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Salt marshes serve as zones of intense groundwater mixing and reaction between freshwater uplands and estuaries. This raises the question of whether the impacts of upland development on nutrient and carbon species can be transmitted through salt marshes via groundwater, or whether salt marshes can buffer estuarine waters from coastal development. We sampled groundwater from fifteen tidal creek basins in South Carolina to test for compositional differences associated with development and marsh width. Groundwater samples from near creekbanks and below freshwater uplands were analyzed for salinity, total dissolved nitrogen and phosphorus, and dissolved organic carbon. Analyses revealed significantly higher TDN and TDP concentrations in creekbank samples from developed watersheds, independent of the season. Analyses of upland samples revealed significantly lower DOC concentrations in developed uplands, again independent of season. These results support the hypothesis that development can affect groundwater compositions in coastal groundwater and therefore may affect coastal nutrient and carbon fluxes. However, results also revealed significant linear correlations between marsh width, salinity, and nutrient concentrations in some marshes. These results suggest that salt marshes can act as buffers for development, and specifically suggests that the buffering capacity of salt marshes increases with width. Narrow or trenched salt marshes are far less likely to be effective buffers.
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INTRODUCTION

Tidal salt marshes lie at the intersection of land and coastal surface waters. As coastal populations rise (NOAA, 2013), the location of salt marshes at the land-sea interface raises important questions about how salt marsh basins are affected by coastal development. Prior studies show that surface water quality and other ecosystem parameters in tidal creeks differ between developed and undeveloped watersheds in the Southeastern U.S. (Sanger et al., 1999a,b, 2015; Lerberg et al., 2000; Verity, 2002; Holland et al., 2004; DiDonato et al., 2009). Tidal creeks in watersheds with higher fractions of impervious surfaces showed, among other indicators, higher nutrient concentrations and larger ranges in salinity (Holland et al., 2004; Sanger et al., 2015). These findings are consistent with increased nutrient inputs and increases in the ratio of runoff to infiltration in developed watersheds. As is well documented in freshwater watersheds, these increases logically affect groundwater as well as surface water (Hutchins et al., 2014). Groundwater flow through salt marshes supplies significant nutrients and carbon to coastal surface waters even in undeveloped sites (Krest et al., 2000; Charette et al., 2003; Wilson and Morris, 2012), and changes in the concentrations of those constituents in salt marsh groundwaters have the potential to propagate to coastal surface waters. It remains unclear, however, whether groundwater composition actually differs between developed and undeveloped salt marsh basins.

There are two reasons that development might not cause detectable differences in groundwater composition below salt marshes. The first relates to broad conceptualizations of wetlands as “the kidneys of the Earth” (Mitch and Gosselink, 2015). In this model, salt marshes and other intertidal wetlands could act as buffers for development. Salt marshes are prominent examples of the “subterranean estuary,” a key zone of mixing and reaction at the freshwater-saltwater interface in the subsurface (Moore, 1999), and this level of mixing and reaction could mitigate the impacts of development on groundwater composition. The second possibility is that the range of natural variation among salt marshes is so large that it obscures any impact of development. Even in systems with similar temperatures and rainfall patterns, salt marshes are characterized by wide ranges in salinity, marsh width, fresh groundwater inputs from uplands, sediment composition, tidal range, and ecological productivity.

This work was designed to test three competing hypotheses: (1) development affects the composition of groundwater throughout salt marsh basins; (2) development affects groundwater composition below uplands, but these effects are mitigated by mixing and reaction within salt marshes; and (3) development does not cause detectable differences in groundwater composition within salt marsh basins. We tested these hypotheses by analyzing groundwater samples from creekbanks and below uplands from a total of 15 tidal creeks distributed along the coastline of South Carolina.


