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Changing Sediment Dynamics of a Mature Backbarrier Salt Marsh in Response to Sea-Level Rise and Storm Events
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Our study analyses the long-term development of a tidal backbarrier salt marsh in the northern German Wadden Sea. The focus lies on the development of the high-lying, inner, mature part of the salt marsh, which shows a striking history of changing sediment dynamics. The analysis of high-resolution old aerial photographs and sampled sediment cores suggests that the mature part of the marsh was shielded by a sand barrier from the open sea for decades. The supply with fine-grained sediments occurred from the marsh inlet through the tidal channels to the inner salt marsh. Radiometric dating (210Pb and 137Cs) reveals that the sedimentation pattern changed fundamentally around the early-mid 1980s when the sedimentation rates increased sharply. By analyzing the photographic evidence, we found that the sand barrier was breached during storm events in the early 1980s. As a result, coarse-grained sediments were brought directly through this overwash from the sea to the mature part of the salt marsh and increased the sedimentation rates. We show that the overwash and the channels created by these storm events built a direct connection to the sea and reduced the distance to the sediment source which promoted salt marsh growth and a supply with coarse-grained sediments. Consequently, the original sediment input from the tidal channels is found to play a minor role in the years following the breach event. The presented study showcases the morphological development of a mature marsh, which contradicts the commonly accepted paradigm of decreasing sedimentation rates with increasing age of the marsh. We argue that similar trends are likely to be observed in other backbarrier marshes, developing in the shelter of unstabilized sand barriers. It further highlights the question of how resilient these salt marshes are toward sea level rise and how extreme storm events interfere in determining the resilience of a mature salt marsh.
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INTRODUCTION

Salt marshes are coastal ecosystems that are widely distributed in estuarine systems and represent a transition zone between marine and terrestrial environments as they are frequently submerged by sea water during high water levels. They are of high ecological value and among the most productive ecosystems in the world (Bouchard and Lefeuvre, 2000; McLusky and Elliott, 2004). Salt marshes make an important contribution to global biodiversity (Doody, 2008; Schmidt et al., 2012) and play an important role in nutrient cycling and the removal of pollutants from coastal waters (Gribsholt et al., 2005; Struyf et al., 2006; Jacobs et al., 2008). Globally, they are recognized to have a great ability to sequester atmospheric carbon (McLeod et al., 2011; Kirwan and Guntenspergen, 2012) and are considered to be important shoreline stabilizers due to their ability to dissipate hydrodynamic energy (Möller, 2006; Gedan et al., 2011).

Dissipation of currents and wave energy is also essential for the salt marshes themselves with regard to their vertical growth through sediment accretion, especially for mineralogenic marshes. Sediments (mainly sandy or clayey silts) are trapped by the physical structure of the salt marsh vegetation that reduces current velocities and turbulence levels in the water column (Fagherazzi et al., 2012) and prevents resuspension by stabilizing the deposited sediment (Möller, 2006; Neumeier and Amos, 2006; Mudd et al., 2010). The rate of sediment accumulation is important for the vertical growth of salt marshes in order to be able to keep pace with rising sea levels (Orson et al., 1985; Nyman et al., 2006). Other factors that influence accumulation rates are the elevation gradient affecting inundation frequency and duration (Stoddart et al., 1989; Temmerman et al., 2003), the distance to the sediment source, such as tidal creeks or the marsh edge (Esselink et al., 1998; Reed et al., 1999; Bartholdy et al., 2004), the suspended sediment concentration (SSC) of the inundating water (Kirwan et al., 2010; Schuerch et al., 2013), and the micro-topography of the salt marsh (Langlois et al., 2003). Accretion rates generally decrease with the distance from the seaward marsh edge and from the tidal creeks, in parallel with a grain-size fining (Reed et al., 1999; Allen et al., 2006; Marion et al., 2009). This means that the oldest and mature parts of the salt marsh, which are high lying and furthest away from the sediment source, show the lowest accretion rates as they receive the least and finest sediment (Temmerman et al., 2003; Rahman and Plater, 2014).

Accelerated sea level rise is regarded as a severe threat to low elevated coastal zones (IPCC, 2013), and may submerge or erode salt marshes (FitzGerald et al., 2008; Craft et al., 2009; Kirwan and Temmerman, 2009; Stralberg et al., 2011; Spencer et al., 2016a). The availability of sediments is a key factor determining whether salt marshes are likely to be drowned and disappear or vertically grow fast enough and sustain (French, 2006; Kirwan et al., 2010).

Future changes in storm patterns may be another corollary of climate change (IPCC, 2013). The role of storm events is often considered to be crucially important for salt marshes. Storms are primarily responsible for salt marsh erosion and resuspension of deposited sediments (van der Wal and Pye, 2004), but they can also increase sediment delivery to marshes (Reed, 1989; Schuerch et al., 2013) and the fraction of coarser sediments. This can be especially significant when many coarse sediments are delivered to the mature and inner parts of the salt marsh, where they may enhance vertical growth (De Groot et al., 2011; Schuerch et al., 2012). However, mature salt marshes are often argued to be subject to continuously decreasing growth rates as a consequence of reduced inundation frequencies due to higher elevations (French, 1993; Allen, 2000; Bartholdy et al., 2004). Meanwhile, it has been suggested that the levee-basin topography becomes more pronounced and the channel network is reduced with increasing age of the salt marsh (Steel and Pye, 1997; van Maanen et al., 2015). For the later stages of the marsh succession there is, however, very little field and modeling evidence, which makes it difficult to estimate the long-term development of mature salt marshes (Allen, 2000).

