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Coastal zones connect terrestrial and marine ecosystems forming a unique environment that is under increasing anthropogenic pressure. Rising sea levels, sinking coasts, and changing precipitation patterns modify hydrodynamic gradients and may enhance sea–land exchange processes in both tidal and non-tidal systems. Furthermore, the removal of flood protection structures as restoration measure contributes locally to the changing coastlines. A detailed understanding of the ecosystem functioning of coastal zones and the interactions between connected terrestrial and marine ecosystems is still lacking. Here, we propose an interdisciplinary approach to the investigation of interactions between land and sea at shallow coasts, and discuss the advantages and the first results provided by this approach as applied by the research training group Baltic TRANSCOAST. A low-lying fen peat site including the offshore shallow sea area on the southern Baltic Sea coast has been chosen as a model system to quantify hydrophysical, biogeochemical, sedimentological, and biological processes across the land–sea interface. Recently introduced rewetting measures might have enhanced submarine groundwater discharge (SGD) as indicated by distinct patterns of salinity gradients in the near shore sediments, making the coastal waters in front of the study site a mixing zone of fresh- and brackish water. High nutrient loadings, dissolved inorganic carbon (DIC), and dissolved organic matter (DOM) originating from the degraded peat may affect micro- and macro-phytobenthos, with the impact propagating to higher trophic levels. The terrestrial part of the study site is subject to periodic brackish water intrusion caused by occasional flooding, which has altered the hydraulic and biogeochemical properties of the prevailing peat soils. The stable salinity distribution in the main part of the peatland reveals the legacy of flooding events. Generally, elevated sulfate concentrations are assumed to influence greenhouse gas (GHG) emissions, mainly by inhibiting methane production, yet our investigations indicate complex interactions between the different biogeochemical element cycles (e.g., carbon and sulfur) caused by connected hydrological pathways. In conclusion, sea–land interactions are far reaching, occurring on either side of the interface, and can only be understood when both long-term and event-based patterns and different spatial scales are taken into account in interdisciplinary research that involves marine and terrestrial expertise.
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SEA–LAND INTERACTIONS IN SHALLOW COASTAL AREAS UNDER ANTHROPOGENIC PRESSURE

Coastal areas are the preferred habitats of humans, and it is estimated that between half a billion and more than a billion people live in low-lying coastal regions around the world (Bollmann et al., 2010; Neumann et al., 2015). Global climate change threatens this space, while the increasing population in coastal areas puts the coasts under pressure due to construction activities (including settlements, harbors, wind farms, and coastal protection structures such as dykes and levees), agriculture, and tourism (Nicholls et al., 2007; Doney, 2010; Kummu et al., 2016). These anthropogenic activities modify the water exchange processes between land and sea.

Shallow coasts at low-lying areas are characterized by a relatively wide ecocline from land to sea. Long-term changes in sea-level as well as periodic (tides) or episodic (storm surges) events can, thus, affect large areas on both sides of the shoreline. Our understanding of the sea–land connection is focused on extreme scenarios in which the ocean is flooding the land with often dramatic consequences to the people living on the coast. Studies of sea–land interactions are often focused on estuaries where large quantities of fresh water and solutes are mixing with ocean water (e.g., Newton et al., 2014). The impact of rivers on the coastal ocean is substantial and includes excess nutrient delivery (eutrophication) (Bollmann et al., 2010), transport of essential trace compounds (metals, silica) (Martin and Whitfield, 1983; Du Laing et al., 2009), and may lead to drastic environmental changes along the salinity gradient (Kemp et al., 2005). The coastline itself is rarely considered as an exchange interface for energy, water, and substances, yet this interface is very important as it operates continuously and may have far-reaching effects on (micro-)biological and hydro-biogeochemical processes on either side of the coast (e.g., Rullkötter, 2009; Gätje and Reise, 2012).

