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Abstract Salinity is a crucial environmental problem
leading to profound consequences in wetland plants and
aquatic habitats including the rapid development of
Phragmites australis in the marshland. These
Phragmites australis are extremely vulnerable to cap-
ture fire, which might eventually affect the overall eco-
system of the marsh. However, in order to restore the
marsh, a hydrologic investigation is needed, which is
possible if a watershed is gauged, and long-term data are
available. In this study, a systematic approach has been
presented to conduct hydrologic modeling and salinity
prediction in an ungauged watershed in order to imple-
ment the possible removal of salt fill sites. The stage and
electrical conductivity were measured continuously,

whereas stream cross sections and velocity of the
streamflow were recorded intermittently in the
Blackbrook Creek to develop a rating curve and gener-
ate continuous streamflow data. The watershed model
Soil and Water Assessment Tool (SWAT) was calibrat-
ed and validated to a monthly scale with good model
performance. In the next step, critical sources of salinity
were identified from the two tributaries in order to
implement the removal of salt fill sites for the possible
reduction of salinity in the marsh.While salinity loading
was approximately 10 times higher from Marsh Creek
(65.63 tons to 2028.13 tons per month) compared with
Blackbrook Creek (10.23 tons to 163.98 per month), the
analysis suggested that salinity concentration was higher
from Blackbrook Creek, which was particularly due to
abandoned salt fill sites near the Creek. The salinity
loadings were linearly correlated with streamflow on a
monthly (R2 = 0.81) scale, which was utilized to gener-
ate the salinity loadings that were diverted due to the
rerouting of the Creek through the new location in order
to avoid salt fill sites and reduce salinity in the Mentor
Marsh. Our analysis suggested that approximately
74 kg/day salinity was being rerouted from the Marsh;
however, the salt fill sites contribute salinity to the
Marsh equivalent to 63 kg/day, which still needs to be
removed. The research findings are expected to be help-
ful for monitoring small ungauged watersheds.
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Introduction

The deposition of soluble salts from different point and
nonpoint sources is a major factor for wetland pollution
(Herbert et al. 2015; Fujioka 2001;McElroy et al. 1976).
The increase of the salinity level in wetlands is a wide-
spread environmental problem across the world
resulting in profound consequences in wetland plants
and aquatic habitats (Herbert et al. 2015; Williams
1999). Even though many countries including the
USA have enacted environmental regulations and im-
plemented multiple measures to protect wetlands for
decades, the discharge of harmful pollutants into water
sources still occurs to a significant level (Broome et al.
1988). Typical sources of salt pollution on wetlands
include agricultural drainage (Khalil et al. 1967); road
runoffs carrying construction debris and deicing salts
(Novotny et al. 2008); leakage from offshore petroleum
pipelines (Broome et al. 1988), port construction
(Muniz et al. 2005), and power generation facilities
(Carlson and Adriano 1993); and runoff from urbaniza-
tion and industrialization (National Wetlands Working
Group 1988). Many other factors including the rise in
the groundwater table (van der Kamp and Hayashi
2009), evaporation, acid rain (Baker 1992), sediment
type, and waterlogging also have an influence on the
deposition of salts in wetlands (Huckle et al. 2000).

As the standing water on the marshland does not
flush frequently, the deposited salts remain for a longer
period of time leading to potentially increased detrimen-
tal impacts on the wetland ecosystem and landscape
dynamics (Fineran 2003; Herbert et al. 2015). These
impacts may pose threats to natural habitat and ecosys-
tem functions eventually leading to the destruction of
delicate plant populations (Mack et al. 2000; Fineran
2003; Pezeshki et al. 1990; Krauss et al. 2000).
Moreover, these problems can cause the replacement
of native plant species having low salt tolerance ability
by more salt-tolerant plants such as Phragmites
australis (Cav.) Trin ex Steud (common reed)
(Mauchamp and Mésleard 2001).

Phragmites has been a dominant non-native nuisance
species in North American wetland plant communities
in the past century (Cronk and Fuller 1995; Chambers
et al. 1998). In addition, dry Phragmites has caused
several major fire incidents in the marshes (Thompson
and Shay 1985). Several researchers in the past have
conducted studies to comprehend the invasion of
Phragmites in North America (Lissner and Schierup

1997; Chambers et al. 1998; Meyerson et al. 2000;
Galatowitsch et al. 1999; Vasquez et al. 2006) and
throughout the USA (Roman et al. 1984; Marks et al.
1994). It was found that salinity is a major factor for
increasing the population of Phragmites in both tidal
and inland marshes (Meyerson et al. 2000; Chambers
et al. 1998). The maximum level of salt tolerance by
these species was reported in the range of between 12
and 40 ppt (Finlayson et al. 1983). These plants can
grow about 2 to 4 m in height and can stand with dead
culms and dry leaves in the winter (Poznik 2003).
Therefore, controlling salt has been a primary concern
for wetland administrators to control phragmites and
other adverse consequences (Marks et al. 1994). To
control the salts, identifying the sources of salinity load-
ing and determining the concentration in the flow is
critically needed. Therefore, the simulation model de-
veloped in this study aims to investigate the sources of
salinity.

