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Abstract

:

In this study, the surface water salinity of Mentor Marsh, located in Northern Ohio, USA, was monitored for 3 years by establishing 10 monitoring stations, whereas sporadic surface water salinity data were recorded at more than 30 locations in the marsh for 5 years. In addition, eight additional monitoring stations were established for recording the soil salinity at various temporal scales, whereas spatially distributed soil salinity was measured across the marsh in more than 500 locations to develop the salinity mapping in the soil using the Kriging-Gaussian method. Our analysis suggested that the water salinity in the winter was generally higher than in the summer. While the majority of the sites reported higher soil salinity characterized by high variability during the winter season, some sites reported a higher soil salinity in summer with less variability. The analysis revealed that the salt used on the road for the deicing purpose during the snowfall period was the primary reason for the increase in the salinity concentration in water in the western basin of Mentor Marsh, whereas the salt fill sites and brine well were primarily responsible for the higher salinity concentration in the eastern basin. Also, the drainage from the Morton Salt Company was a contributing factor to the sudden spike in some of the stations of the eastern basin. Both the surface water and soil salinity were relatively higher in the eastern basin than in the western basin. Apparently, salinity from the brine well field and salt fill sites seem to be more considerable than the road salt.
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1. Introduction


Wetland salinity has been one of the key environmental concerns across the world [1] as it has various detrimental effects on the ecosystem including habitat losses, poor water quality, and invasive plant growth, etc. [2]. The salinity has a significant impact on the water quality of water bodies such as rivers, wetlands, and the sea [3,4]. Wetland salinity is primarily caused due to sea-level rise [5,6,7], vegetation clearance [8,9], groundwater salinization [10,11,12], channelization [13], hydrologic alteration [14,15], and road salt accumulation [16,17,18,19]. In addition, there are reported cases of increased surface water salinity due to the intrusion of elevated saline water [20], water management, groundwater pumping, and drought [21]. Readers can refer to the article by [22], who have summarized the various causes of the increased water salinity thoroughly.



The increase in water salinity has a direct linkage to soil salinity. For example, when the long-term stagnant water evaporates from the marsh, the surplus salts eventually contribute to soil salinity. Similarly, soil salinization may occur when soluble salts, which are not flushed easily, are retained on the surface leading to excessive salts. The increase in soil salinity and its distribution depends upon various factors including rainfall, runoff mechanism, and the frequency and the method of irrigation [23]. In general, salinity leaching depends on many factors including a water table, sodium content, high clay content, etc. [24]. When the leaching of the salinity is limited, salts can move upward via capillary action. There could be several causes of increased soil salinity. For example, weathering of the rock, saline irrigation water [25], groundwater [1], windborne salts, use of lime and gypsum in the soil, use of sewage sludge/treated sewage effluents from wastewater treatment plants [26], and abandoning of industrial brine onto the soil [27] are some of the causes of increased salinity in the soil. Some other reasons for increased soil salinity are the overuse of fertilizers [28], industrial plants [29], and the subsurface injection of mining operations, etc.



Soil salinization is expected to impact approximately 50% of all arable land by 2050 [30] bringing various adverse consequences. For example, it will cause significant degradation in erosion, hydrological [31], and biological processes [32]. Moreover, high salinity levels in the soil can cause the loss of agricultural production [33], and environmental health [34] leading to social, ecological, and economic impacts [35].



Researchers have also reported the toxicity due to deicing salt on aquatic invertebrates [36] including the lethal impact on different types of macroinvertebrates [36]. Moreover, road salt can increase groundwater salinization [37], which might seriously inhibit its domestic, agricultural, and industrial uses. Past research indicates that more than 21 million tons of road salts are regularly applied during the winter season on the roads of Northern America for deicing purposes in order to provide safe roadways [38]. As the road salt infiltrates into the marshland, it might bring long-term effects on marsh chemistry and alter vegetation characteristics [39].