The present study investigates the long-term morphological development of the mature part of a salt marsh in the northern Wadden Sea during the last century and analyses the evolution of pathways for sediment delivery and sedimentation rates in the mature salt marsh. In doing so, we aim to improve our understanding of the evolution of mature tidal salt marshes and the driving forces involved. We particularly focus on analyzing sediment deposition and vertical marsh growth in the mature part of this backbarrier marsh (following the classification of Allen, 2000) that, unlike many marshes of this type, is located behind a rather small, dynamic sand barrier and analyze the mechanisms of sediment delivery and how these have changed over time.

STUDY AREA

The study was conducted on the island of Foehr (54° 43′ 00″ N, 8° 30′ 00″ E), located in the northern Wadden Sea (south-eastern coastal North Sea, Germany; Figure 1). The island is almost completely surrounded by tidal flats; the tides are semidiurnal, with a mean tidal range of 205 cm (WSV, 2017). The northern part of the island of Foehr belongs to a 290.2 km2 large tidal basin, the Hoernum tidal basin (Spiegel, 1997).


[image: image]

FIGURE 1. Location of the study area (Oldsumer foreland) along the North Sea coast of Germany. The salt marsh is located in the north of the island of Foehr. Sediment cores (F1 to F7) have been extracted in the western, mature part of the marsh (black dots), southwest of where the overwash breach in the sand spit is located. The vegetation zonation within the study site is aggregated from the TMAP database (Trilateral Monitoring and Assessment Programme, 2007). Vegetation characteristics considerably differ between the western, central, and eastern part of the marsh as defined by the black lines.



The almost round-shaped island of Foehr is entirely embanked. Salt marshes are located in front of the dike (forelands), especially in the north of the island. This study was conducted in a salt marsh named Oldsumer foreland, is located in the north-west of Foehr (54° 45′ 00″ N, 8° 28′ 30″ E). It has a length of 1,460 m (E–W) and a width of 360 m (N–S) and adjoins the dike directly. This salt marsh is characterized by a sand spit with superimposed beach ridges that almost completely encloses and shelters the marsh from prevailing westerly winds and wave wash. The sand spit has an opening in the east connecting the salt marsh with the Hoernum tidal basin (Figure 1). At present, the sand spit appears to be eroding at its north-western front, where a clear overwash breach can be observed (Figure 1).

Water is mainly exchanged through two creeks that enter the salt marsh at the opening in the east and run almost parallel to the course of the dike from east to west (Figure 1). The northern creek has a width of 8 m at the opening and reaches to the very inner, mature part of the salt marsh, while the southern creek measures about 11 m in width at the opening and ends in the central part of the salt marsh.

A clear zonation pattern of the salt marsh vegetation can be observed: the most mature part, predominantly characterized by high marsh vegetation (Artemisia maritima/Festuca rubra type, and Elymus athericus type), is found in the west and has an average elevation of 1.79 m above NHN, while low marsh vegetation (Atriplex portulacoides/Puccinellia maritima type) predominates in the central part (at 1.66 m NHN on average), and young pioneer vegetation (Salicornia spp./Suaeda maritima type, and Spartina anglica type) dominates toward the opening in the east with an average elevation of 1.6 m NHN (Figure 1; Trilateral Monitoring and Assessment Programme, 2007).

This salt marsh was selected as a study site because a long-term data set of high resolution aerial photographs is available revealing the progressive morphological development of the salt marsh, and because it is one of the few natural salt marshes in the Wadden Sea, where the mature part has not been truncated by a dike or seawall. Developed behind a sand barrier that has not yet been artificially stabilized it is representative of other backbarrier salt marshes behind unstabilized sand barriers and dunes. In contrast to most mainland salt marshes, where drainage ditches are abundant, the selected study site is naturally drained except for a series of ditches right at the foot of the dike.

MATERIAL AND METHODS

Aerial Photographs

We used high resolution aerial photographs (ground pixel size ≥1 × 1 m) from six different years (1937, 1958, 1988, 1995, 2003, and 2010) to visually analyze the morphological development of the study site Oldsumer foreland, including the protective sand barrier along the seaward marsh edge. The photographs were provided by the Schleswig-Holstein's Government-Owned Company for Coastal Protection, National Parks and Ocean Protection (LKN-SH) and were all scanned and georeferenced. All images were georeferenced based on a georeferenced digital terrain model, as described below, using fixed reference points behind the seawall (road crossings, pumping station). Estimated errors related to the georeferencing are on average 3.2 m.