Conceptual Model for Groundwater Flow and Composition in Salt Marshes

Groundwater flow through salt marshes is controlled by tidal fluctuations, precipitation, evapotranspiration, and inputs of fresh groundwater from adjacent freshwater ecosystems, hereafter referred to as uplands (Figure 1). Salt marshes in the Southeastern U.S. and other locations around the globe are commonly characterized by a surficial mud layer overlying a sandy aquifer (Weigert and Freeman, 1990; Hughes et al., 1998; Gardner and Porter, 2001; Grewell et al., 2007), although there is certainly wide variation even in regions where this stratigraphy is common. Fresh groundwater discharging from the upland travels through the sandy aquifer toward the creek bank, mixing along the way with water that infiltrates the marsh surface when the marsh is inundated. The salinity of the infiltrating creekwater can vary widely depending on the local rainfall history and the position of the marsh relative to the mouth of the estuary. Within salt marsh sediments, temporal variations in salinity in the root zone tend to damp out with depth (Hughes et al., 2012). Within sandy sub-marsh aquifers, field observations suggest that salinity tends to vary laterally, i.e. with distance from the upland, rather than vertically (Carter et al., 2008). In general, the salinity of the sub-marsh aquifer is a good indication of the degree of mixing between discharging fresh groundwater and infiltrating saline water.


[image: Figure 1]
FIGURE 1. Conceptual model for groundwater flow through a salt marsh, averaged over multiple tidal cycles. (A). Undisturbed system. (B). Hypothesized changes ensuing from development of the upland. Red arrow indicates changes in the volume and composition of recharge. Red line illustrates possible migration of the freshwater-saltwater interface.


The transport and speciation of nutrients and carbon also differs between fresh upland groundwater and saline groundwater below salt marshes. Nitrogen is likely to appear as nitrate or nitrite below freshwater uplands, whereas ammonium is the dominant form of nitrogen in reducing salt marsh environments (Hopkinson and Giblin, 2008). Phosphorus sorbs to iron oxide grain coatings in oxic environments, while phosphorus is released by dissolution of iron oxides in reducing salt marsh sediments (Sundareshwar and Morris, 1999). Shallow fresh groundwater below uplands is highly enriched in dissolved organic carbon compared to deeper fresh groundwater and compared to groundwater in salt marsh sediments (Goñi and Gardner, 2003).

In our conceptual model, development would affect groundwater composition in two ways. First, fertilizers or wastewater sources would increase nutrient concentrations in the upland, and this increase could, depending on the degree of mixing and reaction in the sub-marsh aquifer, increase nutrient discharge to the estuary. Second, increases in the area of impervious surfaces covering the uplands would decrease the volume of fresh rainwater that infiltrates into the subsurface, which could in turn increase the salinity of groundwater discharging to the estuary.

Many factors in addition to development can influence the composition of groundwater discharging from salt marshes to estuaries. These factors include biogeochemical cycling within salt marsh sediments (Valiela and Teal, 1979; Slomp and Van Cappellen, 2004; Santos et al., 2008; Rodellas et al., 2018), groundwater salinity (Moore, 1999), tidal range, the volume of fresh groundwater inputs from uplands, sediment composition, and marsh width. In this work, as a first attempt to characterize a complicated system, we focused on the two most easily-measurable physical parameters as measures of salt marsh variability: (1) the salinity of groundwater in the sub-marsh aquifer at the creekbank and (2) marsh width. We have already described the importance of salinity as a measure of the degree of mixing between fresh and saline groundwater below the marsh. We propose marsh width as an additional proxy for mixing and reaction in the submarsh aquifer. In our conceptual model, narrow or non-existent salt marshes would have very little capacity to moderate inflow of contaminated fresh groundwater, and groundwater discharging to the estuary would be relatively fresh. In contrast, wider salt marshes should have a greater capacity to mitigate contamination through dilution (mixing) and reaction, and the discharging groundwater would be more saline.

We also note that salt marshes export significant nutrients and carbon even in undeveloped regions with very minor inputs of fresh surface or groundwater (Valiela and Teal, 1979; Nixon, 1980; Wolaver et al., 1988; Childers et al., 2000; Krest et al., 2000). This large export raises a final possibility, which is that natural nutrient fluxes from salt marshes may dwarf any increase in nutrient fluxes from developed uplands.