Many researchers in the past have evaluated salinity
in marshes using various models. Examples include
empirical models (Wang et al. 1992; DeSilet et al.
1992), statistical models (Gibson and Najjar; Prairie
et al. 2005), hydrologic models (Gibbs et al. 2011;
Michot et al. 2017; Mittelstet et al. 2015), and hydrody-
namic models (Mohd et al. 2015; Meselhe and Noshi
2001). Since the amount of salinity is correlated with
streamflow (Dawes et al. 2004), and due to the absence
of tools to directly measure the salinity, the studies in the
past have used simulated streamflow as a proxy to
predict the amount of salinity. Studies conducted by
various scientists (for example, Mittelstet et al. 2015;
Somura et al. 2009; Gikas et al. 2009; Piman et al. 2013)
in different parts of the world have suggested that the
model predicted flows from SWAT with the combina-
tion of other salinity modeling tools or regression equa-
tions can be a suitable approach to predict salinity
loading. This was further supported by a few SWAT
simulated studies conducted by Gassman and Yingkuan
(2015) and Tomas et al. (2014), which utilized the
simulated flow from the SWAT model for salinity pre-
diction. When streamflow is available, a regression
equation between streamflow with salinity can be de-
veloped and the equation can be used to predict salinity
loadings. However, if the watershed is ungauged, the
simulation of flow is more difficult due to the absence of
data. It also leads to a higher degree of uncertainty
(Sivapalan 2003). While there are several stream gaug-
ing stations (> 60,000) worldwide, most of the
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catchments around the world are ungauged (WMO
1994). Even in the USA, many small streams do not
have gaging stations to record continuous flow.
Therefore, developing an approach for simulating flow
in the ungauged watersheds has been critically impor-
tant. This study introduces such an approach by devel-
oping a rating curve using the stage data recorded from
Levelogger and occasional recordings of streamflow.
This approach could be easy, viable, and relatively an
economical option to simulate streamflow in an
ungauged catchment, which can be used to predict sa-
linity. A popularly used watershed model, Soil and
Water Assessment Tool (SWAT) (Arnold et al. 1998),
has been developed using observed streamflow through
the stage rating curve, established in a creek section,
based on the continuously measured stage in the
Levelogger and occasional flow rate measurements on
the site. More importantly, the removal of salt fill sites is
crucial in order to avoid extreme salinity in the marsh to
avoid phragmites growth and the resulting fires due to
phragmites. Therefore, another objective of this study is
to detect the salinity contribution to the marsh watershed
out of the two tributaries (Marsh Creek and Blackbrook
Creek) and compute the additional salinity loadings that
need to be minimized through the implementation of the
removal of salt fill sites. Based on our review, we have
not come across any study conducted in the past in
ungauged watershed for monitoring the salinity and
scenario development for the removal of salt fill sites
from the marsh using a watershed model to avoid
phragmites.

Materials and methods

Study area

The Mentor Marsh watershed (Fig. 1) is located in Lake
County, Ohio near Lake Erie. The watershed covers an
area of approximately 52.63 km2. It is the largest marsh
in northeast Ohio and covers 2.8 km2 (Whipple 1999).
The marsh is 6.88 km long and 0.8 kmwide at its widest
point and has an approximate perimeter of 20 km. The
watershed lies between latitudes 41° 39′ 18″ N to 41°
45′ 3.6″ N and longitudes 81° 22′ 26.4° W to 81° 14′
52.8″W. Similarly, the elevation of the watershed above
the mean sea level varies from 52 to 125 m.

The climate of the watershed is humid continental
with an annual average precipitation of 991 mm,

whereas the average snowfall is 914 mm. The average
annual high and low temperatures are 15 and 6.4 °C,
respectively (Lamichhane et al. 2020). This study will
be specifically focused on the upland subwatersheds of
the Mentor Marsh watershed. This watershed is further
divided into two subwatersheds: 8.5 km2 Blackbrook
subwatershed and 35.4 km2Marsh Creek subwatershed.

The Mentor Marsh watershed along the Lake Erie
coastline is an under-appreciated and underutilized tour-
ist area. From the late 1950s, this freshwater marsh has
been severely impacted, due to salt intrusion from up-
stream brine well fields and downstream salt fill over
Blackbrook Creek. As a result, the forest and plant
community in most parts of the Lake Erie region was
affected (Fineran 2003). The vegetative pattern of the
Mentor Marsh was changed from an ash-elm-maple
swamp forest to a current wetland dominated by
Phragmites australis (Cav.) Trin ex Steud (Poznik
2003) resulting in the largest Phragmitesmarsh in Ohio.

