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Abstract: Studies have shown that salt concentrations are increasing in waterbodies such as lakes,
rivers, wetlands, and streams in areas where deicers are commonly applied for winter road mainte-
nance, resulting in degraded water quality. As the salt concentration varies spatially and temporally
based on environmental and hydrological characteristics, we monitored high resolution (15 min) salt
concentrations for a relatively long period (winter and spring season) at different sites (i.e., stream,
urban-stream, roadside drain, and parking-lot drain) using multiple electric conductivity-based
sensors. The salt concentrations were significantly different from each other considering individual
sensors and different sites in both winter and spring seasons, which support past research results
that concentration varies spatially. Parking-lot (1136 ± 674 ppm) and Roadside (701 ± 263 ppm)
drain measured significantly higher concentration than for Stream (260 ± 60 ppm) and Urban-stream
(562 ± 266 ppm) in the winter season. Similar trends were observed for the spring season, however,
the mean concentrations were lower in the spring. Furthermore, salt concentrations were significantly
higher during the winter (242 ± 47 ppm to 1695 ± 629 ppm) than for the spring (140 ± 23 ppm to
863 ± 440 ppm) season considering different sites, which have been attributed to the winter snow
maintenance practice using deicers in past studies. All sites exceed the United States Environmental
Protection Agency (USEPA) threshold (salt concentration higher than 230 mg/L) for chronic exposure
level for 59% to 94% and 10% to 83% of days in winter and spring seasons, respectively. The study
has highlighted the usefulness and advantages of high resolution (spatially and temporally) salt con-
centration measurement using sensor technology. Furthermore, the salt concentration in waterbodies
can vary spatially and temporally within a small spatial scale, which may be important information
for managing water quality locally. The high resolution measurements (i.e., 15 min) were helpful to
capture the highest potential salt concentrations in the waterbody. Therefore, the sensor technology
can help to measure high resolution salt concentrations, which can be used to quantify impacts of
high salt concentrations, e.g., application of deicer for winter road maintenance on aquatic systems
based on the criteria developed by USEPA.

Keywords: salt concentration; spatial distribution; temporal distribution; sensor; winter; spring season

1. Introduction

Salts are widely used as a deicers for winter road maintenance in the US and around
the world, which help to move vehicles during snow/ice events. Most of the salt applied
for winter maintenance (over roads or parking lots) is later dissolved in the snow/rain
melt runoff and infiltrates to contaminate surface and ground waters [1,2]. However,
several other sources also contribute salt in waterbodies such as agricultural fertilizer,
wastewater discharge, and industrial discharges, deicers, and natural salt sources, etc. [3,4].
The application of road salts has been increased with urbanization [5]. As the application
of road deicers is increasing, there is evidence of increased chloride concentration in soil
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layers, surface water [1,6–8], groundwater [9,10]; and lakes [11], which ultimately affects
water quality.

Generally, salt concentrations are monitored in waterbodies for a specific time by
collecting samples and analyzing them in a lab, which is labor-intensive [12,13]. Never-
theless, salt concentration changes spatially and temporally depending on local climatic
conditions (rain and snow event) and flows [14]. Recently, sensor technology has been used
for continuous measurement of salt concentration, which is advantageous compared to the
traditional method (sample collection), therefore useful to quantify the impacts of winter
road maintenance using deicer on water quality [14–19]. The use of sensing technology,
an alternative method that provides high-frequency data and real-time monitoring of water
quality, is likely to increase in the future [20].

An increase in the concentration of salt in the soil causes an osmotic imbalance
which will impede the plant water absorption, nutrient uptake, germination ultimately
affecting plant growth [21,22]. The increase in salt concentration in surface water can
cause adverse effects on aquatic organisms (terrestrial and aquatic biota) and overall
ecosystems (i.e., aquatic and riparian) [23–25]. The studies have reported the richness
and biodiversity in wetlands and waterways have been decreased due to an increase in
sodium and chloride concentrations [3,26,27]. However, the macroinvertebrates are not
affected by the level of sodium and chloride found in the wetlands [28]. These information
show impacts of salt concentration on biotas living in aquatic system and environment,
but the severity of impact may depend on the type of aquatic organisms [29,30]. The United
States Environmental Protection Agency (USEPA) has set a threshold salt concentration
criterion for ambient water, which should not be exceeded more than once in three years
for healthy aquatic ecosystems. USEPA defined a chronic exposure level when moving
four-day average concentration exceeds 230 mg/L and an acute level for concentration
greater than 860 mg/L (one-hour average) [31].

The concentration of salt in the watershed also varies with time such as daily, monthly,
and seasonally. Generally, the peak salt concentrations are observed during snow events
in the winter months and decreased through the spring and summer months [9,14,29].
Large salt volume application during extremely high snowfall events results in consider-
ably higher salt concentrations in streams and rivers than in winters with low snowfalls [9].
This seasonal variation and higher salt concentration in waterbodies during winter months
are attributed to deicer application for winter road maintenance [5,12,30]. Furthermore,
Researchers have observed higher salt levels during winter and continued through spring
and summer months [30,32], which may be due to salt applied during the winter are stored
in soil layers and then drain into streams/rivers during summer, when there are high rain-
fall and surface runoff [5,8,12,26]. Therefore, it is important to measure salt concentration
continuously to capture the highest potential concentration in the environment.

The salt concentrations measured near roads in Illinois (USA) were extremely high
and variable due to variability in deicer application rates, snowfall amounts, melting rates,
etc. [30,33]. Salt concentrations were highest in waterbodies located in urbanized areas (e.g., the
Chicago region) and lowest in streams with forested watersheds (e.g., Southern Illinois) and
decreased exponentially with distance from highways/roadways [7,9,34]. The majority (about
96%) of deicer applications were accounted for roadways and parking lots, therefore, higher
salt concentrations were observed in waterbodies near these locations [12,26,35]. Salt con-
centrations were significantly higher for low river discharges than for high discharges [33],
therefore concentration depends on discharges (Corsi et al. 2010). The above examples showed
that salt concentrations in waterbodies may vary spatially depending on discharges and
watershed characteristics.