In summary, our conceptual model assumes that development affects the composition of fresh groundwater below uplands, and our basic hypothesis is that compositional changes in the fresh groundwater propagate through the system to affect the composition of groundwater that discharges to the creekbank. Our counter-hypothesis is that salt marshes act as buffers, so that relatively wide marshes have the capacity to render the impact of development undetectable through natural mixing and reaction in the sub-marsh aquifer. The final (null) hypothesis is that variability between and within salt marsh basins allows us to detect neither development-related differences in salt marsh groundwater composition nor evidence for buffering by salt marshes. These hypotheses were tested by collecting groundwater samples from creekbank and upland sites in coastal South Carolina.




METHODS


Field Sampling Strategy

We sampled groundwater from 15 representative tidal creek basins in South Carolina (Figure 2; Table 1). These creeks represent a subset of more than 25 tidal creeks and their surrounding watersheds previously described in studies of development and surface water quality [Sanger et al., 1999b, 2015; personal communication]. The 15 basins studied here were chosen in consultation with watershed managers and other stakeholders via a workshop held in 2016. Land-use and impervious cover for each watershed were previously determined (DiDonato et al., 2009; Sanger et al., 2015) based on National Land Cover Database, using data from 2001. Marsh widths were measured using ARCGIS 10. Distances from the creek bank to the forest-marsh boundary ranged from 0–124 m. The tidal creeks were initially grouped by level of development and characterized as forested (<10% impervious cover), suburban (10–35% impervious cover), and urban (>35% impervious cover).


[image: Figure 2]
FIGURE 2. Locations and classifications of tidal creeks chosen for this study.



Table 1. Location, impervious cover, land use classifications, and sampling period for tidal creeks sampled in this study.

[image: Table 1]

Six sample sites were chosen along the creekbank of each creek for sampling in the summer of 2016, the first year of the project. Sites were chosen with dual goals of sampling a large stretch of each creek and sampling a wide range of marsh widths. When this sampling strategy was implemented, it revealed three significant drawbacks. First, several of the creeks were logistically difficult to access, which in some cases resulted in sampling as few as four sites along the creek. Second, intensive sampling at fifteen creeks did not allow time to sample adjacent uplands. Third, our analyses revealed far larger along-creek variability than had been anticipated. We revised our sampling strategy for 2017 to address these issues.

In 2017 we refocused our sampling plan on a subset of six creek basins (Table 1). We repositioned the six creekbank sampling points in each basin to span a much shorter reach of each creek (Supplementary Figure 1; Shanahan, 2018), to target the effects of variations in marsh width while limiting other sources of spatial variation. We also reclassified our land use categories, to ensure that we had enough samples from each category to conduct useful statistical analyses. The six basins sampled in 2017 were reclassified as undeveloped (0–10% impervious cover) and developed (>10% impervious cover), based on prior observations that streams and rivers begin to become seriously degraded when more than 10% of a watershed is covered in impervious cover (Beach, 2002; Holland et al., 2004; Larson and Belovsky, 2013; Hutchins et al., 2014; Sanger et al., 2015). We emphasize that the sample size of only six creeks is small, so the results should be viewed as preliminary. As described below, however, this strategy revealed important patterns that are worthy of future investigation.

In 2017 we collected samples of fresh groundwater below the uplands nearest to our creek sites, to directly test the hypothesis that fresh groundwater compositions differ between developed and undeveloped watersheds. That winter we resampled the same creekbank and upland sites to test for seasonal differences. Upland samples could not be obtained from Guerin Creek (undeveloped), or Okatie 2 (developed) because of difficulties inserting the pushpoint sampler. Upland samples were obtained from Long Creek and Parrot Point Creek, which had similar levels of impervious cover (Table 1).



Groundwater Sampling

Groundwater samples were collected using a peristaltic pump via a stainless steel push-point sampler (M.H.E. Products). At the creekbank sites, the sampler was inserted to a target depth of 1–1.5 m below the sediment-water interface at the base of the creekbank, in an effort to reach the submarsh aquifer beyond the zone of the most intense tidal mixing. Stratigraphic variation (i.e. a thicker or thinner overlying mud layer) led to variations in sampling depths. Sampling depths ranged from 0.5–1.8 m, with an average depth of 1.3 m. Sampling during the first year typically began near low tide, but with delays it sometimes began nearer to rising mid tide. In the second year, sampling was restricted to begin within 30 min of low tide, when groundwater discharge is highest (Whiting and Childers, 1989; Wilson and Morris, 2012), and when the thickness of the tidal mixing zone below the sediment-water interface should be thinnest. Sampling took an average of 2–3 h.