To improve the comparability between the different images (greyscale, false color, and true color), we categorized the sand barrier (and its overwash fans) using the fuzzy selection algorithm by Gimp (Version GIMP 2.6.10) with a threshold color range of 15, applied to the composite colors in all six images. Depending on the distinctiveness of the sand barrier, one (image from 1937), two (images from 2003 and 2010) or three (images from 1953 to 1995) iterations of fuzzy color selection were conducted in order to separate the sand barrier (and its overwash fans) from the tidal flats, tidal channels, unvegetated pools, and marsh vegetation in the images.

Water Levels and Suspended Sediment Measurements

The closest official tide gauge, run by the “Wasser- und Schifffahrtsverwaltung” (WSV, 2017), is located in the nearby Hoernum harbor (54°45′29″N/008°17′46″E), 11 km away from the salt marsh opposite of the large inlet into the Hoernum tidal basin Figure 1). Water levels are continuously recorded every minute.

In the marsh, we placed four pressure sensors (Solnist Levellogger Model 3001) to record water levels during a higher-than-normal inundation event, which occurred on 15 March 2014, when the water level exceeded the mean high water level (MHW) by 0.62 m. As indicated in Figure 2, the pressure sensors were located at the seaward border close the overwash breach (LL4), within the main creek entering the mature part of the marsh (LL1) and in the very inner part of the marsh (LL2 and LL3). Raw data readings were corrected for atmospheric pressure variations during the measurement and converted to inundation heights (cm).
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FIGURE 2. Aerial photograph (from 2010) of the western part of the Oldsumer foreland and locations of sediment cores (F1 to F7), deployed pressure sensors (LL1 to LL4), and water samples collected for analysis of suspended sediment concentrations (SSC1 and SSC2).



Suspended sediment concentrations (SSC) were measured in order to test the hypothesis that SSC in the water inundating the marsh from the tidal creek is lower than SSC in the water entering the marsh through the overwash breach. Water samples of ca. 500 ml each were manually taken from about 10 cm below the water surface close to LL1 (SSC2 in Figure 2) and along the sand spit in vicinity to the overwash breach (SSC1 in Figure 2). Five and seven water samples were collected at the locations SSC1 and SSC2, respectively. In the laboratory, representative subsamples between 295 and 370 ml were analyzed for SSC, using pre-weighed Whatman GF/C glass microfiber filters to analyze the sediment weight (mg) per unit volume (l). After filtration, the filters were cleaned from salt and oven-dried at 105°C for 12 h, before weighing them out. The organic content was determined through loss-on-ignition (%) by combusting the dried sample in a muffle furnace at 550°C for 2 h.

Inundation Modeling

Light detection and ranging (LiDAR) data were used to model the inundation pattern of the Oldsumer foreland for different water levels. The Digital Terrain model (DTM), originating from air-borne surveys between 2005 and 2007, was provided by the State Survey of Schleswig-Holstein, Germany. The horizontal resolution was 1 m with an accuracy of ± 15 cm (1σ), whereas the vertical accuracy was ≤ 7.5 cm (1σ) (Weber, 2008).

Inundation modeling was performed using the bathtub inundation method (Poulter and Halpin, 2008) for water levels between 1 and 3 m above NHN (NHN = Normalhoehennull, which approximates mean sea level) to assess above which water level the Oldsumer foreland floods through the overwash breach (in addition to the water entering through the main tidal channel).

The modeled inundation pattern was verified by field observations during a field survey on 15 March 2014, when the water level at the tide gauge in Hoernum harbor (Figure 1) reached a maximum height of 165 cm NHN at 13:33. The observed inundation pattern was manually recorded by walking around the inundated area, while regularly recording GPS coordinates using a handheld GPS. Despite the low accuracy of this method, it allowed for a rough estimate of the inundation extent and, most importantly, the hydrological connectivity of the marsh, including the small, potentially hidden creeks within the marsh's creek network.

Core Sample Collection and Preparation

Seven marsh cores were collected on 22 January 2009 in order to reconstruct the sedimentation history (F1 to F7, Figure 2). PVC tubes with an inner diameter of 11.8 cm were used. Sampling took place in the western, more mature part of the Oldsumer foreland. Core lengths ranged between 34 and 56 cm, averaging 49.4 cm. Core compaction during sampling was measured while extruding the core from the tube and found to range between 0 and 2 cm over the whole core. After extraction, the cores were sliced into layers of 1–5 cm in thickness with increasing thickness in larger depths.

Sediment Characteristics

Grain size analyses were conducted to study the hydrodynamic conditions during the different sedimentation periods. A subsample of all layers of each core were analyzed using a particle size analyzer (Malvern Mastersizer 2000). Beforehand, the samples were treated to remove the organic carbon, using H2O2, and iron, using sodium bicarbonate, sodium citrate and sodium dithionite. Additionally, the total carbon (TC) content was measured using a CN element analyzer (Hekatech).

Sediment bulk density was calculated as a function of water and organic carbon contents, whereas the organic carbon content was assumed to be represented by TC (for further details see Schuerch et al., 2012).