Moreover, the impact of elevated salinity levels in the
marsh led to the loss of the economic growth in the
watershed due to the substantial alteration or elimination
of the habitat (Xie 2012). The introduction of elevated
levels of salinity has created a condition that has caused
native plant species to be crowded out by other more
salt-tolerant plant species. Due to the extreme level of
salinity in the marsh and swamp forest, the majority of
trees in the marsh began to die. One consequence of this
die-off was the rapid establishment of Phragmites,
resulting in an increased potential for fire. As a result,
natural vegetation was lost leading to the growth of
Phragmites australis, which can withstand the highly
concentrated saline water condition. The earlier study
conducted by researchers (Jones 1975; Lass 1984;
Fineran 2003) in Mentor Marsh showed that the rapid
growth and development of phragmites were due to the
salt pollution by different anthropogenic activities with-
in the vicinity of marshland.

Despite being affected by pollution and other physi-
cal challenges, the Marsh still attracts hikers, birds, and
nature-loving people. The Marsh has significantly con-
tributed to the local economy and will have tremendous
potential for future economic development via eco-
tourism related activities if it can be restored (Xie
2012). The Mentor Marsh, located adjacent to Lake
Erie in the Northern part of Ohio, once was an excep-
tional natural landmark (Bernstein 1977) and be-
came a first state nature preserve on the Great Lakes
shoreline in 1971.
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Sources of salinity

In the last few decades, Mentor Marsh has experienced
catastrophic salt pollution as a result of different human

and industrial activities, specifically from 1959 to the
late 1970s. The major pollution sources are likely wind-
blown salt, old brine well fields at the upstream of
Blackbrook Creek, downstream salt fill over

U/S

D/S

Fig. 1 Study area of the Mentor Marsh including the water
monitoring stations and diverted Blackbrook Creek (enlarged

figure). The watershed finally discharges to the Mentor Marsh,
which connect to the Lake Erie
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Blackbrook Creek, and road salt application used as a
deicing agent during the winter season.

For the first time in 1959, the wind-blown salt was
detected over the trees of the marsh resulting in the death
of plants (Fineran 2003; Whipple 1999). Later, it was
found that the salt mine associated with Morton
salt company was the source for wind-blown salt
(Fineran 2003).

The second source of salt pollution was from
Diamond Shamrock’s Alkali facility. At the beginning
of 1955, the company built its brine well fields outside
the Mentor Marsh watershed adjacent to Grand River.
Later, around 1955, they started constructing brine wells
inside the Mentor Marsh watershed.

The third source of salinity in the marsh was from a
salt dumping site over Blackbrook Creek. In between
the first half of the 1960s, this salt dumping site was
built on a local owner’s land to deposit the low-grade
salt ore generated by the Fairport Harbor salt mine (Ohio
EPA 1980). The Blackbrook was rerouted from the salt
fill in 1988 (Fineran 2003). Nevertheless, the study
conducted by Jones (1975) suggested that the intrusion
of salinity in Blackbrook Creek was primarily due to the
second and third sources as listed above.

The estimation of the salinity loading from the salt fill
site is essential in the present context as EPA filed a
lawsuit against the developer and the developer is going
to reimburse a $10.8 million fine, earmarked for
cleaning and restoring a site of 0.04 km2 adjacent to
Mentor Marsh. The lawsuit blamed the developer for
significant degradation of the marsh and its surround-
ings via salt runoff for the past 50 years, which caused
impacts including several fires and degradation of natu-
ral vegetation, fish, and wildlife.

Methodology

The LTC Levelogger Junior was used in this study to
record the stage, conductivity, and stream temperature.
It provides an inexpensive, helpful, and convenient
method, which includes all sensors in one device to
measure conductivity, depth, and temperature of the
water. The level sensor of this probe works with an
accuracy of ± 0.1% full scale (FS). The temperature
resolution and accuracy of this sensor are 0.1 °C and ±
0.1 °C, respectively, whereas the accuracy of the sensor
for conductivity is ± 2%. The specifications and details
of its range of operations are found in the Solinst
Levelogger manual (Solinst 2016). Similarly, the

Barologger was used to barometrically compensate for
the Levelogger readings of water depth. It can compen-
sate any Levelogger in a 32.2 km radius with a change in
elevation of 305 m. The device normally operates in the
temperature range of − 20 to 80 °C. The temperature
resolution and accuracy of this sensor were 0.003 °C
and ± 0.05 °C, respectively.

Since the flow rate in the stream needs to be comput-
ed to develop a rating curve, a cross-sectional area of the
stream section was measured from time to time. A
handheld flow probe (a velocity measurement device)
was used for measuring water velocity in both creeks.
The actual velocity measurement for the Global water
flow probe was in the range of 0.1–6.1 m/s (Global
Water 2016).