The study of spatial and temporal variations of salt concentrations is necessary to
analyze their impacts on the environment and water quality management. High resolution
measurements (e.g., hourly) are necessary to capture the highest potential salt concentration
and to analyze an acute exposure level based on the criteria defined by the USEPA [31].
Most of the studies were focused on either national or regional or watershed (large) scale, so
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lacks information on spatial or temporal variation within the local (small) scale [14,29,33,34].
Because salt concentrations in waterbodies vary spatially and temporally and depend on
many variables [29] (e.g., discharge, watershed characteristics, effluent from wastewater
treatment plants and industries, etc.), the study results based on the large watershed scale
may not be applicable for water quality management in a local (small) scale. To manage
(reduce salt concentration) water quality locally by reactive approaches, for example using
infiltration trenches, detention or retention ponds, wetland and shallow marshes, vegetated
swales, and filter strips, etc. [36–40], the local salt concentration measurements should be
considered instead of measurements based on the large spatial scale.

To fulfill the knowledge gap how salt concentrations vary spatially and temporally,
we continuously measured high (15 min) resolution salt concentrations from November,
2018 to June, 2019 at multiple locations using a sensor-based approach. One of the major
difference in our study from past studies are we analyzed salt concentration variations
and differences spatially and temporally within and between multiple locations in a local
(small) spatial scale (less than a 5 km radius). Furthermore, we analyzed the number of
days that exceed the chronic exposure level for aquatic systems at different sites.

2. Methodology
2.1. Study Area

The study was focused on the city of Edwardsville and Glen Carbon, Madison County
(IL, USA) which is located within the Illinois West Southwest climatological region [41]
(Figure 1). The annual average rainfall in the watershed is 1050 mm and the mean annual
snowfall is 300 mm. The total land area of Madison County is 1894 km2 and has 4486 km of
paved surface roads [42]. The major road surfaces in Madison County are I-55, I-270 (inter-
state highways), IL-157 and IL-162 (state routes), county and municipal roads. Generally,
roadside drains exist parallel to these roadways. There are numerous streams, roadside
drains, and urban-streams in the watershed, which are ephemeral or perennial. Cahokia
Creek, one of the largest creeks in the watershed, drains into the Mississippi River.
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Figure 1. Location of sensors at different waterbody sites (Stream, Urban-stream, Roadside drain,
and Parking-lot drain) and USGS 05587900 gage. Sensor# 22 (Stream) and # 8 (Roadside) are not
visible on the map due to scale adjustment.
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2.2. Sensor Development and Field Deployment

We have developed sensors to measure salt concentrations by assembling a resistance-
based carbon sensor that measures electrical conductivity (EC), data logger, battery, and
microchip inside a polyvinyl chloride (PVC) housing [15,19]. The sensor measures EC,
a proxy for salt concentration, water temperature, and atmospheric temperature [43–45].
Generally, the specific conductance/EC depends on the nature and type of ion present in
water and temperature.

Sensors were calibrated and validated in a lab before their deployment in the field [15,19].
Furthermore, we also validated sensor measured field concentrations with a standard Hach
conductivity meter manufactured by the Hach Company (https://www.hach.com/ accessed
on 14 January 2021). The average errors between sensor and standard Hach meter salt concen-
trations were less than 5% but varied from 0 to 13% for the laboratory validation. Whereas
average errors were between 9% to 12% and varied from 1% to 30% for field validations [15].

Salt concentrations in waterbodies vary spatially such as at near roads, urban areas,
distance from highways/roadways and below parking lots, etc. [7,9,33–35]. Since, one of
the main objectives of the study is to analyze spatial and temporal variability of salt
concentrations within the site and between different sites, we deployed sensors at stream,
urban-stream, roadside drain, and parking-lot drain locations. The locations for sensor
deployment were selected based on the site available for sensor installation, safe from
direct human reach, accessibility, and expected salt runoff during winter months. A total of
35 sensors were deployed in different locations around Madison County [19]. However,
only 17 sensors were analyzed in this study because some of the deployed sensors were
vandalized (three), malfunctioned (two), damaged due to excessive flow force (two), and
dry locations (two) during most of the measurement period (Figure 1).

2.2.1. Stream

The stream site (Cahokia Creek) considered in this study is a perennial waterbody,
where flow occurs all season. The study is focused on Cahokia Creek (about 35 m wide),
which drains into the Mississippi River at the Lewis and Clark memorial park. The daily
mean discharge is 4.15 m3/s based on the 50 years of records at the USGS 05587900 gage
station. Most of the watershed (542 km2 at the gage station) area of the Cahokia Creek is
a highly managed agricultural field including the city of Edwardsville, IL. A total of five
sensors were deployed in Cahokia creek between the headwater (upstream of the city of
Edwardsville) and the confluence with the Mississippi River, however, only four sensors
were considered for the analysis. Sensor number (S#) 22 is located upstream of the city of
Edwardsville, which has a mostly agricultural-dominated watershed, whereas the other
three sensors (i.e., S# 21, 30, and 15) were located downstream from the city.

2.2.2. Urban-Stream

Urban-stream sensors were mainly deployed in the cities of Edwardsville and Glen
Carbon. We considered a total of four such sensor measurements for the analysis. Although
streams run through the urban areas, the majority of watershed areas are still occupied
by agricultural fields and forests. State highways including other city roads, parking lots,
and watersheds directly drain runoff in these streams during storm events. Therefore,
we anticipated that these streams are exposed to a higher salt concentration since they run
through urban areas. Most of these urban streams are perennial, but flows vary season to
season based on rain/snowfall. For example, high flow occurs during the rain/snowfall
event and is generally low during dry seasons.

