brining
flow events had greater temporal lags between peaks in Q and
SC, suggesting that post-brining high-flow events were
connected with more distal salt sources compared to high-
flow events at other times of year.

Brining Modulates the Seasonality of SC. SCmax during
flow events was highest in the winter months of February and
March, suggesting that, even though most high-flow events
displayed a diluting behavior (i.e., negative FI), brine
application increases background salt concentrations in the
stream. Winter months also had the greatest variability in
SCmax. This could be explained by the episodic nature of brine
application due to forecast uncertainty because precipitation
does not always occur after brining. Thus, salts can accumulate
on roads during successive brining events, resulting in larger
pulses once they are flushed into surface waters. This can be
exacerbated in urbanized watersheds with greater impervious
surface area, compared to rural or undeveloped counterparts.48

Other urbanized streams have shown similar seasonal trends.
For example, SC and Cl− concentrations were higher in winter
months in urbanized streams draining St. Louis, MO, a pattern
attributed to road salt application.49 The highest variability of
both SC and Cl− concentrations occurred during winter,49

which was attributed to flashier (i.e., rapid, short-term changes
in streamflow) hydrographs often observed in urban streams.50

While elevated conductivity during winter has been found to
be common in watersheds with even small amounts of
impervious surface, agricultural watersheds have been found
to have significant year-round salinity issues due to fertilizer

Figure 5. (A) Breakpoint analysis highlighting two distinct relation-
ships between specific conductance and days since brine. The dotted
line is where the model indicated that conductivity stopped
decreasing with days since brine. Breakpoint = 90.8 ± 16.1 days (p
< 0.0001; r2 = 0.1705). (B) Flow event maximum conductivity
regressed on days since brine yields a significant decay rate (β1 =
−0.003; p < 0.0001; r2 = 0.129). Flow events in panel B are limited to
those within 90 DSB.

Figure 6. Conceptual figure representing the complexity of flushing and dilution hysteresis patterns in a mixed land use watershed, along with their
hypothesized drivers. The simultaneous contributions of these drivers yield a complicated cumulative hysteresis pattern at the sample point.
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application.51 In Appalachian streams, urban sites often have
increased SC and Cl− concentrations relative to those of
forested streams, with elevated Cl− concentrations coming
from diverse sources, including municipal sewage releases at
some sites, which do not occur in Stroubles Creek.52 While SC
patterns were predictable at seasonal time scales, event-based
dynamics were highly variable.
Hysteresis Patterns Are Complex in Modified Stream

Networks. Hysteresis patterns of SC varied significantly,
showing few relationships with brining. While there was a clear
negative relationship between SCmax and DSB (Figure 5),
hysteresis patterns did not respond to DSB consistently.
Although there were no relationships between FI or HI and
DSB, |HI| decreased with DSB, indicating that in the absence
of brining, the relationship between SC and Q becomes more
linear. As the proximity to brining activities increases, that
relationship becomes less linear, although there was no
consistency in loop direction (clockwise vs counterclockwise).
The lack of consistency in loop direction could be explained by
watershed complexity (Figure 6). For example, there are
several small impoundments in Stroubles Creek upstream of
our monitoring site. Depending on intensity and retention
time, overflow from retention ponds can vary significantly,
which could influence whether salty runoff is retained and
slowly released (low intensity) or flushed rapidly through the
system (high intensity). As a result of runoff retention, SC may
not exhibit first-flush dynamics.53 We expect this was the case
in our analysis, further complicating interpretation of hysteresis
patterns.
In addition to numerous impoundments and stormwater

best management practices (BMPs), the Stroubles Creek
watershed also has isolated impervious regions (e.g., large
parking lots) that directly drain into the creek above the
sample site (Figure S2). Because these regions are isolated
from the rest of the watershed, they exert their own unique
effects on stream discharge and chemistry.54 During many
events, the hysteresis patterns from these isolated impervious
regions were distinct (Figure S2), and in some cases, opposite
of water draining the rest of the watershed. The combined
effects of three impoundments in the watershed and numerous
urban stormwater BMPs could explain the lack of trends
between proximity to brining and hysteresis metrics (Figure 6).
Depending on hydrologic factors (e.g., rain vs snow, storm
intensity, and duration), the relative influence of these features
may shift, changing the aggregate hysteresis patterns observed
at the sensor. Furthermore, while additional de-icing takes
place throughout developed parts of the watershed (e.g.,
different amounts of solid salt application on sidewalks and
parking lots vs liquid brining applications), data on salt
application by businesses and homeowners are not available to
support further analyses of variable patterns in conductivity.
Agricultural inputs,51 deteriorating infrastructure,52 and walk-
way de-icing53 add additional layers of complexity to urbanized
watershed salt dynamics. The SC hysteresis patterns in
unmodified streams are generally less complex and can be
sufficiently characterized by single-point monitoring.54 How-
ever, for modified streams, we suggest that strategic spatial
monitoring of water quality that captures the effects of unique
watershed features (e.g., impoundments, urban stormwater
infrastructure, and direct impervious drainage areas) is needed
to fully capture and understand salt transport pathways and
dynamics in developed landscapes.55