The LTC Levelogger Junior conductivity calibration
was accomplished by using a liquid solution, with an
identified conductivity value of 1413 μS/cm at room
temperature (20 °C) for the reliability of the measured
conductivity before installation. The calibration of the
LTC Levelogger instrument was performed before the
instrument setup and at least twice a year at the begin-
ning of the seasons in order to accomplish better
performance.

The monitoring sites were established at the Black
Brook Creek (at 41° 43′ 22.85″N, 81 ° 17′ 28.1″W) and
Marsh Creek (at 41° 43′ 12.33″ N, 81° 20′ 19.9″ W)
within the watershed (Fig. 1). The first set of Automated
LTC Levelogger Barologger instruments (Levelogger
and Barologger) was established at the sampling site
on the upstream side of the culvert on Blackbrook road
(Fig. 1). Similarly, the second Levelogger instrument
was established at the second water sampling site on the
downstream side of Marsh Creek Bridge (Fig. 1).
Accessibility of the stations for data download and the
shortest and straight reach for stream cross sections were
the key elements for the selection of the stations.

Conversion of conductivity into salinity

The salinity of the water is expressed as in terms of salts
(non-carbonate), which is dissolved in water. Salinity is
typically expressed in PPT (1000 mg/L). The data wiz-
ard in Levelogger software can convert conductivity
readings to salinity and express them in practical salinity
units (PSU). The Solinst Levelogger windows software
uses the equation specified in the UNESCO Technical
Paper (Fofonoff and Millard 1983) to convert conduc-
tivity (μS/cm) readings to salinity (PSU). The salinity
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conversion from ppt to PSU is also explained by the
following equation (Millero 2010).

S pptð Þ ¼ 1:0047 S psuð Þ

Development of rating curve

In order to conduct a simulation study, observed
streamflow data are essential for model calibration and
validation. Even though major rivers have stream gaug-
ing stations installed worldwide (Blöschl 2006), small
watersheds remain typically ungauged. Since the
Mentor Marsh watershed falls under this category, a
monitoring site was needed for the development of a
rating curve to obtain continuous streamflow data.

The Levelogger device continuously recorded the
water stage throughout the year using an hourly scale
at both Blackbrook and Marsh Creek gauging stations.
The cross sections of the stream were recorded for
Blackbrook andMarsh Creek at the instrument locations
using a leveling laser and a level staff. Flow velocity and
water stage were measured in both Creeks using a
handheld flow probe and a level rod, respectively. The
cross section, stage, and velocity were measured in the
field at least twice a month. Finally, the flow depth and
velocity recorded in the field were converted into
streamflow for the establishment of a rating curve.

The rating curve was established for the Blackbrook
Creek water monitoring station on the upstream side of
the culvert located on Blackbrook road (Fig. 2). The
stage-discharge (rating) curve was developed using 47
observed stages and corresponding discharge datasets
ensuring adequate representation of high and low flows
in the rating curve. In fact, USGS calculates flow at
gauging stations throughout the USA using the same
approach of stage-discharge relationship. Finally, the
continuous flow depth recorded by the Levelogger was
converted into streamflow values using the stage-
discharge (rating) curve. The necessary data for rating
curve development including stream cross sections and
flow velocity were also recorded in Marsh Creek. After
several months of recording the data, we detected the
backwater effect due to the tidal influence of Lake Erie
on the site. In fact, it was unusual to experience such
tidal influence based on the stage record of Lake Erie.
Since this was the only physically possible site to record
the data, as other sections of the stream were not acces-
sible due to numerous reasons, we had to postpone this

site for the rating curve development, and we relied
entirely on the Blackbrook site. Essentially, the water-
shed was very small and one gauging station in such a
small watershed, where the watershed characteristics
were somewhat uniform, was more than sufficient for
watershed modeling.

SWAT model

The Soil andWater Assessment Tool (SWAT) is a semi-
distributed watershed model jointly developed by the
USDA-ARS and the Agricultural Experiment Station in
Temple, Texas, in the early 1990s (Arnold et al. 1998).
SWAT can simulate various components including wa-
ter flow, nutrient cycling, crop growth, and sediment
transport as a physical process (Jain et al. 2010). Since
the SWAT model has been widely used for various
ranges of watershed conditions including hydraulic frac-
turing (Shrestha et al. 2017), hydrologic modeling
(Sharma et al. 2013), water quality modeling (Nazari-
Sharabian et al. 2019), and also for a watershed with
limited data, the model has been selected for this study.

SWAT model was utilized to simulate the entire
hydrologic process, which included the evapotranspira-
tion, shallow infiltration, deep aquifer percolation, and
lateral flow study (Olivera et al. 2006). Since the SWAT
model can represent the complexity of the watershed
using various data, model input including digital eleva-
tion model (DEM), land use, slope length, soil type,
stream network, temperature, precipitation, and reser-
voir data were utilized for SWAT modeling.