Salinity limits the biological uptake of water and nutrients impeding the necessary physiological functions related to plant growth and development [40]. For example, due to excessive soluble salts, the osmotic phenomenon in the root zone [41] and plants’ physiological processes and metabolic processes will be altered. Consequently, the native plants can be replaced by more salt-tolerant invasive species such as Phragmites australis. Such growth of Phragmites australis due to increased salinity has been widely documented in Mentor Marsh in eastern Ohio, USA. The indigenous plants including the swamp forest slowly started dying and a hydrophilic perennial plant such as Phragmites australis started growing in saline conditions [42,43]. This study will examine the salinity in the eastern and western basins of the marsh as both basins have a varying degree of the growth of Phragmites australis. Recognizing the sources of salinity and investigating its variation both in terms of soil and water salinity is crucial for the restoration of the marsh. Therefore, in this study, we recorded water and soil salinity for a few years across the marsh and explored the interrelationship of the water and soil salinity variation.



We believe this is one of the limited studies which presents the rigorously recorded surface water salinity as well as soil salinity data to investigate the salinity variability and the possible cause of increased salinity in two basins. While the vast majority of the existing salinity research in Northern America has focused on the salinity of the coastal marshes due to the tidal influence, in this research, we have presented a case study of the wetland marsh primarily due to road salt and the salt fill sites.




2. Methodology


2.1. Study Area


The study area is located within the Mentor Marsh watershed area, in Lake County, Ohio, near the southern shore of Lake Erie and extending between latitudes 41°43′55″ N to 41°45′15″ N and longitudes 81°18′34″ W to 81°17′22″ W (Figure 1). Likewise, the elevation of the watershed varies from 52.42 m to 125.27 m above mean sea level. This region experiences an annual average temperature of 10.5 °C with an annual average precipitation of 990 mm. The average annual snowfall during the winter is 91.44 cm. The Mentor Marsh watershed is mainly divided into eastern and western basins.



The eastern basin of the marsh receives the flow and salinity from Blackbrook Creek and finally drains to the Grand River, whereas the western basin of the marsh receives the flow and salinity from Marsh Creek and flows towards Lake Erie. The soil in this area is Carlisle Muck (Cg), a type of hydric soil covering an area of 800 acres, which is very poorly drained organic soil. As the water table becomes high for this type of soil, the surface is generally ponded for a long period. It is the largest marsh in northeast Ohio, which was considered to be the first National Natural Landmark in 1966 and became the first state nature preserve on the Great Lakes’ shoreline in 1971 [44].



Before 1959, the marsh attracted tourists for sightseeing and bird watching, contributing to the economy. However, the unprecedented increase in salinity intrusion occurred at the beginning of the 1960s due to various anthropogenic activities including brine well construction, salt fill deposition, etc., leading to the severe decline of the native wetland vegetation. As a result, it opened the conducive environment for the growth of Phragmites australis leading to the significant outbursts of wildfires. Thirteen fire events were reported in Mentor Marsh since 1979 with the main fire event in 2003 [39]. Therefore, it has been a serious concern for the stakeholders to restore Mentor Marsh to an acceptable level of environmental conditions that can highly contribute to future economic growth via eco-tourism related to bird watching, hiking, and travel [45].



The major cause of salinity in Mentor Marsh was due to salt fill sites located near Blackbrook, which were constructed on private property in order to dump the poor-grade salt residue produced by the Fairport Harbor salt mine. A significant increase in the salinity concentration was detected, especially when the runoff passes through the salt fill sites. The runoff passing over the salt fill sites continued to carry the salinity in Mentor Marsh for several years resulting in catastrophic disturbances in the marsh ecosystem [46], which was rerouted later after serious concern from the public. In addition, windblown salt was noticed for the first time in early 1959 resulting in the death of the plants [47]. This was further explored and assumed that the Morton Salt Company was one of the sources of salinity due to windblown salt [39].



Later, several scientists conducted a study [46,47] and reported a higher concentration of chloride. Another cause of salt pollution on the marsh was considered to be from Diamond Shamrock’s Alkali facility. The facility constructed its brine well fields within and beyond Mentor Marsh. While they carried on the mining process, the company decided to dump the brine near the facility due to its weak strength and poor industrial value. Consequently, it entered the marsh through Blackbrook Creek.