Upland samples were collected at 10 m intervals along a 50 m transect landward of and parallel to the upper margin of the Juncus roemerianus zone. Upland sampling took an average of 20 min. Points were sampled at an average depth of approximately 1.6 m. The tidal stage was not a factor in upland sampling.

Samples were field-filtered using EMD Millipore 0.45 GF/F in-line filter cartridges and transported on ice in the dark and either refrigerated at 4 °C (salinity), acidified (DOC), or frozen at −80 °C (nutrients) until analysis.



Analytical Methods

Salinity was measured using a handheld conductivity probe (Mettler Toledo Seven2Go pro). Total dissolved nitrogen (TDN) was measured using a Technicon II autoanalyzer following persulfate oxidation (Gilbert and Loder, 1977). Total dissolved phosphorus (TDP) was quantified using the high temperature combustion method of Monaghan and Ruttenberg (1999). Total organic carbon (DOC) samples were collected in aliquots of 15 mL, which were immediately acidified to pH <2 with 10% HCL and stored in the dark at 4 °C until analyzed via a Shimadzu TOC-VCPN organic carbon analyzer (Benner and Strom, 1993). For TDN and TDP analyses, quality control checks and matrix spikes (of glutamic acid in the case of TDN and adenosine triphosphate in the case of TDP) accompanied each run to serve as a measure of method accuracy. Spike recoveries were within ±15% of expected concentrations for TDN and within ±10% for TDP. Accuracy of DOC measurements was based on the analysis a Consensus Reference Material (CRM; University of Miami, FL USA) and results were within ±10% of published concentrations. Approximately 10% of samples were run in duplicate for each analysis with a mean precision <8% for all analyses.



Statistical Analysis

One-way ANOVAs, Mann-Whitney U tests, and linear regressions were performed to analyze differences in groundwater quality due to watershed type, marsh width, and seasonal variability. Statistical significance was defined as p < 0.05 for all statistical analysis.

One-way ANOVAs were used to analyze differences in average concentrations of water quality parameters (salinity, TDN, TDP, DOC) between land-use classes for the samples from 2016, which consisted of creekbank samples only. Land-use class factors were forested (F), suburban (S) and urban (U). Parameters were either inverse- (salinity, TDN) or ln-transformed (DOC, TDP) to satisfy normality assumptions. Transformations for TDP improved, but did not satisfy normality. Post-hoc multiple comparisons were performed using least squared means (Bonferroni Test).

The 2017 samples were analyzed using Mann-Whitney U tests and linear regressions. The reduction to only two land classes (undeveloped, developed) prevented the use of one-way ANOVAs. Therefore Mann-Whitney U tests were used to examine differences in average concentrations of water quality parameters between land-use classes for the samples from 2017. Independent sample t-tests were not used because transformations of the 2017–2018 data often improved, but did not satisfy, assumptions of normality.

Linear regression analyses were performed to determine if there was a significant linear relationship between the independent variable (marsh width, salinity) and the dependent variable (salinity, TDN, TDP, DOC) in groundwater samples taken from creekbank sites.




RESULTS


Summer 2016 Results

Samples from 2016 generated a large new database of creekbank groundwater nutrient compositions (Figure 3, Supplementary Table 1) but revealed few significant differences related to marsh width or the degree of upland development (Supplementary Table 2). Sampling locations are shown in Shanahan (2018), see Appendix C. No statistically significant differences were apparent between the three land use categories. When the suburban and urban categories were grouped together into a single “developed” category (>10% impervious cover), TDP was significantly higher in developed creek basins than in undeveloped basins (Figure 3). There were no significant differences between land use categories with respect to average concentrations of TDN, DOC, or mean salinity.


[image: Figure 3]
FIGURE 3. Groundwater compositions in creekbank samples from 2016, averaged for each creek. (A) Salinity. (B) TDN. (C) TDP. (D) DOC. Error bars indicate standard deviation.