In order to appropriately represent the topography of
the sites, a high-resolution DEM of 3 m was utilized
from the USGS National Elevation Dataset (NED) in
raster format and utilized to derive topographic infor-
mation such as stream networks, slope lengths, and
slope gradients. The watershed was delineated into 35
subwatersheds by using SWAT automatic watershed
delineation. Similarly, the latest land use dataset with a
resolution of 30 m × 30 m was used from the USDA.
The land use characteristics in the watershed are report-
ed in Table 1. Since soil plays a crucial role while
modeling different hydrological processes, and also the
catchment size was relatively small, the detailed soil
datasets such as Soil Survey Geographic (SSURGO),
which has a high resolution compared with the State
Soil Geographic (STATSGO) data, were utilized in the
model. The runoff generated from the watershed de-
pends on the actual hydrologic conditions of the soil,
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land cover, and topographic conditions of the water-
shed; therefore, the appropriate threshold of land use,
soil, and slope should be provided in the model in order
to better represent the different flow predictions in the
watershed. The threshold value for land use (5%), soils
(10%), and slope (15%) were subsequently used to
generate 346 hydrological response units (HRUs)within
35 subwatersheds.

The climate data such as precipitation and maximum
and minimum temperatures were utilized from the
National Climatic Data Center (NCDC) for Painesville
station (USC00336389). The remaining climatic
datasets such as solar radiation, wind speed, and relative
humidity were simulated using the weather generator
function in the SWAT model. The daily and monthly
streamflow data required for model calibration and val-
idation were generated from a developed rating curve
using the recorded data from the Levelogger instrument
installed at Blackbrook Creek.

Model calibration and validation

The SWAT model was run from 2012 to 2019 in
monthly time steps using a 4-year warm-up period
(2012–2015). Since hydrologic modeling is associated
with a certain degree of uncertainties, the model should
be appropriately calibrated and validated before
conducting any analysis (Engel et al. 2007). Therefore,
the model was calibrated by using observed streamflow

records derived from the rating curve established within
the watershed at Blackbrook Creek. The streamflow
records were obtained using the rating curve for a 4-
year period from 2016 to 2019. For the model calibra-
tion, multiple parameters were adjusted manually by an
iterative process to produce the best fit results between
the observed and simulated data. For this, various sets of
model parameters were selected by observing watershed

y = 0.0664ln(x) + 0.7544
R² = 0.7263

0.30

0.45

0.60

0.75

0.90

0.00 0.20 0.40 0.60 0.80 1.00 1.20

St
ag

e 
(m

)

Discharge (m3/s)
Fig. 2 Stage discharge curve (rating curve) for Blackbrook Creek

Table 1 Land use characteristics in Mentor Marsh watershed*

Land cover Percentage

Open water 0.23

Developed, open space 32.33

Developed, low intensity 40.55

Developed, medium intensity 9.5

Developed, high intensity 2.4

Barren land 0.32

Deciduous forest 8.79

Evergreen forest 0

Shrub/scrub 0.03

Grassland/herbaceous 3.11

Hay/pasture 1.07

Woody wetlands 1.66

Emergent herbaceous wetlands 0.03

*Mentor Marsh watershed finally connects to Mentor Marsh,
which is the actual wetland
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characteristics. The model was calibrated on a monthly
time scale from November 2016 to August 2018. The
model was validated using observed streamflow
data from September 2018 to September 2019 with
respect to the coefficient of determination (R2),
Nash-Sutcliffe efficiency (NSE), and percent of
bias (PBIAS).

Model evaluation criteria

Though the SWAT model is a powerful tool for simulat-
ing the effect of different watershed processes (Rafiei
Emam et al. 2017), the simulated results from the model
cannot be expected tomatch 100%with the observed data
for an ungauged watershed. Therefore, the performance
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Fig. 3 Calibrated and validated streamflow at the watershed outlet at Blackbrook Creek

Table 2 Calibrated SWAT model parameters

Parameters Calibrated value

Plant uptake compensation factor 0.98

Soil evaporation compensation factor 0.98

Snow fall temperature − 2
Snow melt base temperature 4

Melt factor for June 21 3

Melt factor for December 21 2.9

Snowpack temperature lag factor 0.75

Minimum snow water content that corresponds to 100% snow cover 50

SNO50COV 0.25

Saturated hydraulic conductivity (relative) 50

Effective hydraulic conductivity in main channel 100

Initial depth of water in the shallow aquifer 100

Initial depth of water in the deep aquifer 300

Groundwater delay time 10

Base flow alpha factor 0.8

Threshold depth of water in the shallow aquifer required for return flow to occur 20

Threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur 30

Deep aquifer percolation fraction 0

Initial groundwater height 0.25
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of the model is always evaluated through various statisti-
cal and graphical model evaluation techniques. Since
there is no single statistical measure to evaluate
the performance of the model, typically multiple
objective functions are used to calibrate and vali-
date the model. In this study, four major statistical
indicators including R2, NSE, RMSE, and PBIAS
were used to evaluate the model performance. The
details about these indicators can be obtained in various
literatures (Shrestha et al. 2019).