Regardless, the earlier studies reported that salt fill sites, which were developed due to the dumping of the salt residue from the Morton Salt Company, were one of the significant sources of salinity in Mentor Marsh.




2.2. Monitoring Sites for Water Salinity


The water salinity was measured both in the eastern as well as western basins of Mentor Marsh (Figure 1a). For this study, salinity is reported as a measure of electrical conductivity (µs/cm), which is converted into mg/L. Several monitoring stations were established both in the eastern and western basins (Figure 1). For this study, data from ten stations including five stations in the eastern and another five stations in the western basin (Figure 1) were analyzed for 3 years (March 2018 to July 2021). Even though more than 12 stations were established in Mentor Marsh, only 10 stations were selected for the analysis as these stations had continuous sets of data records, and the stations were distributed to reveal the salinity variation across the marsh. The other two stations were established later to further investigate the salinity and did not have enough data for the analysis. Also, the stations were selected based on the consultation with the local stakeholders working for the restoration of the marsh.



In this study, the LTC Levelogger Junior was utilized to record the stage and conductivity, whereas the Barologger was used for barometric correction of the Levelogger readings of water depth.



The water salinity was recorded in two ways, (i) by recording the salinity in a sporadic location which was taken randomly multiple times over the study period of three years; and (ii) by measuring the salinity by establishing 10 monitoring stations.



Since monitoring stations were within 10 miles of proximity, the Barologger device was installed only at one station (Station 9). These sites represent the marsh to a great extent for exploring the variability of water salinity. The stations were established in the marsh based on the convenience of the site accessibility for monitoring the stations and data download. In this study, four monitoring stations (Station 1 to Station 5) were established and monitored to analyze the salinity within the western side of Marsh Creek subwatersheds, whereas Station 6 to Station 10 were established and monitored in the eastern basin to quantify the salinity loading in the eastern basin.



The spatial locations of all these stations are shown in Figure 1. Additionally, one-time water salinity was measured across the various stations both in the eastern and western basins to develop a contour of water salinity (Figure 1). The salinity in practical salinity units (PSU) was computed using a Technical Paper [48], which was later converted into parts per thousand (ppt) by multiplying the PSU by a factor of 1.004715.




2.3. Monitoring Sites for Soil Salinity


In order to identify the critical locations for measuring high soil salinity in the marsh basin, a preliminary survey was conducted in late 2018 by a team of faculty and experts from various stakeholders including the City of Mentor, Lake County Soil and Water Conservation District, etc., to establish monitoring sites. Several factors that are responsible for salinity intrusion in the marsh basin, including possible spillage of salinity by brine wells, the proximity of the Morton Salt Company and salt fill site, and anthropogenic activities, etc., were considered for the installation of the soil sensor equipment at the sites. Altogether, nine monitoring locations were identified as the most suitable sites for the installation of soil sensors. The study area and soil sensor probe locations are presented in Figure 1b.



Soil salinity was also measured in two ways. First, we established nine monitoring stations in the eastern basin to record both the temporal and spatial variability of the soil salinity. Secondly, we measured soil salinity approximately at (1.5 ft depth) across the entire marsh using a hydra probe to see the spatial variability of the soil salinity both in the eastern and western basins. The continuous variability of the soil salinity was observed in the eastern basin by establishing nine monitoring stations.



The monitoring sites to detect temporal variability in soil salinity were only established in the eastern basin partly because we did not anticipate significant soil salinity in the western section as the phragmites growth was very insignificant in the western section, and mainly because the salt fill sites were located in the eastern section.



The spectrum technology SMEC-300 soil sensor was used to measure the EC as it is strongly correlated to the salinity of the soil solution. In addition to electrical conductivity, the sensor can measure volumetric water content (VWC) and temperature with reasonable accuracy.