Sea level rise is a common process observable around the world, mainly caused by ongoing climate change (Church et al., 2013). Recent studies show a rapid increase of sea level worldwide (Nerem et al., 2018), that is amplified at the southern Baltic Sea by an ongoing isostatic subsidence of the coast (Johansson et al., 2014). Taking into consideration the possible scenario of a combination of sinking coasts (Hünicke and Zorita, 2016), the rising sea levels (Grinsted et al., 2015), and future increase of winter precipitation (BACC II Author Team, 2015), we can expect that sea–land connectivity will increase in the Southern Baltic Sea region in future as the area of the coastal system increases (Nicholls et al., 2007). Understanding of the prevailing physical, biogeochemical, and biological drivers as well as of potential tipping points of such coasts in transition is crucial for our ability to sustainably balance natural conservation and anthropogenic use of the coasts. Therefore, the overarching aim of the Baltic TRANSCOAST research training group is to enhance the fundamental understanding of the interconnected physico-chemical, biogeochemical, and ecological processes along the ecocline of the shallow coast using a southern Baltic coastal site, the Hütelmoor, as a model. The aim of the present paper is to outline the hypotheses and research questions of the interdisciplinary approach of Baltic TRANSCOAST and present the first results generated by this approach as a roadmap to gain deeper insight into processes across lowland coastal transects that can be applied to investigations of similar shallow coastal systems worldwide.

THE BALTIC SEA AS A MODEL TO STUDY EXCHANGE PROCESSES AT SHALLOW COASTS WITH LOW-LYING LAND AREAS

The Baltic Sea is a young shelf sea in northern Europe (Figure 1) connected to the North Sea since the time of the Litorina transgression about 8,000 years ago. The coastline of the Baltic Sea is roughly 2,000 km long (STALU-MM, 2010). The German coastal areas comprise 13,900 km2 currently mostly protected by dykes (Bollmann et al., 2010). Along the shoreline of the Baltic Sea, cliffs alternate with low-lying areas, with the latter often including peatlands. The extent of low-lying areas increases from West to East along the Baltic Sea coast in northeastern Germany (Figure 1).
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FIGURE 1. (a) Map of the Baltic Sea with the extent of the region to the right represented by a purple rectangle; (b) The Baltic Sea coast in the north-east of Germany with low-lying areas and coastal peatlands. Low-lying areas reach relatively far into the land and the wide river valleys are filled with peat. Coastal peatlands occur in the lowest-lying areas (<1 m). Note the coastal catchments (light gray) that are not connected to a river basin and discharge directly into the sea. Country borders were retrieved from www.gadm.org. Base data for the map in b and all other maps were provided by www.geoportal-mv.de.



At low-lying coastal areas, peatlands formed by the accumulation of organic material over millennia often constitute the interface between land and water bodies (Figure 1). They cover an area of approx. 40,000 ha in the northeastern German federal state of Mecklenburg-Western Pomerania and play a pivotal role in buffering the exchange of water and dissolved and particulate compounds. Fundamentally, two different processes contribute to formation of the two major types of coastal peatlands along the southern Baltic Sea coast, i.e., paludification (driven by very rare flooding when the water is hindered from leaving the flooded area) or episodic flooding (weekly to monthly) with flooded periods being generally shorter than non-flooded periods. Most coastal peatlands in Mecklenburg-Western Pomerania belong to the second, episodically flooded type. The sea–land transition zone is characterized by brackish water input into the terrestrial part of the coast through underground seawater intrusion or flooding. Submarine groundwater discharge (SGD) marks transport processes into the opposite direction delivering freshwater, dissolved organic matter (DOM), and nutrients to the sea, independent from riverine export and other point sources (e.g., Andersen et al., 2007; Knee and Paytan, 2011; Donis et al., 2017). SGD also encompasses recirculating seawater and mixtures of seawater with fresh waters (e.g., Böttcher et al., 2018). The direction of exchange across the coastline depends on the prevailing pressure gradients and their physically driven dynamics.

The natural dynamics at the coastline have been altered since centuries by flood control measures such as dykes and flood walls. The exchange of water across the sea–land interface is hampered by these structures, especially at low-lying coastal segments dominated by peatlands, which would be regularly flooded under natural conditions. The establishment of coastal protection measures allowed the artificial drainage of coastal peatlands for agricultural purposes. The resulting lowering of the groundwater tables modifies the prevailing physical and chemical gradients and hinders the possible land–sea connection. The necessity of coastal protection measures is controversial and much-debated. The need for protection of people and their possessions is indisputable. However, higher levels of protection and reduced exchange between land and sea increase the vulnerability of the coast and the potential for catastrophic events. Under sea-level rise, protection of low lying areas at shallow coasts may be an effective way for ensuring wealth and health of local residents, since they could be used as buffer zones for flooding events. Some of the coastal peatlands have been or will soon be rewetted by removing the dykes. The resulting exchange of water and compounds transported by water across the coastal interface has been perceived as a natural process worthy to be conserved or re-established. Likewise, the rewetting and restoration of wet- and peatlands have become a societal priority because of the enormous ecological services restored peatlands may provide like carbon sequestration, and water and nutrient buffering (Vasander et al., 2003).