After the calibration and validation of the SWAT
model, the salinity diversion analysis was accom-
plished. For this, two additional level loggers were
installed at the outlet of old (41° 43′ 59.77″ N, − 81°

17′ 58.78″W) and diverted (41° 43′ 59.71″ N, − 81° 17′
35.65″ W) Blackbrook Creek as shown in Fig. 1. The
flow generated from the calibrated and validated
model and the continuously recorded water salinity
by the Levelogger were used to comprehend the
diversion in salinity due to the rerouting of the
Blackbrook Creek. Accordingly, the salinity level
determined at the new Blackbrook Creek outfall is
the measure of salinity particularly diverted due to
the rerouting while the salinity levels computed at
the old Blackbrook Creek outlet provides an esti-
mate for quantifying the salinity amount which is
still persistence due to the leaching of salt from
the salt fill site.

(a)

(b)

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1

0

200

400

600

800

1000

1200

D
is

ch
ar

ge
(m

3/
s)

Sa
lin

ity
(m

g/
l)

 Salinity (mg/l) Discharge(m3/s)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0

200

400

600

800

1000

1200

Feb-17 May-17 Jul-17 Sep-17 Dec-17 Feb-18 Apr-18 Jun-18 Sep-18 Nov-18 Jan-19

di
sc

ha
rg

e,
 m

3/
s

Sa
lin

ity
, m

g/
l

Marsh Creek Salinity(mg/L) Marsh Creek Q (m3/s)

Fig. 4 Monthly salinity and discharge comparison at Blackbrook Creek (a) and Marsh Creek (b)

Environ Monit Assess (2020) 192: 762 Page 9 of 19 762



Results and discussions

SWAT model performance

The performance of the model was evaluated on the
monthly scale at the station established in the
Blackbrook Creek. The model performance was also
assessed through the graphical plot of observed and
simulated flow through visual inspection. The observed
and simulated monthly streamflows during the model
calibration and validation period near the Blackbrook
Creek outlet are graphically presented in Fig. 3. The
model performance was well within reasonable accura-
cy for both the calibration and validation processes. The
statistical measures used for model performance

including R2, NSE, RSR, and PBIAS for monthly flows
at the outlet were 0.89, 0.88, 0.34, and 5.97%, respec-
tively, in the calibration phase, whereas the respective
statistical measures for the validation phase were 0.85,
0.81, 0.44, and − 9.22%, respectively. These models
evaluating statistical criteria were within the recom-
mended ranges (NSE > 0.50, PBIAS ± 25%, and
RSR ≤ 0.70) as suggested by Moriasi et al. (2015).
Furthermore, the SWAT model calibrated parameters
for Mentor Marsh watershed are presented in Table 2.

Presumably, the model could not capture a few sim-
ulated low and peak flow during calibration and valida-
tion phases, which is consistent with the earlier findings
that SWAT commonly underestimates the daily and
monthly simulated peak flows (Bieger et al. 2014).
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There could be several reasons for this: (i) there
might be various potential errors in input data in-
cluding weather, land use, soil, and observed flow
(Santhi et al. 2001); (ii) there might be some dis-
crepancy in manually observed discharge obtained
from rating curve as we were primarily relying on
the flow probe for velocity measurement. It is note-
worthy to mention here that the flow probe cannot
be expected to record the velocity, especially when
the flow is extremely low in the creek.

Observed variability of flow and salinity

This study was conducted from 2016 to 2019 to predict
the water salinity level with respect to flow. The salinity
data were also recorded and separately analyzed on an
hourly, daily, monthly, and seasonal scale throughout
the study period. The study was primarily intended to

quantify the salinity level from the upper part of Mentor
Marsh watershed.

Figure 4 depicts the comparison between themonthly
observed salinity level and streamflow discharge in both
Blackbrook and Marsh Creek. The analysis shows the
negative correlation of salinity with discharge (i.e., an
increase in salinity with a decrease in discharge and vice
versa). However, a positive correlation was detected
during the months of the winter season.

The hourly, daily, and monthly salinity records are
essential to analyze the temporal and spatial variability
of the salinity level within the watershed. Figure 5 de-
picts the comparison of hourly salinity levels in
Blackbrook and Marsh Creek. It captured some higher
salinity value at a particular period of the day. It was not
surprising to experience such an abrupt variation in
salinity, especially on an hourly scale because the leak-
age of brine well fields was still detected in the field
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visits. In general, the water salinity in Blackbrook Creek
fluctuated between 234 and 3668 mg/L, whereas water
salinity in Marsh Creek varied between 77 and
2940 mg/L.