2.2.3. Roadside Drain

The roadside drains are located parallel to the state highway (IL-157), interstate high-
ways (I-270 and I-55), and other city roads. Most of these drains are ephemeral, and flow
occurs mainly during rain and snow events. We analyzed four sensor measured salt con-

https://www.hach.com/
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centrations for roadside drain, which were located within 10 m from the shoulder of roads.
Salt mixed with runoff directly drains into these drains during winter road maintenance.

2.2.4. Parking-Lot Drain

These drains are located below the parking lot of the Southern Illinois University
Edwardsville (SIUE), Edwardsville campus (Figure 1). These are ephemeral drains and
therefore water flows only during the snow and storm events and mostly dry during
non-rainfall events. We anticipated the highest salt concentrations in these drains because
parking lots are heavily managed by applying salt during the winter season, specifically
during snowfall events. A total of five sensors measured salt concentrations were analyzed
for the parking-lot drains.

2.3. Data Analyses

The sensors were programmed in the Arduino platform (https://www.arduino.cc/
accessed on 14 January 2021). High-resolution (i.e., 15 min interval) digital data were down-
loaded in a “Text” format using the Arduino software and later converted into Microsoft
Excel format [15]. These 15 min resolution data were converted into hourly and daily
averages for further analyses. The temporal (seasonal) and spatial variations of measured
salt concentrations. To analyze seasonal variation, measured data were classified into
winter (December, January, and February) and spring (March, April, and May), whereas
into parking-lot drain, roadside drain, urban-stream, and stream for spatial variations.
We calculated the mean, range, standard deviation (SD), and coefficient of variation (CV)
of measured salt concentrations.

Furthermore, null hypotheses were set to analyze if measured salt concentrations are
significantly different spatially and temporally. A paired (two groups) permutation model
was used to test if the null hypotheses are rejected (at α = 0.05) [46]. This approach analyzes
if the dataset in the specific group is significantly different from another group.

Aquatic life exposed to a continuous level of 250 mg /L is considered harmful, whereas
salt concentrations greater than 1000 mg/L can have toxic effects on aquatic plants and
invertebrates [30]. Furthermore, the USEPA has set a threshold of 230 mg/L (four-day
average) for chronic and 860 mg/L (one-hour average) acute levels to quantify impacts
of salt concentration on the aquatic system [31]. This information showed that different
criteria have been used to quantify the impacts of salt concentration on aquatic systems.
To analyze the impact of salt concentrations on aquatic systems, we calculated an average
number of days in each site, when concentrations (four-day moving average) were higher
than the 230 mg/L thresholds set by the USEPA for ambient water for a chronic exposure
level to aquatic biotas (hereafter chronic exposure) during winter and spring seasons and
different sites [31]. Therefore, we calculated four-day moving average salt concentrations
by filling missing values based on the linear interpolation [47]. Following null hypotheses
(at α = 0.05) were set to compare salt concentration temporally and spatially.

2.3.1. Spatial Variation

(i) The salt concentrations measured by individual sensors are not significantly different
at various sites (i.e., parking-lot drain, roadside drain, urban-stream, and stream)
during (a) winter, and (b) spring seasons

We used a paired permutation model to test the hypothesis. We compared concen-
tration measured by an individual sensor to the concentrations for all other sensors in
the spring and winter seasons. For example, if sensor number (S#) 100, 200, and 300 are
used to measure concentrations at the specific site (e.g., parking-lot), concentrations were
compared to each other for all three sensors for each season, which yield three-pair of
comparisons (i.e., S# 100 Versus (Vs) S# 200, S# 100 Vs S# 300 and S# 200 Vs S# 300). If the
null hypothesis is rejected, it states that concentrations based on the individual sensor
are statistically significantly different from the concentrations based on another sensor at
the site.

https://www.arduino.cc/
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(ii) The salt concentrations measured at various sites (i.e., parking-lot drain, roadside
drain, urban-stream, and stream) are not significantly different during (a) winter, and
(b) spring seasons

We considered all concentrations measured by multiple sensors in the site (e.g., parking-
lot) as a group (hereafter “Overall-site”) for all sites (i.e., parking-lot drain, roadside drain,
urban-stream, and stream) and separated into spring and winter seasons. To test the hypothesis,
the concentrations at the specific site (e.g., parking-lot) were compared to concentrations at all
other sites (e.g., roadside drain, urban-stream, and stream, etc.).

2.3.2. Temporal Variation

(iii) The salt concentration measured between winter and spring seasons by individual
sensors are not significantly different at various sites (i.e., parking-lot drain, roadside
drain, urban-stream, and stream)

We compared concentrations between the winter and spring seasons for all individual
sensors at all four sites to test the hypothesis. If the null hypothesis is rejected, it indicates
that concentrations measured by different sensors between the winter and spring seasons
are statistically significantly different.

(iv) The salt concentrations measured between winter and spring seasons are not signifi-
cantly different at various sites (i.e., parking-lot drain, roadside drain, urban-stream,
and stream).

To test this hypothesis, we considered all concentrations measured by multiple sensors
in a season (e.g., Winter) at the site (e.g., parking-lot) as a group (hereafter “Overall-
season”. To test the hypothesis, the concentrations for the spring and winter at all sites
were compared.

Furthermore, we also analyzed correlations between salt concentrations (measured
at different sensor locations S# 15, 21, 22 and 30 in Stream) and measured discharges at
the USGS 05587900 gage station in the Cahokia Creek (Figure 1). This also allowed to
analyze, if concentrations change along the river from upstream to downstream. Previous
studies have shown that salt concentrations depend on flow in rivers and locations of
measurement (e.g., upstream or downstream) [29,33]. We further analyzed the difference
in average, median, peak (highest), standard deviation, and variability (coefficient of
variation) between hourly and daily averaged concentrations considering measurements
at the Urban-stream.