Closer examination of results from individual creeks revealed much larger along-creek variability than we had anticipated. For example, in some cases the salinity of creekbank groundwater samples increased from headwaters to the mouth of the creeks (Figure 4), which obscured possible relationships between marsh width and salinity. Our revised sampling plan for 2017, which focused on short reaches of each creek, allowed us to reduce the impact of along-creek variability.


[image: Figure 4]
FIGURE 4. Locations and salinities for creekbank groundwater samples at Rose Dhu Creek, Bluffton, South Carolina, from 2016.




Summer 2017 Results

The smaller number of creeks sampled in the summer of 2017 (Supplementary Tables 3, 4) reduced our ability to make broad generalizations about developed vs. undeveloped watersheds, but samples from creekbanks in this set of creeks generally showed significantly higher concentrations of TDN and TDP in developed watersheds than undeveloped watersheds (Figures 5D–I; Supplementary Table 5). Uplands in developed watersheds also showed higher TDP than undeveloped watersheds, but it should be noted that the salinity of samples from the undeveloped uplands was significantly higher than the salinity of upland samples from developed watersheds. This means that the difference in TDP could be related to redox state or other unmeasured parameters rather than development. The average concentration of DOC was significantly higher in undeveloped uplands than in developed uplands (Figure 5K, Supplementary Table 5). Concentrations of DOC in creekbank samples showed no difference between developed and undeveloped watersheds (Supplementary Table 5).


[image: Figure 5]
FIGURE 5. Average salinity (A–C) and concentrations of TDN (D–F), TDP (G–I), and DOC (J–L) species for upland and creekbank samples. S1 indicates samples collected during summer 2016 (left column); S2 indicates summer 2017 (center column), and W2 indicates winter 2017–2018. * indicates a statistically significant difference between developed and undeveloped pairs.


The value of the more targeted 2017 summer sampling plan was that it revealed new statistically significant linear correlations between marsh width, salinity, and nutrient concentrations (Supplementary Table 6). In the undeveloped creeks, salinity increased with marsh width (Figure 6). This is consistent with our conceptual model, in which wider marshes accommodate greater mixing and reaction with tidal surface waters. This correlation is driven strongly by Crab Haul Creek, which is the only one of the three undeveloped creeks to show a statistically significant correlation between salinity and marsh width when considered individually. The r2 for this relationship increased from 0.31 for the aggregate data to 0.63 for Crab Haul Creek, indicating a much better correlation for Crab Haul Creek. Crab Haul Creek also showed significant positive linear correlations between marsh width and phosphorous species (Supplementary Table 6). We note that among the undeveloped creeks there were also significant positive correlations between groundwater salinity and nutrient concentrations (Figure 7). This suggests that the correlation between marsh width and phosphorus species was strongly influenced by desorption at higher salinities.


[image: Figure 6]
FIGURE 6. Groundwater salinity measured at the creekbank vs. marsh width in the three undeveloped creeks from summer 2016 and 2017. Dashed gray line is the linear regression line for all samples (r2 = 0.31; p = 0.001). Solid gray line is for Crab Haul Creek (r2 = 0.63; p = 0.006).



[image: Figure 7]
FIGURE 7. TDP vs. salinity for creekbank groundwater samples from undeveloped creeks in summer 2017. Dashed gray line is the linear regression line for all samples (r2 = 0.35). Solid gray line is for Crab Haul Creek (r2 = 0.79).


Two of the developed creeks showed very little variation in salinity (8–10), which allowed us to explore the possibility that nutrient concentrations might vary with marsh width in the absence of variations in salinity. We found that TDN and TDP both increased with marsh width (Figure 8), indicating that increases in nutrient concentrations with marsh width are not solely a function of desorption. Only one of the developed creeks showed a significant linear correlation between marsh width and creekbank groundwater composition, and this correlation was negative. At Okatie 2, TDN and TDP decreased with marsh width (Supplementary Table 6).


[image: Figure 8]
FIGURE 8. Nutrient concentrations in creekbank groundwater samples as a function of marsh width for two developed creeks where groundwater salinities were only 8–10. (A) TDN (r2 = 0.56). (B) TDP (r2 = 0.44). Data from summer 2017. Gray line indicates regression line for all samples.