Sediment Dating and Calculation of Deposition Rates

Measurement of the radioisotopes 210Pb and 137Cs were used for sediment dating. Both methods are commonly employed to investigate soil and sediment processes, in particular to assess sedimentation processes (He and Walling, 1996; Goodbred and Kuehl, 1998; Schuerch et al., 2012; Ruiz-Fernández et al., 2016). A low-background coaxial Ge(Li)detector was used to measure supported and unsupported 210Pb as well as 137Cs via gamma ray activity. 226Ra was used as a proxy for the supported 210Pb, whereas the unsupported 210Pb was calculated as the difference between the total and the supported 210Pb activity. Measurements were conducted by the “Laboratory for Radioisotopes” in Goettingen, Germany (for further details see Schuerch et al., 2012).

Based on the resulting unsupported 210Pb profiles (Supplementary Figures 1–6), the constant rate of supply (CRS) dating model (Appleby and Oldfield, 1978, 1983) was employed to derive the age of each sediment layer. The CRS model is suitable for dating sediments at sites with varying sedimentation rates, but assuming no sheet erosion taking place (Appleby and Oldfield, 1983). For the investigated cores, varying sedimentation rates are a reasonable assumption as the sampling stations of the cores are located in the mid to high marsh, only being inundated during storm surges. Due to the presence of a dense vegetation canopy, it can reliably be assumed that no erosion takes place at and around the marsh cores (Fagherazzi et al., 2012). Sediment ages were determined after normalizing the 210Pb inventories by the grain-size effect as suggested by Ackermann et al. (1983).

A time series of sediment deposition rates (kg m−2 yr−1) was derived from the sediment datings by multiplying the thickness of the sediment layer (m) with the corresponding bulk density (kg m−3) and dividing this by the time period (yrs) within which the layer has been deposited. The advantage of using sediment deposition rates rather than marsh accretion rates is that these are independent of sediment autocompaction, a process that has been reported in many salt marshes of the Wadden Sea (Bartholdy et al., 2010; Nolte et al., 2013).

Data on Storm Events/Surges

In the context of this study, we utilized a dataset, presented by Schuerch et al. (2012) to identify storm events. Thereby, storm events are defined as events of storm surges, which in our study area are caused by strong westerly winds (Gaslikova et al., 2012). The German Maritime and Hydrographic Agency (BSH) defines a storm surge as water levels in excess of 1.5 m above the local MHW level. The long-term MHW level at Hoernum harbor is 0.9 m above NHN (Schuerch et al., 2012). Therefore, we consider all events as storm events when the total water level at the nearby tide gauge Hoernum harbor exceeds 2.4 m above NHN.

RESULTS

Visual Analysis of Aerial Photographs

In 1937, the salt marsh had already established in a sheltered location behind a sand spit in front of the sea dike. The salt marsh had a size of about 26.0 ha. The main water exchange of the marsh happened through the well-developed northern creek as the southern creek was hardly developed yet (Figure 3). The agricultural land located behind the dike was drained through an outlet sluice in the dike that was connected to the northern creek. In 1988, parts of this northern creek have been buried and cut off from the original drainage and creek system (Meyercordt, 1992), while another branch of the northern creek increasingly developed in the south of the original channel (Figure 3). Since then, this newly developed southern branch of the creek transports suspended sediment from the inlet to the inner, mature parts of the salt marsh, where it settles as it reaches the salt marsh platform. While during the considered period (1937–1988) the northern creek has become more pronounced, the southern creek has excelled this development. Appearing for the first time in 1958, it has become a major contributor to the marsh with a water exchange volume that seems to have increased proportionally more than the volume of the northern creek.
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FIGURE 3. Aerial photographs showing changes in the Oldsumer foreland and outer sand spit (in yellow) from 1937 to 2010. Triangles indicate the sampling locations as described in Figure 2. The squares and stars indicate the locations of the pressure sensors and the SSC measurements, respectively, as displayed in Figure 2. In 1937 and 1958 the outlet sluice in the dike is indicated as a red-dashed line, whereas the (dashed) blue lines indicate the observed shift of the northern creek system following the dissection of the original branch of the creek system during the overwash event.



Between 1937 and 2010, the whole salt marsh showed a continued eastward expansion of 34%, related to a steady elongation/migration of the sand spit, which in 1937 was directly connected to the dike (Figure 3), relatively wide (50–60 m) and clearly developed. In 2010, the sand spit still stretched over a distance of 1,100 m from west to east, but got disconnected from the dike and had a width of only 18–22 m. Meanwhile, the north-western front has been eroded and vegetation has been colonizing the sand spit since 1995. Distinct signs of erosion at the north-western front of the sand spit first become apparent in the aerial photograph from 1958, whereas in the picture from 1988 an overwash breach can be observed in the formerly continuous sand spit. The resulting overwash fan on the salt marsh is also clearly visible in the 1988 photograph, and not only dissected the original northern creek, but also buried large parts of the salt marsh. The overwash is still very pronounced in 1995, while the area of the overwash fan has been partly revegetated and the breach is gradually closing since then.

Nevertheless, the remainings of the overwash breach are still visible in the form of a topographic depression and a creek entering the marsh along the north-western front (Figure 4).
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FIGURE 4. Photograph of the overwash breach, taken on 15 March 2014 (by Julian Bisgwa).