Since we wanted to record the average soil salinity across the marsh, the HydraGo probe was frequently used to collect a large number of sporadic data for soil electrical conductivity, soil moisture, and dielectric permittivity. As this probe connects with a smartphone via Bluetooth, all the soil measurement data along with the date and GPS locations were saved and transferred electronically. Finally, the data retrieved from the probe and loggers were analyzed using various statistical tools including the Kriging-Gaussian method. The Kriging-Gaussian process is an interpolation method based on prior covariances suggested by a scientist named Krige [49,50]. First, the kriging distances were used to determine the correlation among the points. In the next step, the covariances or semi-variances were computed among the sample points and between the sample points. Finally, the covariances were used to calculate the weight, which was accomplished using ArcGIS.





3. Results and Discussions


3.1. Water Salinity


The western basin comprises Station 1 to Station 5. The salinity at all these stations in the western basin has been reported in an hourly time series (Figure 2a). As expected, the salinity level at all these stations varied significantly on the hourly scale, varying from 0.02 ppt (Station 5) to 2.5 ppt (Station 1). The significant variations in the salinity could be due to various reasons including the variation in the water level, windblown salt [39,47], etc. Moreover, the salinity variation was examined on a daily and monthly scale. The time series plotting of the salinity variation on a daily scale across the western basin is illustrated in Figure 2b. Presumably, the salinity variability on the daily scale is less than that of the hourly scale, which is not surprising as the salinity at a high temporal resolution is expected to vary significantly.



Additionally, the monthly salinity variation of the monitoring stations located in the western basin has been presented in the box plots (Figure 3). The majority of the stations demonstrated relatively higher concentrations of salinity especially in the months of non-growing seasons such as winter and spring except in Station 5, which is consistent with the studies conducted by Novotny et al., 2008 [51]. The salinity trend experienced in station 5 was not consistent with other stations. Station 3 and Station 5 were in the middle of the western basin; most importantly, these stations did not receive road salt unlikeother stations such as Station 1. In contrast to Station 1, Station 5 had the lowest salinity in March and the highest salinity in November.



While Station 5 showed a consistent pattern of salinity variation and was comparable to Station 1 and Station 2 during the growing season, during the non-growing season, the salinity recorded at Station 1 was significantly greater than the salinity at other stations in the western basin. Presumably, the road salt applied during the snowfall period should be one of the major causes for the increased salinity at Station 1, as this station is in the proximity of the road and directly receives the runoff from the road. Some of the stations including Station 2, Station 3, and Station 5 are away from the road network and do not receive the road runoff. In general, Mentor Marsh does not have a clear flow from the western basin to the eastern basin. Consequently, the station in the marsh where the water is predominantly standing revealed the steady salinity at this location. Station 1 reported the highest salinity whereas Station 2, Station 3, and Station 5 reported the lowest salinity. The salinity concentration at Station 2 was surprisingly lower and yet needs to be investigated. One of the reasons for less salinity could be the dilution due to the point source from the wastewater treatment plant near the outfall. Since Station 4 is located downstream of Marsh Creek (a western tributary to the marsh), Marsh Creek will contribute to the salinity at Station 4, which will discharge towards Station 1. As discussed earlier, winter salinity from Marsh Creek was relatively higher compared to other seasons.



Also, the water salinity was measured at various locations of the marsh in the western basin using YSI Sonde. The average water salinity in the western basin was found to be 0.5 ppt. The Kriging-Gaussian analysis also suggests that the salinity in the western basin is less than 0.6 ppt.



Also, the data from the other five stations from Station 6 to Station 10 were analyzed to quantify the salinity loadings in the eastern basin. The overall salinity in the eastern basin seems to be higher than that of the western basin as indicated by the box plots (Figure 3), except for Station 6. Station 8 reported a significant level of salinity concentration unswervingly compared to the rest of the stations, especially in the non-growing seasons of winter and spring. Since Station 8 was located immediately below the road, the salinity observed in this station was twice as much as the salinity recorded at other stations (2.6 ppt). The increased salinity at Station 8 seems to be due to road salinity in addition to the various other sources. Station 8 is somewhere in the middle of the eastern and western basins of the marsh and can receive windblown salinity from the nearby Morton Salt Company.