3. Results

The daily average salt concentrations measured by individual sensors were spatially
and temporally different in all sites (i.e., parking-lot drain, roadside drain, urban-stream,
and stream) and seasons (i.e., winter and spring) (Figure 2). Generally, peak concentrations
based on individual sensors were correlated with other sensors in each specific site. How-
ever, the time series between concentrations measured by individual sensors were different
even those sensors were located in the same site (e.g., parking-lot). Concentrations were
comparatively higher during the winter than the spring season in all sites. We presumed
that the peak concentration was measured during the time of snowfall events when de-
icers were applied for winter road maintenance (Figure 2). In general, the highest salt
concentrations were measured at the parking-lot drain and decreased at roadside drain,
urban-stream and stream in chronological order. However, daily average concentrations
were higher in urban-stream (specific for S# 10 and 28) than for roadside drain from 12 to
14 January 2019 (Figure 2).
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Figure 2. Time series of daily average salt concentration from 1 December 2018 to 31 May 2019, at different sites: (a) parking-
lot drain; (b) roadside drain; (c) urban-stream and (d) stream. Black dashed line (secondary axis) is discharge (m3/s)
measured at USGS 05587900 gage station in Cahokia Creek. Blue dashed vertical line separates winter (December, January,
and February) and spring (March, April, and May) seasons.

The daily average salt concentration decreased with higher discharges in a river
(stream) during both winter and spring seasons (Figure 2d), although the trend lacks
distinct correlations between discharge and salt concentrations. The coefficients of de-
termination (R2) were between 0.07 to 0.18 for all sensors (i.e., S# 15, 21, 22, and 30).
Salt concentration was noticeably higher during winter than for the spring for similar low
discharges (e.g., less than 5 m3/s) (Figure 2d).

3.1. Spatial Variation
3.1.1. Parking-Lot Drain

The range of salt concertation variability was 30% to 115% based on the coefficient of
variation (CV) at the parking-lot drain for the winter considering individual sensors (i.e.,
S# 2, 3, 14, 17, and 32). Based on the pair-wise permutation test, it rejected (p < 0.05) null
hypothesis (i.e., measured concentrations are not significantly different) and accepted the
alternative hypothesis (significant differences in concentration) for all comparisons, except
for the pair S# 3 Vs S# 32 (Figure 3a). The mean concentrations for sensor# 3 and sensor#
32, were 1695 ± 629 ppm and 1436 ± 847 ppm, respectively, which were not significantly
different (Figure 3a).

The concentration variability in all sensors (S# 2, 3, 14, 17, and 32) was ranged from 18% to
52% in the spring (Figure 3b). The null hypothesis was rejected and the alternative hypothesis
(significant differences in concentrations for all sensors) was accepted for most of the pair-wise
comparisons (7 out of 10), except for S# 2 Vs S# 32, S# 3 Vs S# 32, and S# 14 Vs S# 32.

3.1.2. Roadside Drain

The concentration variability ranged from 27% to 43% at the roadside drain in winter
for individual sensors (S# 8, 11, 27, and 20). We rejected (p < 0.05) null hypothesis (i.e., con-
centrations of individual sensors are not significantly different) and accepted the alternative
hypothesis for the majority (four out of six) of pairs, except for S# 11 Vs S# 20 and S# 20
Vs S# 27 (Figure 4a). The mean concentrations for S# 11, 20, and 27, were 616 ± 263 ppm,
and 743 ± 259 ppm, respectively, which were not significantly different (Figure 4a).
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Figure 3. Salt concentrations distribution at parking-lot drains for S# 2, 3, 14, 17, and 32 during
(a) winter and (b) spring seasons. Box plot plotted by Microsoft Excel 2016, represents the lowest,
highest, first quartile (25th percentile), median (50th percentile), third quartile (75th percentile) values
of errors (%). The sign “X” and “#” represents the mean and outlier values, respectively. Lower and
higher outliers are calculated by equations 25th percentile—1.5 × (75th percentile–25th percentile)
and 75th percentile + 1.5 × (75th percentile–25th percentile), respectively.

The concentration variability was ranged from 22% to 42% at roadside drain in winter
(for S# 8, 11, 27, and 20) (Figure 4b). We rejected (p < 0.05) the null hypotheses (i.e., con-
centrations of individual sensors are not significantly different) for all sensors (pair-wise
comparison), except for S# 11 Vs S# 20. Therefore, concentrations of individual sensors
were significantly different from each other at the roadside drain. The mean concentrations
for S# 11 and 20, were 348 ± 147 ppm and 359 ± 127 ppm, respectively, which were not
significantly different (Figure 4b).

3.1.3. Urban-Stream

The concentration variability ranged from 31% to 58% at the urban-stream for all
sensors (i.e., S# 4, 28, 10, and 33) in the winter (Figure 5a). Based on the permutation
test, it rejected (p < 0.05) the null hypothesis for the majority (four out of six) of pair-wise
comparisons, except for S# 10 Vs S# 33 and S# 4 Vs S# 28. Therefore, the tests indicated that
concentrations of individual sensors were significantly different from each other. The means
for S# 4 and 28 were 487 ± 203 ppm and 499 ± 289 ppm, respectively, which were not
significantly different. Similarly, concentrations measured in S# 10 (616 ± 317 ppm) and 33
(645 ± 201 ppm) were not significantly different (Figure 5a).
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Figure 4. Salt concentrations distribution at roadside drains for S# 8, 11, 27, and 20 during (a) winter
and (b) spring seasons.