Water Level Observations During Tidal Inundation

The current MHW level at Hoernum harbor (2001–2010) is 1.03 m (NHN) (Ministerium für Energiewende, Landwirtschaft, Umwelt und ländliche Räume des Landes Schleswig-Holstein, 2013). During the field survey, on 15 March 2014, the maximum water level reached a height of 1.65 m (NHN) at 13:33, thereby exceeding this MHW level by 62 cm. Four pressure sensors placed at different locations in the salt marsh recorded water levels during this tidal inundation. Pressure sensor LL1, located in the northern creek is characterized by a fast rising tide with a maximum inundation height of 0.89 m at about 14:32 and a slightly longer, slower falling tide. The sensors LL2 and LL3, placed in smaller branches of the northern creek, show maximum inundation heights of 0.14 and 0.17 m with a delay of 57 min (LL2) and 21 min (LL3) respectively compared to LL1 (Figure 5). It can also be observed that the tide rises fast and falls slow, which is especially true for LL2.
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FIGURE 5. Measured inundation heights (m) on 15 March 2014 for the sites as indicated in Figure 2. Heights (m) are derived from the pressure sensor measurements, corrected for variations in atmospheric pressure.



The water level measured at the overwash breach (LL4) shows that the breach was inundated for about 93 min with a maximum inundation height of 0.17 m at 13:59 and a much larger variability in water levels than in other locations, due to the stronger wave activity. The water inflow into the salt marsh via the overwash breach therefore happened before the inner marsh sites (LL2 and LL3) were inundated.

Tidal Inundation Pattern of Marsh Platform on 15 March 2014

On 15 March 2014, the study site was affected by the south-western sector of a low pressure system over southern Scandinavia1. A strong westerly wind of 8 m/s on average, gusting up to 24 m s−1 (Deutscher Wetterdienst Data, 2016) induced a maximum water level set up of 62 cm above the MHW level at the tide gauge in the Hoernum harbor.

Most parts of the investigated marsh were inundated, whereas the observed inundation pattern is very similar to the inundation pattern produced by the bathtub modeling approach on the basis of the LiDAR-derived DTM. The modeled inundation area is, however, smaller than the recorded inundation, confirming that the DTM cannot fully resolve the marsh's tidal creek network.

Both the modeled and measured inundation pattern show an inflow of water through the overwash breach at the measuring station LL4 (SSC1), but no inflow of water into the interior of the marsh platform (Figure 6). This is in accordance with the pressure sensor measurements on the marsh platform (LL2 and LL3) peaking later than the pressure sensor measurements in the overwash breach (LL4) (Figure 5).
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FIGURE 6. Map of inundated marsh areas on 15 March 2014 (blue and blue dotted areas). Blue areas indicate flooding through the tidal channel system. Blue-dotted areas indicate flooding through the overwash breach. Brown-colored areas indicated the inundation pattern derived from the Digital Elevation Model (DGM), assuming an inundation height of 1.65 m (NHN).



Presumably, another 5–15 cm of water level set-up would lead to an inflow of water through the overwash breach into the interior of the marsh, which would most likely modify the inundation patterns considerably and change the characteristics of the water and the sediments flooding the inner marsh.

Sediment Cores

Sediment Age and Deposition Rates

The 210Pb isotope analysis was conducted for all cores, except for core F3, where sediments were too coarse. Sandy sediments are not suitable of radioisotope analysis as their lower specific surface area, compared to mud and clay particles, results in undetectable 210Pb activities. The ages of the measured marsh sediment range from 1892 to 2010 (Figure 7A). The longest reconstruction of marsh growth is presented for core F2, followed by the cores F1 and F7. As a general pattern, we recognize a slow growth of the marsh in early years and an acceleration of growth in recent decades. When comparing the marsh growth to the development of the local mean sea level (MSL), we find that the marsh appears to keep pace with the rising sea levels (Figure 7A).
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FIGURE 7. (A) Historic evolution of the marsh surface elevation (m above NHN) from 1890 to 2010 for the cores F1, F2, F4, F5, F6, F7 in comparison to the annual average of the mean sea level in Hoernum harbor. (B) Time series of sediment deposition rates within the same time period.



Visual analysis of marsh growth and deposition data suggests a regime shift around 1980. Until about 1980, all cores except F4, indicate a continuously slow growth with comparable sediment deposition rates between 0.5 and 5 kg m−2 yr−1 (Figure 7B). F4 grows faster from 1929 to 1940 and remains rather constant until about 1980. After 1980, sediment deposition rates significantly increase in F1and F7 (p < 0.001), whereas no significant increase is observed in the cores F2 (p = 0.31), F4 (p = 0.91) and F5 (p = 0.88). F6 only has one value prior to 1980, which is much lower than the mean after 1980. For the normally distributed cores F1, F2 and F7 a heteroscedastic t-test was used and for the non-normally distributed cores F4 and F5, the non-parametric Wilcoxon-test was used. Meanwhile, around 1980 deposition rates in the cores F1, F3, and F5 show a distinct peak, which does not apply for the cores F2, F6, and F7, although it has to be considered that the respective data points may just be missing in cores F6 and F7.