The salinity reported at Station 6 was relatively low compared to other stations in the eastern basin; however, the salinity recorded at this station was comparable to salinity in the western basin. Even though the average monthly salinity recorded at Station 7 was not significantly higher than other stations (Figure 3), the occasional recordings of daily data show a higher salinity at Station 7 (Figure 4). We encountered significant salinity at Station 7 occasionally as high as 40.6 ppt. We verified these data from independent sampling at other locations with the same instrument to ensure the high recording of salinity was not because of an instrumental failure. We also confirmed the salinity recorded by the Lake County Soil and Water Conservation District (LSWCD) in this location. The data collected by LSWCD also indicated a sudden spike on certain days especially during summertime. Based on our observation and discussion with the LSWCD, which is the main stakeholder and our partner in mitigating the salinity in the marsh, the sudden spike was mainly due to the recent heavy rains which drained the salt from the nearby Morton Salt facility.



Apart from these, one-time salinity was recorded in a sporadic location across the marsh at least in 30 locations using YSI Sonde.



The salinity throughout the marsh was mapped using the Kriging interpolation methodology with the inputs as a point salinity measured using YSI Sonde at these 30 different locations. The Kriging analysis suggested that the water salinity in the eastern basin was relatively high compared to the salinity in the western basin (Figure 5), which is due to the rerouting of Blackbrook Creek along the eastern basin from a nearby salt fill site [4]. The average water salinity in the entire marsh was found to be 0.54 ppt. The Kriging-Gaussian analysis also resulted in relatively high salinity (0.95 ppt) as compared to the overall average salinity along the road that divides the two basins. This relatively high salinity value along this road corridor is possibly due to the road salt application.




3.2. Soil Salinity


The analysis was conducted using hourly observed data including the soil salinity, soil moisture, and soil temperature from January 2019 to July 2021 in order to investigate the temporal and spatial variability in soil salinity. The continuous measurement of soil parameters was conducted using soil sensor probes (SMEC-300) located at 1.5 ft depth below the ground surface. Analysis from eight monitoring sites was presented in this study as an instrument at one of the sites that simply malfunctioned after a few months of installation. In order to avoid confusion from water salinity stations, the soil salinity stations are labeled as “Sites”. The soil salinity at each monitoring site was studied on a daily and monthly scale.



Figure 6 shows the comparison of daily soil electrical conductivity at eight critical monitoring sites. In general, the analysis shows that the daily variation in soil EC ranges from 1.33 mS/cm to 0.51 mS/cm, monthly soil EC varies from 1.23 mS/cm to 0.44 mS/cm, and seasonal soil EC is found to vary from 1.22 mS/cm to 0.417 mS/cm (not shown). After the conversion of EC to salinity as per the USDA guidelines (ECx640), results from most of the monitoring locations showed that Mentor Marsh had consistently been under the oligosaline category with soil salinity ranging from 854 gm/m3 to 326.933 gm/m3.



By and large, high variability was detected from January to June, whereas the variability in summer and early fall was relatively less; although, there were some exceptions. However, the variability of soil salinity at Site 2 and Site 7 during the winter was relatively less. Likewise, the variability in soil salinity in summer at Site 8 was relatively higher. As the water from the marsh is evaporated during the summer, the salt will be deposited in the soil. As a result, the soil salinity may not vary significantly during the summer months. However, the runoff-driven salinity may vary each year during January as the rainfall and snowfall vary each year [52].



The daily soil salinity plotted on the monthly scale from Site 1 to Site 8 is reported in the box plots of Figure 7. The box plot shows that the variabilities of salinity in different months were consistent across Site 1, Site 4, Site 5, and Site 6. The salinity in Site 2, especially in the month of January and February was slightly different from other sites in terms of the variability in salinity. Site 8 is different from other sites as the salinity variability in summer was comparable to the salinity variability in winter. Also, the average salinity was more or less uniform throughout the year. The salinity variation across the various months of Site 3 and Site 7 were just opposite. Site 3 was revealing higher salinity with less variability during summer months, whereas Site 7 was depicting less salinity with less variability during summer months. In addition, the monthly salinity is reported in Figure 8.