Although there were no linear relationships between FI and
DSB within 90 days, most flow events had negative FI values
(Figure 3A). While negative FI values usually suggest source
limitation, the likely cause of the predominance of negative FI
values in the Stroubles Creek watershed is that salts are
transport-limited during most flow events within 90 DSB
(Figure 3A). Because brining primarily occurs in the upper
watershed, negative FI hysteresis patterns likely are the result
of transport time from impervious surfaces to the sensor
downstream in the watershed, as opposed to source
limitations.56 Although FI was negative, SC began to increase
on the falling limb of the event, which could be explained by
salt reaching the monitoring site after Qmax. However, in the
absence of salt application in summer months, salts could
originate from numerous additional sources, including within-
channel sources (e.g., groundwater and bank erosion), illicit
discharges, fertilizer application, or concrete dissolution.56 In
the summer, it is likely that runoff dilutes salt concentrations,
as the rising and falling limbs display similar behavior. Thus,
salt sources at different times of the year can have significant
impacts on salt dynamics in streams that can affect multiple
aspects of stream ecosystem health. Evans and Davies57 posited
that hysteresis analysis can make it possible to predict relative
solute values based on simple criteria. However, our results
suggest that as watersheds become more modified, simple
hysteresis relationships may not suffice.

Brine Application Has Lasting Effects on Water
Quality. Brining can impact salt dynamics in streams for
months after application. SCmax was highest after brining
activities but decreased exponentially with time up to 90 DSB
(Figure 5). Although it does not take 90 days to transport
brine from impervious surfaces to adjacent streams, impound-
ments and stormwater infrastructure will increase salt residence
time in watersheds. Our analyses suggest that, by retaining
storm flows, impoundments may slowly release saltier water for
months, even after brining has ceased. In urbanized water-
sheds, stormwater ponds have in some cases been shown to
facilitate delayed salt plume movement to surface waters and,
thus, fail to protect groundwater as intended.58 Additionally, in
karst landscapes such as the Stroubles Creek watershed, salty
meltwater is rapidly transported through preferential flow
paths during winter and spring storms while remaining salt is
slowly transported through rock over months or years.59 Road
salts can also be retained in soils and released episodically by
precipitation events throughout the year.60,61 Once Cl− from
road salt infiltrates soil, it continually contributes to increased
conductivity during non-brining periods because of its slow
movement through the unsaturated zone and into ground-
water.62

■ CONCLUSIONS
High-frequency water quality monitoring has vastly improved
our understanding of the impacts of land use on aquatic
ecosystems. However, more nuanced monitoring plans must be
developed to capture the complexity within modified water-
sheds, especially given predicted future increases in stream and
river conductivity.63 In mixed land use watersheds such as
Stroubles Creek, watershed features (e.g., impoundments,
stream burial, and channelization) can result in multivalent
relationships between discharge and salinity. While single-point
monitoring will capture the aggregate effects of salt on complex
landscapes, it cannot discern the distinct effects of individual
features and actions, including BMPs and salt applications, on
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stream solute dynamics. Further research on salt transport is
needed to quantify patterns in spatial and temporal variability
that can adequately inform strategies for freshwater salinity
management. This will help to parse and compare salinization
contributions of specific land use classes, as Vaughan and
colleagues20 investigated dissolved organic carbon and nitrates
in watersheds dominated by agriculture, urbanization, and
forest cover. Thus, increasing the spatial resolution of water
quality sensors will greatly improve our ability to understand
salt dynamics in complex streams. This, in turn, will serve
managers in their efforts to minimize the impacts of upland salt
use on water quality.
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