The concentration variability ranged from 24% to 75% at the urban-stream for all
sensors (i.e., S# 4, 28, 10, and 33) in the winter. The permutation test rejected (p < 0.05)
the null hypothesis for half of the pair-wise comparisons (three out of six). Therefore,
concentrations of individual sensors were significantly different from each other in the half
of pair-wise comparisons (S# 10 Vs S# 33, S# 28 Vs S# 33, and S# 3 Vs S# 33) and not in the
rest of the pairs (S# 10 Vs S# 28, S# 4 Vs S# 10 and S# 4 Vs S# 28) at the urban-stream.

3.1.4. Stream

The mean concentrations varied from 242 ± 47 ppm to 281 ± 65 ppm. The concen-
tration variability ranged from 20% to 25% (the smallest difference between upper and
lower ranges) for all sensors (i.e., S# 15, 21, 22, and 30) at the stream in winter (Figure 6a).
The null hypothesis was rejected (p < 0.05) for half (three out of six) of total pair-wise
comparisons, except for S# 21 Vs S# 22, S# 21 Vs S# 30, and S# 21 Vs S# 30. The results
indicated that the concentrations of individual sensors were not significantly different from
each other for S# 21, 22, and 30 (Figure 6a).
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Figure 5. Salt concentrations distribution at urban-stream for S# 4, 28, 10, and 33 during (a) winter
and (b) spring seasons.
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Figure 6. Salt concentrations distribution at stream for S# 22, 21, 30 and 15 (from upstream to
downstream) during (a) winter and (b) spring seasons.
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For the spring, concentration variability ranged from 20% to 27% for all sensors
at the stream (Figure 6b). Based on the permutation test, the null hypothesis was re-
jected (p < 0.05) for the majority of pair-wise comparisons, except for S# 21 Vs S# 22
(Figure 6b). The mean ± standard deviations for S# 21 and 22 were, 190 ± 60 ppm and
185 ± 37 ppm, respectively.

The daily mean salt concentrations were lowest at the farthest upstream sensor (S# 22)
in the stream, where flow mostly drains from agricultural-dominated watershed than
for other sensors (S# 15, 21, and 30) in the winter (Figure 6a). In general, concentrations
increased along the river moving from upstream (S# 22) to downstream (S# 21, S# 30, and
S# 15). The concentrations were highest at the farthest downstream among all sensors.
However, salt concentrations did not follow the same trend during the spring season as in
the winter (Figure 6). Daily mean concentrations were higher at the upstream (S# 22 and
S# 21) than for the downstream (S# 30 and S# 15) in the spring (Figure 6b).

3.1.5. Overall-Site

The lowest mean concentrations were measured at stream (260 ± 60 ppm) and chrono-
logically increased at urban-stream (562 ± 266 ppm), roadside (701 ± 263 ppm), and
parking-lot (1136 ± 674 ppm) in winter for overall-site (Figure 7a). The concentration
variability ranged from 23% to 59% for overall-site in the winter. Based on the permutation
test, the null hypothesis was rejected (p < 0.05) for all pair-wise comparisons. Therefore,
we could confidently state that concentrations were significantly different from one site to
other sites for overall-site (Figure 7a).
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Figure 7. Salt concentrations distribution for overall-site (parking-lot drain, roadside drain, urban-
stream, and stream) during (a) winter and (b) spring seasons. The vertical axis is adjusted to
2500 ppm, therefore outliers (10) ranging from 2500 to 4000 are not visible in the figure.
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As in the spring, the lowest concentrations were measured at stream in the winter
and chronologically increased in urban-stream, roadside drain, and parking-lot in spring
(Figure 7b). The concentration variability ranged from 29% to 51%. Based on direct
comparison site by site, concentration variability increased in spring compared to winter at
stream, urban-stream, and roadside, except for parking-lot, where it decreased. Similar
in the winter, the null hypothesis was rejected (p < 0.05) for all pair-wise comparisons,
which indicated that concentrations were significantly different from one site to another
sites (Figure 7b).

3.2. Temporal Variation
3.2.1. Parking-Lot Drain

The mean ± standard deviation concentrations for all sensors (S# 2, 3, 14, 17, and
32) varied from 564 ± 646 ppm to 1695 ± 629 ppm at the parking-lot drain in the winter
(Figure 3a). Whereas, the mean concentrations for all sensors varied from 342 ± 163 ppm
to 863 ± 440 ppm in the spring (Figure 3b). The permutation test rejected (p < 0.05) the null
hypothesis for all pair-wise (winter vs. spring) comparisons (individual sensors) for winter
and spring. Therefore, there are significant differences (higher in winter) in concentration
for all sensors (Figure 3a,b).

3.2.2. Roadside Drain

The mean concentrations varied from 616 ± 263 ppm to 827 ± 227 ppm at the roadside
drain in winter (S# 8, 11, 27, and 20) (Figure 4a), whereas it varied from 348 ± 147 ppm to
714 ± 155 ppm in winter (for S# 8, 11, 27, and 20) (Figure 4b). However, means in all sensors
were likely skewed by outliers in both seasons (Figure 4). Based on the permutation test,
the null hypothesis (i.e., concentrations of individual sensors are not significantly different)
was rejected (p < 0.05) for all pair-wise comparisons between winter and spring. Therefore,
the concentrations in winter were significantly higher than in spring for all individual
sensors at the roadside drain.

3.2.3. Urban-Stream

The mean concentrations varied from 487 ± 203 ppm to 499 ± 289 ppm at the urban-
stream for all sensors (i.e., S# 4, 28, 10, and 33) in winter (Figure 5a), whereas., varied from
282 ± 106 ppm to 507 ± 121 ppm in the spring. Nevertheless, these means may have skewed
by outliers (Figure 5a,b). The permutation test rejected (p < 0.05) null hypothesis for all pair-
wise (winter vs. spring) comparisons. Therefore, our results indicated that concentrations
in winter were significantly higher than for spring based on individual sensors.