Overall, summer salinity was less especially in July except at Site 3. If the drainage is poor in the low-lying areas such as Mentor Marsh, the salt concentration increases significantly and the salt in the water will remain in the soil as the water evaporates [53]. Site 3 might have recorded a higher salinity as a consequence of high evaporation. Site 3 is close to the salt fill sites. This station receives runoff which is high in salinity and undergoes evaporation during the summer, leaving the salt in the soil resulting in an increase in the soil salinity during summer. One of the interesting points is that the moisture content at Site 3 does not drastically decrease but rather remains uniform throughout the year. However, Site 7 is in a low-lying area and the secondary salinization mechanism is different at this station. In general, the volumetric water content at this station is relatively less than that of Site 3 throughout the year and much less during the summer (not shown). Presumably, the water runoff carries salinity downstream of Site 7 leaving the soil with less salt at Site 7. As a result, relatively less salinity was recorded in the summer at Site 7. There could be several other reasons, as we did not investigate the groundwater and surface water interaction. Regardless, the monthly salinity at Site 3 is relatively less than that at Site 7. Site 6 recorded the highest monthly salinity as it received more saline runoff from upstream, which was also revealed by the relatively higher moisture content at this location.



The graphical analysis also revealed that the salinity perceived at Site 4 (the outlet of diverted Blackbrook) was always higher than that of Site 3 (the outlet of Old Blackbrook Creek). This was not surprising as the diverted Blackbrook Creek was expected to carry a high amount of salt. Also, at site 4, a high variability in the soil salinity was observed, which could be due to the fluctuations observed in the diverted creek flow together with surface and groundwater interactions. Meanwhile, real-time data recorded at the other monitoring sites depicted little variations in soil EC. Moreover, the graphical monthly and seasonal analysis as noticed in the interquartile range from the measured electrical conductivity of box plots also depicted that Mentor Marsh had been experiencing persistent amounts of soil salinity.



Since we wanted to investigate the soil salinity variation from one location to another, we also analyzed the soil salinity using sporadic data from a hydro probe. A hydro probe was used to sample the soil salinity in more than 500 locations across the marsh. The soil mapping was prepared using the Kriging-Gaussian method (Figure 9). The analysis clearly revealed that the soil salinity was significantly higher in the eastern basin than that in the western basin.





4. Discussion


There were some stations where both the water and soil salinity were measured. For example, Site 1 and Station 8 were almost in the same location and the water and soil salinity were comparable. The water salinity was slightly higher than the soil salinity, especially during the winter. Both water and soil salinity had higher variability in winter and spring. The soil salinity in summer had less variability than the water salinity. Also, we put both soil salinity loggers (Site 3) and water salinity loggers (Station 6) virtually at the same location. Interestingly, the water salinity and soil salinity were comparable, except the water salinity tended to be higher during March/April. One of the key differences was that the water salinity was lowest in summer, whereas the soil salinity was highest in summer at this location.



Presumably, the salt fill sites and abandoned brine wells had been the major sources of salinity in the eastern part of the basin, whereas road salt was the major issue in the western section of the basin. Additionally, the windblown salt from the Morton Salt Company was responsible for the sudden spike in the eastern basin. The impact of the application of road salt into the road passing through the marsh has been of particular concern not only in this marsh but across the country. In general, freshwater wetlands experience ecological disturbance when the salinities exceed 1000 mg/L.



Mentor Marsh never received such a high flow required for flushing the salinity either to the eastern basin towards the Grand River or towards the western basin near Lake Erie [3,4]. As the runoff passes through the salt fill sites near Blackbrook Creek, it transports the salinity in the downstream marsh. Consequently, the salt accumulates behind the soil as the water evaporates, but the salinity is easily flushed neither towards the Grand River nor Lake Erie.