Similarly, Fig. 6 shows the comparison of daily sa-
linity levels in Marsh Creek and Blackbrook Creek. The
variability of water salinity on a daily scale was relatively
less compared with the hourly scale. The daily salinity in

(a)

(b)
Fig. 9 Observed daily salinity variation at Blackbrook Creek (a) and Marsh Creek (b)
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Blackbrook Creek ranged from 275 to 2837 mg/L. The
lowest salinity was observed in the month of November,
whereas the highest was recorded in the month of
February. Likewise, the water salinity in Marsh Creek
oscillated between 111 and 2585 mg/L with the lowest
record in November and the highest in the month of
January. The graphical analysis suggested that the salin-
ity in Blackbrook andMarsh Creek followed a consistent
pattern except during the winter season. This trend
changed by the second half of April due to the backwater
effects from Lake Erie and continued until the beginning
of early May. As mentioned earlier, the backwater effect
was not anticipated on the monitoring site based on
several years’ records of the Lake Erie level.

Similarly, there were large fluctuations of salinity
level in Marsh Creek and Black Brook Creek from early
December 2017 to the second half of February 2018.
During this period, Marsh Creek continuously exceeded
the salinity level than that of the Blackbrook Creek. This
trend reversed from the second week of January 2018
and continued up to the second half of February 2018.

The monthly salinity level in Marsh and Blackbrook
Creek is presented in Fig. 7. The water salinity at
Blackbrook and Marsh Creek varied between 419 and
1538.43 mg/L and 275.57 and 1398.26 mg/L, respec-
tively. The lowest salinity level was captured in the
month of November, and the highest salinity level was
captured in the month of February. It is interesting to
note that a higher level of salinity was detected

consecutively from December to March as compared
with the other months of the year. The higher concen-
tration of salinity during this period might be due to the
excessive application of road salt, which is very com-
mon in northern America, especially during winter for
deicing. Similarly, seasonal salinity variation is shown
in Fig. 8. The graph depicts that the winter and spring
seasons captured a higher salinity level in both 2017 and
2018. While the salinity level was higher in both creeks
during other seasons too, the significant variability of
salinity level was not detected.

Furthermore, the observed salinity concentration and
flow were computed and changed into salinity loading
in both Creeks. The instrument was disturbed by
strangers at the monitoring site in the month of
February to early March in 2017. Therefore, the actual
salinity loading was not computed during this period.
Figure 9 shows the daily observed salinity loading in
Blackbrook and Marsh Creek of various months. The
analysis showed that both Creeks had higher monthly
salinity loading as compared with freshwater creeks
indicating that Marsh Creeks received significant salin-
ity loading in the months of winter and spring.
Similarly, the Blackbrook Creek received substantial
salinity loading in the months of spring and some
months of fall and winter. Regardless, Marsh Creek
contributed significant salinity loading compared with
Blackbrook in the downstreamMarsh. Figure 10 shows
the box plot of observed median salinity loading in

(a)      (b)

Fig. 10 Total observed monthly salinity loading variation at Blackbrook Creek (a) and Marsh Creek (b)
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Marsh and Blackbrook Creek throughout the study pe-
riod. The monthly median salinity loadings in

Blackbrook andMarsh Creekwere 55 tons and 329 tons,
respectively. The result showed that Marsh Creek
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contributed approximately 10 times higher salinity load-
ing compared with Blackbrook Creek. Moreover, the
correlation equation between salinity loading and dis-
charge in daily (R2 = 0.72) and monthly (R2 = 0.81)
scale was established in Blackbrook Creek (Fig. 11).
Similarly, the daily and monthly R2 of streamflow with
salinity inMarsh Creek were 0.86 and 0.85, respectively
(Fig. 12). These equations were utilized to estimate the
historical salinity loadings in the Marsh based on the
streamflow simulated using the SWAT model (not
shown).

After investigating the total salinity load from two of
the tributaries, we further wanted to investigate the salinity
load in one of the stations of the marsh (Fig. 1), which is
immediately below, just a few hundred meters down-
stream of the salt fill site. The salinity investigation at this
station was particularly important for us due to two rea-
sons: firstly, it was located below the salt fill site, and
secondly, the existing Black Brook station was just a few
hundred meters upstream of the salt fill site. The observed
data for about 6 months showed that the salinity below the
salt fill sites was below 500 mg/L but the diverted salinity
was as high as 2300 mg/L.

Rerouting of the Blackbrook Creek

This study was conducted from November 2019 to
March 2020 to quantify the temporal and spatial variabil-
ities of observed salinity levels brought by diverting the
Blackbrook Creek. The study primarily focused on exam-
ining the salinity loadings at the outlet of old and

rerouted Blackbrook channels on a daily and
monthly scale.