Winter 2017 Results

Samples from the winter of 2017–2018 (Figure 5, Supplementary Tables 7, 8) revealed seasonal differences in groundwater composition and revealed a pattern of statistically significant differences between developed and undeveloped systems that was generally consistent with the summer 2017 samples. In the uplands, DOC concentrations were higher in undeveloped watersheds than developed watersheds in both seasons (summer p = 0.02; winter p = 0.002). At the creekbanks, there was no significant difference in DOC concentration between developed and undeveloped sites. No significant differences were observed in upland samples in TDN or TDP concentrations. In creekbank samples, TDN and TDP concentrations were significantly higher in developed watersheds than undeveloped watersheds (TDN p = 0.001; TDP p = 0.04).

The significant linear correlations that were found between marsh width and groundwater composition during the summer failed to appear in the winter.



Seasonal Differences From 2017 Results

We also compared groundwater composition between summer and winter. In the uplands, average DOC concentrations were significantly lower in winter than in the summer (p = 0.02), contrary to previous studies (Goñi and Gardner, 2003; Oh et al., 2017; Wang et al., 2018). This was driven by a decline in DOC in undeveloped systems during the winter (p = 0.005; Figures 5K,L). No other significant seasonal differences were apparent.




DISCUSSION


Hypothesis Testing

Results confirmed all three of our hypotheses to some extent. Our first hypothesis was that development affects the composition of groundwater in salt marsh watersheds, and indeed we found statistically significant differences between groundwater samples from developed and undeveloped watersheds, in uplands and at creekbanks (Figures 3, 5). Two significant differences were observed in more than one sampling campaign: higher TDP in developed creekbanks (summers of 2016 and 2017); and lower DOC in developed uplands (summer of 2017 and winter of 2017–18). These results are consistent with the main hypothesis that development affects groundwater composition, but they do not necessarily support the subhypothesis that compositional changes in developed uplands propagate through the marsh to the creekbank. The higher TDP concentrations in developed uplands in summer 2017 suggest that phosphorus could propagate from uplands through the marsh, although this could be an unrelated correlation in these complex systems. The higher DOC concentrations in undeveloped uplands was consistent across seasons, but this difference did not appear in creekbank samples.

The fact that we detected differences between developed and undeveloped systems appears to contradict our third (null) hypothesis, which was that differences between developed and undeveloped watershed would be undetectable owing to natural variability among watersheds. However, the results from 2016 support this hypothesis. The broad sampling scheme used in the first year revealed far fewer significant differences between developed and undeveloped creeks than later sampling. This raises the question of whether the differences found in the second year are more an indication of the small sample size (only six creeks), rather than the success of a more targeted sampling scheme. It is clear that further sampling will be needed to better define the association between groundwater composition and development.

Our remaining hypothesis was that salt marshes can act as buffers for development via mixing and reaction within salt marshes, with the sub-hypothesis that groundwater composition would vary depending on the width of the marsh. The focused sampling in 2017 supported this hypothesis (Figures 6, 8). Results from some creeks suggested that salinity-dependent desorption can explain part of the increase in nutrient concentrations with marsh width (Figure 7), but we also found evidence that nutrient concentrations increase with marsh width in relatively low-salinity marshes where salinity did not vary with marsh width (Figure 8). Concentrations of TDN in groundwater of the low salinity tidal creeks were remarkably high (ranging from 26 to 1650 μmol N/L with a mean of 441 μmol N/L), relative to previous observations for surface waters in these same creeks. For example, Sanger et al. (2015), in a broad survey of tidal creeks in the Southeastern USA over multiple years, found that surface water TDN concentrations in Bulls and Shem creek never exceeded 110 μmol N/L and averaged just 53 μmol N/L (Sanger, pers. comm.). These dramatic differences in dissolved N concentrations, although not sampled concurrently, are consistent with the notion of marshes as exporters of nutrients to surface waters (Krest et al., 2000) and that internal processes (both biotic and abiotic) are the major drivers of nutrient cycling and marsh export (Porubsky et al., 2014).