Apart from the peak in deposition rates around 1980, the deposition rate in the cores F1, F6, and F7 also seem to peak during the early 1990s. It is noteworthy that the deposition rates during the peak periods may exceed average deposition rates by up to a factor of six.

The activity profiles of 137Cs were used to validate the deposition dates derived from the CRS dating model (using the 210Pb activities). 137Cs activities in the area are known to build two distinct marker horizons, corresponding to the peak period of the nuclear bomb tests in 1963 and to the nuclear accident in Chernobyl in 1986. Due to the thick sand layer in the cores F6 and F7, neither of the two 137Cs markers could be found, whereas the 1986 marker could not be found in F2. Generally, the 137Cs dates are no more than 7 years apart from the 210Pb-derived year of deposition except for the 1963 peak in core F4, which located the sediment deposited in 1963 much lower than the 210Pb dating method (Table 1).


Table 1. Comparison between 210Pb and 137Cs dates for the cores displayed in Figure 7.
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Grain Size Composition

Except for core F3 all cores are composed of sand, silt and clay in different proportions. Meanwhile F3 is only composed of the sand fraction in depths below 2 cm (Supplementary Figure 5). Apart from core F3, in all cores grain size composition in the upper 10 cm is very similar with about 10% clay, 70% silt and 20% sand (Supplementary Figure 7). There is a clear increase in the proportion of sand in depths between 10 and 30 cm in all cores. In the cores F6 and F7, this sand layer is particularly pronounced as sand compromises 90 to 100% of the sediment, while the sand contents in F1, F4, and F5 only reach up to 50% (Supplementary Figure 7). F6 and F7 do not only have the highest sand content but also show the coarsest median grain sizes (Table 2). The sediment compositions below 30 cm vary between the cores, but no spatial pattern can be recognized (Supplementary Figure 7).


Table 2. Depth and median grain sizes of the sandy layer, where it is most pronounced.
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When applying the above sediment ages to the respective layers, we find that the time periods of increased sandiness range from 1980 to 2000 in the cores F1, F4, and F5 and from 1970–2000 in core F2. Meanwhile, the identification of the sandy peak is much more difficult in the cores F6 and F7, since they are dominated by sand in depths below 10 cm (Supplementary Figure 7).

Suspended Sediment Concentrations (SSC)

The SSC measurements during the inundation event on 15 March 2014 show higher values at the overwash breach (SSC1) in comparison to the levels measured within the northern creek that supplies the marsh with sediment during regular inundation events. At both sites SSC appears to be higher during flood tide than during ebb tide, suggesting sediment deposition on the marsh platform during the inundation event (Figure 9). Meanwhile the reduction in SSC after high water (HW) at SSC1 (HW at 13:59) is more pronounced than at SSC2 (HW at 14:32). Furthermore, we find the organic content of the sediment samples increases with lower SSC, and it is generally higher within the creek system than at the overwash breach (Figure 9).

DISCUSSION

Storm Induced Changes in the Sediment Dynamics of a Mature Salt Marsh

The investigated salt marsh represents a coastal setting, which is dominated by a longshore sediment drift (eastward) that triggered the formation and migration of a sand spit in front of the sea dike and allowed the salt marsh to establish in the enclosed area behind the spit (Ehlers, 1988). As such the investigated system is sensitive to changes in storm patterns. Our analysis revealed the storm associated processes that act on the morphological development of this salt marsh. It shows that the development and eastward expansion of the sand spit inhibited the direct delivery of sediment over the sand spit until one or several storms breached the sand barrier and allowed for a direct inflow of sediment through the overwash breach. Not only the direct sand input from the breach event, but also the longer term modification of the tidal creek network, caused increased sedimentation in the oldest part of the salt marsh, contradicting the widely accepted paradigm of decreasing sedimentation rates of aging salt marshes (French, 1993; Allen, 2000).

This significant overwash event as first observed in 1988 covered large parts of the marsh with sand and created a breach into the sand spit that enabled a direct water exchange between the Hoernum tidal basin and the inner mature part of the salt marsh. Because of the greater sediment load of the water inundating the marsh and the shorter distance between the sediment source and the inner marsh, sedimentation has significantly increased in parts of the mature salt marsh after the overwash event (French and Spencer, 1993; Christiansen et al., 2000; Temmerman et al., 2003; van Proosdij et al., 2006).

The breaching event must have occurred between 1958 and 1988, although we assume that the event occurred only a few years before the 1988 photograph was taken, since parts of the previous creek system (in particular the major creek in the northern part of the marsh) are still visible and intact and the notch in the sand spit created by the overwash event is still visible and not straightened by the longshore sediment drift yet. The assumption that the overwash event occurred during the early/mid 1980s is further supported by the storm surge data of Schuerch et al. (2012), who found a considerably increased storm frequency during the early 1980s and the early 1990s. These data show that 1984 was the year with the second highest frequency of storm surge events (10 storms with water levels exceeding 2.4 m NHN in Hoernum) since 1938, while 1990 was the year with the most storm events (11 storms). Additionally, our grain size data suggests that the deposition of the sand layer from the overwash event and the sand input during the following years started in the early 1980s (Figure 8).