Over the period, the accumulated road salt might build up in the basin, which will again be dissolved during the next phase of the rainfall season. The continuous accumulation of salt in Mentor Marsh might be a potential risk for the future.



Deicing salt, when it enters the marsh, potentially alters the aquatic plant composition and alters the ecological systems. Consequently, road salt as a winter deicing agent has been easily transported from roads to the marsh resulting in invasive species. In addition, temperature can degrade the soil salinity significantly as high temperature causes the substantial evaporation of water from the soil surface. As a result, salinity increases in the soil surface due to the accumulation of salts.



Since the knowledge of the spatial and temporal distribution of water and soil salinity is essential for the restoration of the marsh, these findings are critical for the policymakers including the Lake County Soil and Water Conservation District and Cleveland Museum of Natural History for the restoration of the marsh and to decrease the salinity.




5. Conclusions


In this study, the water and soil salinity data were collected extensively across the marsh by establishing several monitoring stations for both water and soil salinity. The graphical analysis was conducted for both water and soil salinity at numerous monitoring locations both in the eastern and western basins. Moreover, the water salinity mapping was developed both for water and soil salinity using kriging. Our study revealed that the road salt being used for a deicing purpose during the snowfall period was the major source of the water salinity in the western basin, whereas the windblown salt, salt fill sites, and abandoned brine wells were the major causes of the water salinity in the eastern basin. The increased phragmite growth in the lower segment of the western basin of the marsh is due to road salt, whereas the significant growth of phragmites in the eastern basin of the marsh is due to salt from salt fill sites brine wells or windblown salt, or drainage from the Morton Salt Company.



For real-time monitoring of soil parameters, viz. electrical conductivity, moisture, and temperature, monitoring sites were established with the soil sensor probes located 1.5 ft beneath the ground surface. In the meantime, the variability in the soil and water salinity was detected through the time series plotting. Our analysis suggests that the temporal variability in water salinity is more than the soil salinity, especially on a daily scale. However, the variability in soil salinity was noticeable from month to month.



The spatial analysis of the soil salinity revealed that relatively higher salinity was prevalent in the eastern basin. The analysis suggested that the soil EC captured at these monitoring sites was consistently under the oligosaline range. While soil moisture and soil temperature varied significantly, their variation at most of the monitoring locations did not alter the soil salinity trends. Further research could be accomplished by considering a more in-depth numerical study relating to water and salinity.



The findings of this research can be useful for the stakeholders, who are engaged in the restoration of the marsh.
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Figure 1. Study area map showing (a) locations for continuously monitored water salinity (pink circle) and sporadic water salinity data collection (yellow circle), (b) location for continuously monitored stations (red triangle) and sporadic soil salinity recording location (yellow circle). 
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Figure 2. Time-series plot of observed salinity at four monitoring sites on an hourly (a) and daily scale (b). The stations from 1 to 5 are in the western basin, and the stations from 6 to 10 are in the eastern basin. The letter “J” refers January, “F” refers February and so on. 
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Figure 3. Total observed monthly salinity at all monitoring sites. Stations 1 to 5 are in the western basin, and Stations 6 to 10 are in the eastern basin. 
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Figure 4. Daily observed salinity in various months at all the stations. 






Figure 4. Daily observed salinity in various months at all the stations.



[image: Water 15 04172 g004a][image: Water 15 04172 g004b]







[image: Water 15 04172 g005] 





Figure 5. Water salinity contour maps prepared using the Kriging-Gaussian method from sporadic water salinity measurements. 
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Figure 6. Variations in soil EC at soil sensor locations in daily scale. 
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Figure 7. Variations in soil EC at soil sensor locations in daily scale plotted for every month. 
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Figure 8. Variations in soil EC (mS/cm) at soil sensor locations on a monthly scale. 
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Figure 9. Soil salinity mapping across the marsh using Kriging-Gaussian method. 
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