Future weather and climate scenarios obtained from downscaling of global climate models draw a differentiated picture for the southern Baltic Sea region. While dryer summers with more frequent and occasional extreme storm events are to be expected, the winters may become warmer and wetter in terms of total precipitation (BACC II Author Team, 2015). The winter half-year (i.e., November–April) is the dominant period of discharge generation in the region since in summer evapotranspiration typically causes a negative water balance. With the expected addition of precipitation in winter, more pronounced discharge rates and steeper hydraulic gradients are expected. Considering the many catchments located on the coast that do not drain through rivers (Figure 1), it is likely that diffusive pathways from land to sea will become more important under future winter weather situations.

Elevated groundwater levels and associated steeper gradients toward the sea may provoke SGD (e.g., Church, 1996; Abarca et al., 2013). SGD is defined as ‘any and all flow of water on continental margins from the seabed to the coastal ocean’ (Burnett et al., 2003), originating, for instance, from fresh groundwater of modern terrestrial origin and/or recirculated seawater with the latter providing the main component of SGD in many places (e.g., Church, 1996; Burnett et al., 2003; Böttcher et al., 2018). Besides the hydro-geochemical measurements of dissolved substances, the patterns of Ra and other isotopes in surface waters are particularly helpful for identification and quantification of the benthic-pelagic coupling and source water contributions, respectively (e.g., Moore et al., 2011; Böttcher et al., 2014). Specifically, the pelagic presence of the short-lived 224Ra isotope, which is derived from thorium decay in the sediment, indicates a recent contribution of pore waters to the water column.

Submarine groundwater discharge as a pathway for the exchange of water and associated substances has been observed along the German coastline in tidal areas like the North Sea (e.g., Moore et al., 2011; Jeandel, 2016; Reckhardt et al., 2017) and non-tidal systems like the Baltic Sea (Piekarek-Jankowska, 1996; Massel, 2001; Peltonen, 2002; Kotwicki et al., 2014; Donis et al., 2017; Böttcher et al., 2018). Biological consequences of SGD have likewise been documented (e.g., Liu et al., 2017). Most significantly, the contribution of SGD to total input loads from the land into the sea has been considered as more important than that of riverine freshwater (Kwon et al., 2014). It remains challenging to prove the occurrence of SGD at low-lying coastal segments with small hydraulic gradients. In low-gradient systems, the geological substrate and the heterogeneity of hydraulic properties of individual sedimentary layers are crucial for the establishment of local groundwater fluxes.

The hydraulic properties of the marine sediments impact the near-ground circulation and thus solute dispersion in the shallow sea water. Furthermore, the sedimentary structures, such as ripple fields, have a direct influence on the turbulence dynamics and thereby on velocity and solute concentration profiles (Smyth et al., 2002). The hydraulic properties of marine sediments are considered highly changeable because of bioturbation. The connection between groundwater exfiltration, pore water transport, and near-ground circulation of solute spreading at the sediment–water interface remains as yet poorly described. Wave action and hydrodynamic processes at the water-sediment interface cause pore water fluxes in and out of the sediment (Massel, 2001), bringing oxygen as well as organic material into deeper sediment layers, thereby modifying redox gradients and, consequently, affecting biogeochemical processes like denitrification and/or iron, manganese and sulfate reduction (Huettel et al., 1998, 2003; de Beer et al., 2005; Gao et al., 2012).

Coastal marine sediments are often characterized by coarser grains (sand and gravel), and are commonly less sorted than sediments in deeper waters (Forster et al., 2003). Sediments are often resuspended and transported along the shore; consequently, they are permeable and the upper sediment layers in coastal zones are physically unstable and very mobile habitats. Benthic-pelagic coupling in shallow water is close, and coupling becomes stronger with increasingly shallow waters. The primary production rates are typically high and occur predominantly in the pelagic zone (Schiewer and Schubert, 2004). However, benthic primary production has rarely been considered in these systems despite the micro-phytobenthos and benthic macrophytes being responsible for most of the primary production in shallow lagoons. It has been shown that seagrass and macroalgae production can exceed 100 g C m-2 a-1 (Gocke et al., 2012). Additionally, benthic diatoms may contribute up to 60 g C m-2 a-1 to primary production in the temperate climate of the northern hemisphere (Cahoon, 1999). For the southern Baltic Sea, even higher values have been measured, ranging from 75 to >100 g C m-2 a-1 (Meyercordt and Meyer-Reil, 1999). In the case of the southern Baltic Sea coast with its abundant coastal peatlands, the fluxes across the sediment water interface might be modified hydrodynamically by the presence of outcropping peat layers in the water, which may also serve as a source of carbon and nutrients to the shallow sea. These outcrops are the result of the receding shoreline over the past several thousand years because of sea-level rise (Harff et al., 2017).