3.2.4. Stream

The mean concentrations varied from 242 ± 47 ppm to 281 ± 65 ppm for all sensors
(i.e., S# 15, 21, 22, and 30) at stream in winter (Figure 6a). For spring, the mean concen-
trations varied from 140 ± 23 ppm to 190 ± 60 ppm (Figure 6b). The null hypothesis
test yielded salt concentrations were significantly higher in winter than in spring for all
pair-wise comparisons.

3.2.5. Overall-Season

The mean concentrations were 260 ± 60 ppm (stream), 562 ± 266 ppm (urban-
stream), 701 ± 263 ppm (roadside), and 1136 ± 674 ppm (parking-lot) for overall-season
in winter (Figure 7a). For spring, the concentrations varied from 168 ± 49 ppm (stream),
341 ± 183 ppm (urban-stream), 467 ± 205 ppm (roadside), and 676 ± 342 ppm (parking-
lot). Based on the permutation test, the null hypothesis was rejected (p < 0.05) for all
pair-wise (winter vs. spring) comparisons. Therefore, it is concluded that concentrations
were significantly different from one site to another and concentrations was significantly
higher in winter than that of the spring season (Figure 7).



Hydrology 2021, 8, 64 13 of 20

3.3. Hourly and Daily Averaged Concentration

The peak (highest) salt concentrations were higher in hourly averaged (from 15 min
interval) values than for the daily and differences varied from 2 to 21% for the urban-stream
(Figure 8, Table 1). The peak concentrations in the hourly data were diminished (decreased)
noticeably in the daily averaged time series for all sensors (Figure 8), whereas the lowest
concentrations were increased in daily averaged values. Nevertheless, the difference in
average and median values was less than 2% for all sensors (Table 1).
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Figure 8. Time series for hourly and daily averaged (calculated from 15 min interval data) salt concentrations for the winter
season at the Urban-stream.

Table 1. Change (relative to the hourly value) in salt concentration statistics (ppm) when values were averaged to hourly
and daily from 15 min interval.

Sensor# 4 Sensor# 28 Sensor# 10 Sensor# 33

Daily Hourly ∆ Daily Hourly ∆ Daily Hourly ∆ Daily Hourly ∆

Lowest * 246 201 22 222 176 26 278 201 38 292 218 34
25 Percentile 394 394 0 381 379 0 452 446 1 566 550 3
Median 443 441 0 444 439 1 550 551 0 641 639 0
75 Percentile 492 490 0 501 500 0 622 610 2 699 699 0
Highest ** 1357 1708 21 1891 1923 2 1866 2082 10 1374 1600 14
Average 487 484 1 499 491 2 616 616 0 645 643 0
SD 203 221 8 289 387 25 317 336 6 201 234 14
CV (%) 42 46 9 58 79 27 51 55 6 31 36 14

* Value is based on 1 percentile; SD: Standard deviation; CV: Coefficient of variation; ** Value is based on 99 percentile; ∆ Change
in percentage (%).

Standard deviations (SD) were higher for hourly averaged values than for the daily in
all sensors, which varied from 8 to 25%. Therefore, the coefficient of variation (CV) was
also altered as a result of a change in SD (Table 1). The hourly averaged concentration
variabilities (based on CV) were noticeably higher than for the daily averaged values for
all sensors (i.e., S# 4, 10, 28, and 33), which indicated that averaging the values may lead to
different statistics of the data distributions.
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3.4. Impacts on Aquatic System

We quantified a number of days for chronic exposure to analyze the impacts of
salt concentrations on the aquatic system. The USEPA defined chronic exposure levels
for aquatic biotas when four-day moving average salt concentrations are higher than
230 mg/L [31]. Chronic exposure levels were 84, 87, 87, and 53 days at the parking-lot drain,
roadside drain, urban-stream, and stream, respectively, during the winter (total 90 days),
whereas 76, 80, 64, and 9 days for the spring (total 92 days) (Figure 9). Chronic exposure
levels were lowest in stream for both winter (53 days) and spring (9 days) compared to
other sites. The chronic exposure levels were not noticeably different at parking-lot and
roadside drains. Furthermore, chronic exposure levels were higher in winter than in the
spring at all sites (Figure 9).
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Figure 9. Distribution of a chronic exposure level (number of days) at different sites (i.e., parking-lot
drain, roadside drain, urban-stream, and stream) for winter and spring seasons when salt concentra-
tions are higher than USEPA threshold of 230 mg/L in ambient water.

4. Discussion

We used salt concentration measurements (15 min temporal resolution) at different
sites using multiple sensors to understand spatial and temporal variations. Sensor mea-
surements were validated in both lab and field, where errors were within the permissible
limit for field measurements [15,19]. Furthermore, Benjankar and Kafle [15] compared
sensors (relatively close to each other) measured salt concentrations at roadside and stream
locations, which were approximately 200 m and 50 m apart, respectively and they found
salt concentrations were not statistically significantly different. These results further ver-
ify that sensor can be used confidently to measure salt concentrations in environments
to analyze impacts of human activities (e.g., wastewater treatment plant and industrial
discharge, use of agricultural fertilizer and deicers for winter road maintenance, etc.).
The distribution of salt concentrations was temporally and spatially variable (168 ± 49 ppm
to 1695 ± 629 ppm) among individual sensors and all sites as well as during the winter
and spring seasons consistent with other studies (e.g., [14,48,49]). Salt concentrations
varied nine times within a day during road-salt runoff periods (e.g., winter months) in a
past study [50].