Figures 13 and 14 show the comparison between the
daily and monthly observed salinity levels at the outlet
of old and rerouted Blackbrook Creek, respectively. The
simulated flow from the calibrated SWAT model was
utilized to estimate the salinity from the old Blackbrook
Creek outlet and the rerouted outlet.

The water salinity at the rerouted outlet varied from
10.3 to 602.4 kg/day while at the old Blackbrook outlet,
it varied from 6.5 to 321.9 kg/day (Fig. 14). The salinity
from the old Blackbrook outlet still contributes to the
Marsh, which needs additional attention to reduce the
salinity in the Marsh. Thus, from this analysis, it is
interesting to note that a minimum of 10.3 kg of salinity
is always being diverted by the rerouting of Blackbrook
Creek. Similarly, the monthly average values of the
salinity at diverted and old Blackbrook outlet locations
are estimated to be 67.4 kg/day and 58.6 kg/day, respec-
tively. The daily analysis shows a similar trend between
the salinity levels at two different outfalls of Blackbrook
Creek. The depiction of this trend is due to discharge
from the Blackbrook channel that gets divided between
these two different paths. Since salinity loadings are
directly related to the amount of discharge, majority of
the flow from the Blackbrook Creek is being diverted
towards new channels, thereby leading to the higher
salinity levels at the delta of the rerouted Blackbrook
Creek. However, during the period of high flows, the
leaching of the salt is also higher from the brine wells
that can be observed in the graph as the spikes.
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Therefore, the amount of salinity discerned at the outlet
point of old Blackbrook is mainly concerned with salts
leaching from the salt fill site that must be diverted.

Conclusion

This study was intended to investigate the variation of
salinity loadings with respect to flow from two
ungauged tributaries: Blackbrook and Marsh Creek for
the recommendation of salinity removal from the salt fill
sites. For this, we developed a watershed model to
simulate daily Creek flow using the SWAT model.
Although some modeling studies were conducted in
the past to correlate the salinity loading with the simu-
lated flow, monitoring salinity in a small watershed to
predict salinity loading using streamflow, particularly in
an ungauged catchment, was exploratory research.
Therefore, two gaging stations were established in
Blackbrook and Marsh Creek of the watershed for
real-time data recordings of the stage, stream tempera-
ture, and electrical conductivity. The measured conduc-
tivity was converted into salinity using the Solinst
Levelogger data wizard. Since the watershed model
does not directly simulate the salinity level, we utilized
the observed streamflow data generated from the rating
curve to calibrate and validate the SWAT simulated
flow. The observed flow and salinity data were plotted
to establish the correlation between flow and salinity
loading, and the following inferences were derived.

& The analysis suggested that the salinity level cap-
tured in both Creeks was consistently exceeding the
oligosaline range (i.e., 500 to 5000 mg/L) category.

& It also indicated that Blackbrook Creek continued to
experience a higher level of salinity than that of
Marsh Creek.

& The salinity loading varied during the winter and
early spring season in both Creeks. Marsh Creek
salinity level was observed higher than that of
Blackbrook Creek for certain intervals of time in
the winter season and kept fluctuating.

& However, for the rest of the year, the salinity level
was found higher in Blackbrook compared with
Marsh Creek. From the field observations, it was
clear that the old brine fields, which were closed
decades ago, were still contributing to the salinity.

& The analysis suggested that the rerouting of
Blackbrook Creek was effective in diverting the
water salinity to a major extent.

& The diversion of Blackbrook Creek from the salt fill
site particularly towards the east of salt fill has been
successful to subsidize the salinity stress created
from the salt fill site.

& Our investigation indicated that a minimum of
10.33 kg/day of salinity has always been diverted
by the Blackbrook Creek. Moreover, the average
salinity from the diverted creek was higher than that
from the old channel.

& Although the Blackbrook diversion was carried in
1988, still today, the leaching from the brine fields
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exists with high potential for conveying salinity
towards the Mentor Marsh.

& Also, it is recommended to take the necessary steps
to rectify the old brine fields before further develop-
ment in the region.

While it was very challenging for velocity measure-
ment using flow probe during low flows, this research
revealed that flow from small ungauged tributaries can
be simulated by measuring stages using Levelogger and
developing a rating curve. The use of an accurate flow
meter or velocity meter in such tributaries especially
during low flow periods is warranted. Regardless, the
relationship of the flow and salinity from upland water-
shedwill be highly beneficial to conduct a detailed study
in the downstream wetland for the restoration of the
wetland in the future.

As a first declared natural preserve of Ohio, Marsh still
has tremendous economic value if it is restored. Therefore,
further research is being conducted for an in-depth inves-
tigation of the salinity variation and loading pattern in the
downstreamMentor Marsh. Even though the research was
location-specific, this concept can be adapted to determine
the salinity loadings in the Marsh from the upland tribu-
taries in similar ungauged watersheds.

Funding We received grant support from Ohio Sea Grant and
Lake Erie Protection Fund to conduct this research.
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