Seasonal Differences

After finding linear relationships between marsh width and groundwater composition in the data from summer 2017, the lack of those relationships in the winter data was unexpected. We speculate that different rainfall patterns or seasonal declines in mean water level, which reach 25–50 cm in winter in the southeastern U.S. (Morris, 2000; Wilson et al., 2015a), caused the influence of tidally-driven mixing to decline. Lower mean water levels mean that the marsh is inundated less frequently (Hughes et al., 2012). The area of the marsh that is inundated also declines, as does the volume of groundwater that circulates through the marsh sediments (Morris, 2000; Wilson et al., 2015a). These hydrologic changes likely explain the loss of the relationship between marsh width and salinity.

Additional factors could contribute to the loss of relationships between marsh width and nutrient concentrations. Long-term observations from North Inlet, SC, show that groundwater nutrient concentrations decline in the winter (Morris, 2000). These seasonal variations were attributed to seasonal variations in the balance between remineralization and consumption (Morris, 2000), both of which are in turn influenced by winter declines in temperature and plant productivity. More intensive sampling (either over a longer part of winter, or over multiple years) will be required to discern the relative impacts of recent rainfall and seasonal variations in sea level, temperature and plant productivity.



Marshes as Buffers for Development

With regard to the hypothesis that marshes act as buffers to development, our results raised two new questions. The first is, if marshes can act as buffers, how wide must they be to be effective? At Village Creek, the salinity reached nearly 30 in marshes of 40–50 m width (Figure 6). At Crab Haul Creek, similar salinities did not appear until nearly 100 m width (Figure 6). In Bull Creek (Figure 8), increasing mixing occurs over at least 60–80 m. The width required to buffer development almost certainly depends on the volume of fresh groundwater discharging from the upland. Resistivity surveys collected from a transect near the head of Crab Haul Creek suggested that the distance that fresh groundwater reaches into the marsh from the uplands can vary by 5–10 m over the course of a year (Carter et al., 2008). The distance that freshwater reaches must vary even more between sites, depending on the width of the upland and the stratigraphy of the marsh.

The second question raised by the linear regression results is why creekbank groundwater composition varied with marsh width in some creeks but not in others. One strong possibility is that some marshes do not fit the conceptual model (Figure 1) in which a sandy sub-marsh aquifer is confined by an overlying mud layer. In this conceptual model, the sub-marsh aquifer creates a key hydraulic connection between the upland and the creekbank (Wilson et al., 2015a,b). In marshes composed primarily of fine-grained sediments, transport and mixing below the marsh surface will be greatly reduced (Wilson and Gardner, 2006; Wilson and Morris, 2012), and fresh groundwater could seep out through relatively sandy sediments near the forest-marsh boundary rather than traveling below the marsh toward the tidal creek. Groundwater at the creekbank would be hydraulically isolated from the upland, and the composition of this groundwater would be dominated by transport of creekwater through the marsh sediments, regardless of marsh width. Groundwater below creekbanks in marshes that are primarily sandy may also be dominated by water sourced from the creek, due to much greater infiltration of creek water into the permeable marsh sediments during inundating tides (see simulations in Wilson and Gardner, 2006). Enhanced mixing in very sandy marshes means that the marsh could still act as a buffer for development, but the unconfined system would not show the wide linear mixing zone that is characteristic of our conceptual model. We also note that the fine-grained “mud” in the root zone may in fact be fine silica silt rather than clay particles (Das et al., 2013). In marshes with significant clay fractions, the sorption properties of the sediments may also affect groundwater composition.

Another way to test the hypothesis that marshes can act as buffers for development would be to test for variations in groundwater composition as a function of distance from the upland rather than testing for variations in groundwater composition as a function of total marsh width, as we did in the current study. It would be very resource-intensive to collect groundwater samples in transects reaching from the upland to the creekbank at multiple sites, but this would allow sampling of the stratigraphy as well as avoiding questions related to mixing with new tidal creek water near the creekbank.



Sources of Uncertainty

In addition to uncertainty related to the relatively small number of creek systems that we were able to sample, errors in estimating the extent of the zone of rapid tidal mixing in the subsurface could have affected our results. Samples pulled from the hypokymatic zone (Wilson et al., 2016; analogous to the hyporheic zone in freshwater streams) could reflect significant mixing with relatively unmodified creek water that enters the subsurface directly through the creekbank during high tides. (We note that the entire marsh is influenced by tidal creek water, because creek water enters the marsh surface during high tide and later returns to the creek, but we are concerned here with the exchange as it impacts our sampling at the creekbank.) We planned to avoid the hypokymatic zone by sampling from a sandy layer at least 1 m below the sediment-water interface, based on our conceptual model, but variations in stratigraphy meant that the depth of sampling varied, and the size of the hypokymatic zone is poorly known in salt marshes in any case. The size also undoubtedly varies between sites.