[image: image]

FIGURE 8. Median grain sizes (μm) of the sediment in the cores F1, F2, F4, F5, F6, F7 plotted against the respective age of the sediment layer. Distinct coarse grained zones within the cores are indicated by horizontal yellow bars. Due to the lack of fine sediments below 2 cm, no datings are available for core F3.



In the years directly following the overwash event, parts of the additionally imported sediment likely originated from the breached sand spit directly and the following reworking of the overwash fan. In the cores F1, F4, and F5, which are located further away from the overwash fan and in a 12–24 cm lower elevation (Figure 2), this leads to a period of distinctively higher deposition rates (up to six times the average deposition rates in core F5) between 1980 and 2000 and a well-defined sand layer, but no significant long-term effect on deposition rates could be observed in cores F4 and F5 (Figure 7B). Due to their lower elevation, these are regularly inundated during normal conditions, making the absence of increased deposition relatively less important compared to the higher located core locations, which are inundated during storm water levels only. However, following the actual event sediment deposition rates in the cores F1, F6, and F7 remained about five times higher compared to pre-overwash rates, even when the direct sand input decreased, suggesting the increased sediment deposition to be a result of the changes in the creek network.

After 1995, the overwash fan appears to be recolonized by marsh vegetation, whereas the sand spit along the north-western edge of the marsh has disappeared almost completely. Moreover, a new creek system is establishing with its origin at the former overwash breach. Our inundation modeling suggests that at present, the inner part of the marsh is supplied with sediment from the northern creek system as long as the water level is lower than ca. 1.7 m above NHN. During higher surge events, the inner marsh additionally receives water and sediment through the overwash breach and the young creek system, which, as we show, is characterized by a much higher SSC (factor of 10 during the measured inundation event) compared to the water within the main tidal channel entering from the east (Figure 9). The increased SSC within the overwash breach is likely related to wave-induced sediment resuspension, triggered by the considerable wave setup as observed along the seaward side of the sand spit, represented by the large variability in water levels (Figure 5: LL4).
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FIGURE 9. Suspended sediment concentrations and organic matter content during the inundation event on 15 March 2014 for the site located within the overwash breach (SSC1) and within the northern creek (SSC2).



Future Development of the Salt Marsh

At present, the Wadden Sea area is experiencing a relatively calm period with respect to storm activity and storm surges (Schuerch et al., 2012). This enables the overwash breach to be closed through the dominant eastward alongshore sediment transport reducing the number of events that overtop the breach and flood the mature marsh through the newly built creek system. Until the next overwash event, the mature salt marsh may therefore experience a further reduction in sediment supply and decreasing sedimentation rates. In some cores (F2, F3, F7) we observe an ongoing reduction in the grain size of the deposited material (Supplementary Figure 7), indicating continuously decreasing hydrodynamic energy conditions during sediment deposition (Rahman and Plater, 2014). These locations are increasingly supplied with fine sediment that is brought through the tidal creek during regular inundation events and decreasingly through the overwash breach.

Even though the sand spit currently seems to rebuild, future rising sea levels may exert an additional pressure on the system, and future storms could well reopen the overwash breach or breach the sand spit at another location. The observed changing magnitude and the spatial pattern of marsh sedimentation goes along with the dissection of the existing tidal creek system and with a fragmentation of the mature salt marsh, including the formation of unvegetated tidal pools. In addition, the overwash breach appears to make the marsh more vulnerable to lateral and channel erosion as the marsh is more exposed to extreme storm events that may follow the event creating the overwash breach. Increased lateral erosion of the sand spit and the salt marsh behind has already been observed during the storm period in the 1980s and 1990s, resulting in the retreat of the sand spit by more than 100 m between 1958 and 1995. In recent years, the reduced storm activity has led to the recolonization of the overwash sediments and the enforcement of the sand spit, hence protecting the marsh against lateral erosion during storm events (Spencer et al., 2016b).

Validity of the Observed Processes for Other Marsh Systems

The investigated marsh system can be categorized as a natural open coast backbarrier marsh (Allen, 2000), which developed in front of a seawall due to the prevailing longshore sediment transport. Unlike other backbarrier marshes in the Wadden Sea, where tidal creeks are often aligned across-shore, regularly spaced between each other, our system is dominated by only two alongshore-oriented tidal creeks that supply the marsh with sediment and grow with the continued eastward expansion of the system. Furthermore, it is located behind a sand spit that has not yet been artificially stabilized as many other sand barriers and dunes on inhabited barrier islands (e.g., the neighboring Sylt).

Storm activity has also been shown to enhance the ability of a neighboring salt marsh in the southern part of Sylt to adapt to sea level rise, where Schuerch et al. (2012) identified a direct link between increased storm activities and marsh sedimentation rates. It is argued that increased sediment resuspension during storm events rather than the input of overwash sediments is responsible for the immediate increase in sedimentation during storm periods (Schuerch et al., 2013; Mariotti and Carr, 2014). No such direct link between the strength and/or the frequency of storm events and the sedimentation rates and/or the marsh stratigraphy could be established within this system (Schuerch, unpublished data), as the storm related sediment input is rather controlled by the morphological changes of the sand spit and the associated changes in the salt marsh. As such our study site represents a natural system, such as for example found in the eastern parts of some of the East Frisian Wadden Sea islands (e.g., Wangerooge, Spiekeroog) or in parts of the barrier island system along the US east coast (e.g., Brigantine, Virgina barrier islands), where overwash breaches and the processes outlined in our study may still occur (Walters et al., 2014).