4.1. Spatial Variation

The measured salt concentrations were statistically significantly (p < 0.05) different
from the sensor to sensor within the site (i.e., parking-lot drain, roadside drain, urban-
stream, and stream) in the majority of pair-wise comparisons and both winter and spring
seasons (Figures 2–7). As with the individual sensors, concentrations were significantly
different from one site to another (overall-site) (Figure 7). Salt concentration differences
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between two locations in a waterbody can be due to many factors such as distance between
them, upstream or downstream locations, river discharge, groundwater flow, input from
point sources (e.g., wastewater treatment plant, industrial discharge), use of agricultural
fertilizer and deicers for winter road maintenance, watershed characteristics, and natural
salt sources, etc. [3,29,33]. Other studies have found that the highest salt concentration
in urbanized areas (e.g., the Chicago region) and the lowest in streams with forested
watersheds [34,51]. However, a river with an agricultural watershed had a significantly
higher chloride concentrations (86 mg/L) because of geological brine discharge than in the
Sangamon River that has large cities as its watershed (34 mg/L) [51]. Therefore, it shows
salt concentrations and distribution can be affected by many factors. We do not have
information of any other specific sources in the study area that alters salt concentrations.
However, based on past studies and observations, we could speculate that application
of salt for winter road maintenance is the major driver for high salt concentrations in the
waterbodies during winter season.

The highest salt concentration measurements for parking-lot drain among all other
study sites in winter and spring seasons (Figure 7) were justifiable because the sensors
are located directly below the parking-lot, where salts are used to manage the parking lot
during winter. Although we do not have data to verify, we speculated that the application
of deicers (salts) was noticeably higher in the SIUE parking-lots than the surrounding
(e.g., roads). Furthermore, the sensor locations in parking-lot and urban-stream have
a higher pavement to total watershed ratio compared to stream and roadside drains.
Past studies have concluded that salt concentration increases with an increase in impervious
surfaces [7,52,53]. Generally, large volumes of deicer are applied over pavement than for
the natural watershed areas resulting in higher salt concentration in the nearby drain,
which may explain why concentrations are higher for roadside and parking-lot drains.
For example, a study found that the highest contribution of salt was from the parking lots
(44%) followed by municipal roads (37%) and state roads (10%) [12,35].

Our study showed the lowest salt concentrations in stream compared to parking-lot,
roadside drain, and urban-stream both in winter (260 ± 60 ppm) and spring (168 ± 49 ppm),
which were consistent with other studies. The result (lowest concentration at stream site)
could be due to a dilution effect in the stream (Cahokia Creek), where discharges were
noticeably higher than other locations [1,52]. Nevertheless, concentrations were still higher
than 230 mg/L (USEPA threshold for the chronic exposure level) in the stream which is
similar to the observation at rivers in the Chicago region during the months of July–October
(generally higher than 100 mg/L) [51]. Furthermore, salt concentration in the Illinois River
decreased from upstream to downstream [33]. This can be an additional example of dilution
effect on the spatially varying salt concentrations in a natural waterbody because generally,
discharge increase as watershed area increase (upstream to downstream). However, there
was no such trend along the Cahokia Creek (classified as stream) in the current study.
The lowest salt concentrations were measured at the sensor located farthest upstream (S#
22) and increased along the river toward downstream during the winter season (Figure 6a).
The majority of watershed areas for the farthest upstream sensor (S# 22) is agricultural
land, whereas urbanized areas for downstream sensors (S# 21, 30 and 15). Therefore, we
speculated that salt concentration increased at downstream locations due to salt-laden
runoff contributions from the City of Edwardsville, where application of deicer occurred
for winter road and parking lot maintenances. This statement may support by the evidence
that there is no such trend in the spring season.

Based on our results and other studies, salt concentrations could be higher in ephemeral
drains (e.g., parking-lot and roadside) than for the perennial streams (Cahokia Creek and
urban-stream), which has generally higher discharges (larger watershed) and forested
or agricultural watershed [34,51]. Studies have reported that salt concentrations were
significantly higher during low discharge conditions, regardless of season (e.g., winter
or spring) [33,52,54]. Our results were consistent with these studies where the highest
salt concentrations were measured during low flows (e.g., less than 5 m3/s) than during
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high flows for both winter and spring seasons (Figure 2d). Nevertheless, relatively low
coefficient of determination values (R2 = 0.07 to 0.18) indicated that discharge in the river
alone do not explain the cause of variability in salt concentrations, specifically for the
small watershed such as Cahokia Creek, where flows vary the order of magnitude within a
day (Figure 2d).

We noticed that S# 3 was located at stagnant water at the parking-lot drain. We suspect
that the sensor might have measured high concentrations continuously for a period until
the occurrence of another rain event (Figures 2a and 3). This result had shown that the
deployment of sensors in probable stagnant water locations should be avoided for accurate
measurements. Nevertheless, these results should not alter the outcome of this study.

4.2. Temporal Variation

The current study showed statistically significant higher salt concentration during
winter for all four-study sites (i.e., parking-lot, urban-stream, roadside drain, and stream)
considering individual sensors and different sites (Figures 2–7). These results were con-
sistent with other studies, where winter salt concentrations were significantly higher
than other seasons, which were attributed to deicer applications for winter road main-
tenance [11,14,53]. Furthermore, the concentrations were lower in spring, which might
indicate a change in the quantity of deicer application.

Our results are supported by several studies showing a positive correlation between
chloride concentration and the application of deicers [6,7,51]. Salt concentrations were
higher in the winter season and the concentration decreased as the application was stopped
during the spring and summer months [51,53]. Nevertheless, salt concentrations in spring
and summer months could be still high although the application of deicers is stopped
because the salt applied during the winter could be stored in nearby soils and flushes into
the waterbody from runoff generated by rainfall during spring and summer [12,29].