Our results showed significant relationships between groundwater composition, development and marsh width, but multiple other factors may also contribute to variations in groundwater composition along individual creeks as well as between different creeks. As previously described, these factors include variations the salinity of the surface water from the headwaters to the mouth of the creek or between creeks; differences in the rate of fresh groundwater discharge from uplands; differences in stratigraphy and sediment composition; and variations in biogeochemical cycling in areas of differing ecological productivity or plant zonation. Spatial and temporal variations in tidal amplitude and in the elevation of the marsh relative to sea level also strongly affect the volume of groundwater exchange (Wilson et al., 2015a) and the ecological productivity (Morris, 2000) of salt marshes, which in turn should to influence groundwater composition. We speculate that, after marsh width and development, the two most influential abiotic factors are likely to be stratigraphy and marsh elevation. Overall, however, the next most important step may be expanding this kind of investigation to other geographic regions.




CONCLUSION

This study, although small, revealed statistically significant differences between groundwater composition in developed and undeveloped salt marsh systems in the southeastern United States. Results suggest that development is associated with lower average concentrations of DOC in fresh groundwater below uplands. Development was also associated with higher average concentrations of TDP in creekbank groundwater samples throughout the study. Higher concentrations of TDN were documented in creekbank groundwater samples during the second year of the study, when samples were collected from only six creek systems.

Results support the role of salt marshes as buffers for development. Wider marshes showed evidence of enhanced mixing and reaction, at least during the summer. This was particularly clear in creeks where wider marshes correlated with higher creekbank salinities, but it also included two marshes in which nutrient concentrations measured at the creekbank increased with marsh width despite nearly constant salinity. Thus, also though salinity is clearly an important control on nutrient concentrations via its influence on sorption, nutrient concentrations are a complex function of salinity and other ecosystem processes. Preliminary evidence from three marshes that showed relatively clear mixing trends suggests that marshes 50–100 m wide can act as effective buffers.

The small sample size in this work, as well as additional sources of variability that remained unquantified in this work, mean that our hypotheses and conclusions will require further testing. The additional sources of variability, which range from differences in stratigraphy and plant communities to seasonal variations in temperature and hydrology, mean that the patterns we seek may be difficult to detect. However, the fact that we detected any patterns at all in these highly diverse and heterogeneous systems suggests that patterns do indeed exist.
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2D, Sanger, personal communication. ®Y1, Summer 2016; Y2, Summer 2017 and Winter 2017/2018. “Upland samples could not be obtained from Guerin Creek or Okatie 2, so these

uplands were sampled instead.





OPS/images/frwa-03-770819-g007.gif





OPS/images/frwa-03-770819-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Salt Marshes as Groundwater Buffers for Development: A Survey of South Carolina Salt Marsh Basins



		Introduction



		Conceptual Model for Groundwater Flow and Composition in Salt Marshes







		Methods



		Field Sampling Strategy



		Groundwater Sampling



		Analytical Methods



		Statistical Analysis







		Results



		Summer 2016 Results



		Summer 2017 Results



		Winter 2017 Results



		Seasonal Differences From 2017 Results







		Discussion



		Hypothesis Testing



		Seasonal Differences



		Marshes as Buffers for Development



		Sources of Uncertainty







		Conclusion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Water

Salt Marshes as Groundwater Buffers
for Development: A Survey of South
Carolina Salt Marsh Basins





OPS/images/frwa-03-770819-g001.gif
A Upland Marsh Craek

etiaenct Ifistnct
imnes ramtersnderecoter
PN 1T
= £
Possraduing | vy oot

Sprngies ey vt

B+ Decreased eshwaterrecharge
« Increased noient Ioadng






OPS/images/frwa-03-770819-g002.gif
w

o

he

South .
Coolna

Wotershed Type

f—

]










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Water