Our data highlight the importance of overwash processes, which are typical for all backbarrier marshes behind unstabilized sand barriers and dunes and show that a single overwash event may dissect the previous tidal creek system and modify the sources of sediment supply for the mature salt marsh in the long term. In fact, our data suggest that the current paradigm of reduced sediment availability and vertical marsh growth with age is not necessarily valid for this type of backbarrier marshes, where overwash events may sporadically occur. Similarly, De Groot et al. (2011) detected overwash channels on backbarrier salt marshes on three islands within the Dutch and the Danish Wadden Sea and highlight their importance as a significant source of sediment for salt marsh. De Groot et al. (2011), however, claim that the overall contribution of overwash sediments toward the total sedimentation on the salt marsh is negligible, whereas our data suggests that the indirect effects of the overwash event and the following creation of a new tidal channel system may substantially increase the amount and the spatial variability of the sedimentation in vicinity of the overwash breach.

It should be noted that the derivation of historic marsh dating and sediment deposition rates is related with uncertainties, originating from the background radiation toward the low energy gamma-ray spectrum, where 210Pb activity is measured (46.6 keV). Errors associated to the dating of the sediment layers typically are about ±5 years, which makes it unsuitable for the calculation of very recent sediment dynamics (Schuerch et al., 2012). Validation of 210Pb dating is therefore performed using the independent marker horizons of the radioisotope 137Cs, attributed to the distinct deposition events in the years 1963 and 1986 (Schuerch et al., 2012).

Only one or none of the two 137Cs peaks could be identified in three of our cores (F2, F6, and F7), either due to a gap in the dataset (F2) or due the thick sand layer within the core (F6 and F7), which reduces the specific surface area of the sediment particles, thus 137Cs (and 210Pb) concentrations may decrease below the detection limit (He and Walling, 1996). The reduced radiometric activity within the overwash sediment may therefore limit our ability to capture the direct contribution of the overwash event to the overall sediment deposition in the cores closest to the overwash breach (F6 and F7). In core F4, the 137Cs peak was found but in a much lower depth than the 210Pb is suggesting, possible due to its mobilization and downward transport into the soil column.

Broader Implications of our Findings

Coastal salt marshes in the German Wadden Sea are an essential part of the State's coastal protection strategy, particularly marshes located in front of seawalls (Hofstede, 2003). Our research on the Oldsumer Foreland suggests that vertical sedimentation on the marsh surface is keeping up with sea level rise, in particular due to the storm-induced breach of the sand spit in the early 1980s. The observed process, leading to an increased resilience of the mature salt marsh, is directly related to the presence of an unstabilized sand barrier, which on the one hand protects the salt marsh from lateral erosion by effectively reducing hydrodynamic energy and on the other a hand facilitates vertical marsh growth through overwash breaches.

With respect to storm-induced sediment deposition, the backbarrier salt marshes on most inhabited and well developed barrier islands (as well as most other salt marshes directly exposed to the tidal flat and the open sea, including the salt marshes along the mainland in the Wadden Sea) will respond more directly to storm-induced sediment deposition (Schuerch et al., 2012) and their elevation trajectory will rather follow the traditional paradigm of reduced sedimentation rates with increasing age. In the context of the Wadden Sea, where the salt marshes in front of dikes along the mainland (mainland forelands) generally show higher sedimentation rates than the salt marshes located behind the barrier islands due to their artificial drainage systems (Bakker et al., 1993; Dijkema, 1997), we argue that the stabilization of the dunes on the barrier islands may be one of the contributing factors for this difference.

Our data suggest that enhancing natural dynamics in coastal salt marshes situated behind sand barriers, such as sand spits and beach ridges or dune systems may increase the marsh's adaptive capacity to global sea level rise by increasing the sediment deposition rates in response to extreme storm events. Barrier breaching and overwash processes thereby play a key role, but the morphological responses to storm events differ from open coast marshes in that the sediment deposition rates are not directly linked to individual storm events. Rather, they respond to significant morphological changes following a (series of) extreme event(s). Such extreme events were shown to be able to modify the sedimentary regime and thereby increase the sediment deposition rates of the salt marsh for decades following the actual event.

CONCLUSIONS

i) Sedimentation rates on backbarrier marshes do not necessarily follow the commonly accepted paradigm of decreasing sedimentation rates with increasing age of the marsh.

ii) Overwash events may dissect the existing tidal creek system of a backbarrier marsh and result in significantly increased sediment deposition rates in the mature part of the marsh. With the following recovery of the sand barrier, the sediment deposition rates will eventually be reduced to their pre-overwash rates.

iii) While facilitating increased vertical marsh growth, overwash events also destabilize the sand spit, which protects the marsh against lateral erosion and therefore increase the vulnerability of the marsh toward lateral erosion.
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