4.3. Impacts on Aquatic Systems

Based on the USEPA criteria, chronic exposure level (number of days) varied from
53 to 84 (59% to 94% of days) days for all sites in the winter season, whereas 9 to 80 days
(10% to 87%) for the spring (Figure 8). The results showed the severity of the impacts of salt
concentrations on the aquatic system. Although, mean salt concentration for parking-lot
was higher for both winter (1136 ± 674 ppm) and spring (676 ± 342 ppm), chronic exposure
level was higher for roadside drains (Figure 8). The result showed salt concentrations
exceeded chronic exposure threshold levels of the USEPA in the majority of winter and
spring period, which are similar in past studies (e.g., [14,29]). These studies had shown
that excessive chloride concentration (as high as 7730 mg/L) in streams was a result of road
salt runoff. Furthermore, chloride concentrations periodically exceeded chronic and acute
chloride threshold levels of the USEPA criteria in most of the study sites in Toronto [14].
Higher chronic exposure levels during the winter than for the spring demonstrated a
substantial impact of salt applications for winter road maintenance on water quality and
aquatic systems [29]. Our results indicated that higher salt concentrations (e.g., 230 mg/L)
can impact the aquatic system not only during winter but in spring as well [9,29,34].

High salt concentrations can have immediate or long-term effects on aquatic biota,
which may eventually affect community structure, diversity, and productivity [27,30].
The lowest mean salt concentrations were measured at stream locations (260 ± 60 ppm)
for the winter among all sites, which is still higher than 230 mg/L, a threshold for chronic
exposure level for the aquatic system. Furthermore, the daily average concentrations were
varied between 219 ppm (lowest) to 3548 ppm (Highest) in all sites, which showed the
severity of impacts of salt concentrations on the aquatic system, but depends on species
living in the system. Based on the long-term toxicity test on Ceriodaphnia dubia (C. dubia) in
another study, initial toxic effects begin to observe between salt concentrations of 600 and
1100 mg/L, and mortality occurred at 2420 mg/L or higher [29]. Other effects of the salt
concentrations on the aquatic organisms were no young production and weight loss.
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Our study has shown that higher salt concentrations during the winter season con-
sistent with past studies (e.g., [29,34]), which may impact biological integrity in urban
waterbodies,. Past studies had analyzed impacts of high salt concentrations in aquatic
system and organisms, but they were not based on continuous high resolution measure-
ments, therefore, may not fully represent the severity of influence [26,34,55]. Therefore,
our study supports the statement that due to the episodic nature, the full range of impacts
of salt application on the aquatic system will be difficult to quantify, unless measurements
are continuous and high resolutions [29]. The event-based, periodic or fixed-interval sam-
pling approach may not fully characterize the extent of impacts of salt concentration in
the environments.

4.4. Study Application

This study, along with past studies has demonstrated the usefulness and advantages
of sensor technology to monitor high-resolution salt concentrations continuously [14–18].
Our study results were consistent with past studies where higher salt concentration are
in the waterbodies located within urban areas and close to the road as well as higher
salt concentrations in winter than in the spring [7,33,51,56]. These studies attributed
higher salt concentrations during winter months to the application of deicer as winter road
maintenance, but there could be multiple reasons for elevated salt concentration such as
occurring naturally, wastewater treatment and industrial plant discharge, and agricultural
practices. However, it is important to quantify all sources for elevated salt concentrations
for water quality management.

Our study has shown that continuous high resolution (15 min) measurements are
advantageous for capturing the highest potential salt concentrations in the waterbodies
(Figure 8). Noticeably, averaging into longer duration (i.e., daily) may underestimate
the real impacts of salt concentrations in the aquatic system. As expected, increasing the
number of time-step intervals for calculating the daily averaged values has resulted in
reduction in variabilities in concentration distributions and smoothened trends as observed
in other studies (e.g., [57]). Therefore, our study showed the importance of high resolution
(spatial and temporal scale) salt concentration measurements for quantifying chronic and
acute exposure levels defined by the USEPA [31] based on the daily and hourly averaged
values, respectively, as well as capturing the highest potential salt concentrations.

Although analyzing comprehensive impacts of salt concentration on aquatic biota
is out of the scope of this study, it has shown that elevated salt concentrations in water-
bodies specifically located in an urban setting are an important factor for the biological
integrity of those waterbodies. We have shown the applicability and advantages of sen-
sor technology to measure high resolution (spatially and temporally) salt concentrations.
To manage/restore water quality by developing local structures such as detention or re-
tention ponds, wetland, and shallow marshes, and vegetated swales, etc., the approaches
presented in this study would be useful [36–39]. Therefore, we believe our study results
would be helpful for agencies and managers who manage winter road maintenance and
aquatic ecosystem projects.

5. Conclusions

Our results showed high variability of salt concentrations in spatial (different sites)
and temporal (seasons) scales. The highest salt concentrations were found in drains directly
below the parking lot in the winter (1695 ± 629 ppm), whereas the lowest (281 ± 65 ppm)
concentrations were at perennial streams with relatively larger watersheds (Cahokia Creek)
where flows are comparatively higher than other ephemeral drains (roadside and parking-
lot drains). High salt concentrations were measured for low discharges, however, concen-
tration variabilities might also depend on other drivers such as the source of salt input
in the systems. There was a significant increase in mean salt concentration during the
winter season (260 ppm to 1136 ppm) than in the spring (168 ppm to 676 ppm) in all sites.
Such results have been attributed to the winter snow management practices using deicers
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in other studies. One of the important findings of this study is that the salt concentration
in waterbodies can vary spatially and temporally in a small spatial scale (within a 5 km
radius). The coefficients of variation (CV) were between 23% to 59% and 29% to 54% for
winter and spring, respectively. The study has highlighted the importance of measuring
high resolution (spatially and temporally) salt concentrations and the advantages of the
use of sensor technology. Therefore, sensor technology can be a valuable tool to analyze
the impacts of road salt applications on local waterbodies and aquatic systems.
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