BALTIC TRANSCOAST APPROACH

The coastline appears to divide terrestrial from marine ecosystems, yet in reality it forms a unique sea–land transition zone due to the exchange processes between environmental compartments create a unique sea–land transition zone. Baltic TRANSCOAST aims to quantify the extent to which the sea influences terrestrial processes and assess how the shallow sea is affected by processes operating on land, thereby unraveling the system function of shallow coasts at low-lying land areas (Figure 2). We suggest a systematic and interdisciplinary research approach that considers the coast as a continuum of physical and biogeochemical processes that on the one hand influence marine and terrestrial biota, and on the other hand are impacted by this biota.
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FIGURE 2. Baltic TRANSCOAST scheme showing the spatial coverage of the different research topics (— H — hydro-physical, --- G --- biogeochemical, ⋅⋅⋅⋅ B ⋅⋅⋅⋅ biological) and the prevailing water and substance exchange pathways across the coast line at two different possible states: (A) During storm surge events brackish seawater flows into the coastal peatland (above surface and through the sediment); (B) When the groundwater and surface water levels at the land side are high during winter, submarine groundwater discharge (SGD) may export nutrients and dissolved organic matter (DOM) to the shallow sea (not to scale). The spread of the lines indicate the spatial coverage of the respective topic across the coastal ecocline. Arrowheads indicate that those topics have a specific focus on exchange in the direction of the arrow. Non-arrowed topics consider two-way exchange processes instead.



The research in Baltic TRANSCOAST addresses the following main hypotheses:

(i) There is an exchange of water and matter between land and sea in both directions, on varying spatial and temporal scales at shallow coasts.

(ii) Both on land and in the sea, exchange processes influence the biogeochemical processes either directly or by impacting the biota.

(iii) The volume flux of water originating from the terrestrial side (SGD) in the shallow sea may be a low but possibly constant source of nutrients and complex organic molecules.

(iv) The impact of sea-borne water on the terrestrial side is expected to be episodic but with long lasting consequences for biogeochemical cycling.

The research designed to test these hypotheses is arranged around three core thematic areas, i.e., hydro-physics, biogeochemistry, and biology with topics anchored in one of the thematic areas but extending into other areas (see Figure 2).

Hydrophysics

In non-tidal systems, the water exchange between the sea and land is driven by vertical and horizontal exchange flows generated by wind, waves, and lateral density gradients (Figure 2). The hydraulic properties of the prevailing strata as well as exchange processes between porous media and the above lying water column are likewise influencing the linkage between the terrestrial and the marine compartment of the ecosystem. The hydro-physics thematic area in Baltic TRANSCOAST comprises oceanographic (sea side) and groundwater (land side) modeling as well as their coupling via water levels near the shoreline. The underlying hypothesis is that water fluxes between the land and the sea are substantial even at low lying coastal areas because of changing sea levels and variations in precipitation. These water fluxes are assumed to be enhanced locally, when the heterogeneity of the underground causes a concentration of flow pathways at specific locations.

Sea level dynamics are wind-driven in non-tidal systems and modeled in Baltic TRANSCOAST by interactively coupling a General Estuarine Transport Model (GETM) with a wind wave model (Moghimi et al., 2013). Near-shore hydrodynamics are determined by wind-driven transport and the plume of the adjacent Warnow River. The groundwater dynamics are represented using the MODFLOW code and measured groundwater levels along a land–sea transect. Compared to mineral substrates, organic soils forming the peatlands are often characterized by low bulk density, high porosity, and a non-rigid organic matrix. Hydraulic and solute transport properties are highly dependent on soil structure, and thus can change upon mechanical, hydraulic, and geochemical impacts (Rezanezhad et al., 2016). Hydraulic properties of the various substrates are either tested in situ or measured in the lab under varying salt concentrations. Hydrodynamic measurements and modeling are supported by geochemical stable (2H, 18O), non-stable isotope (Ra, 3H), and noble gas (He, Ne, Rn) analyses aimed at identifying flow pathways, benthic-pelagic coupling, SGD, and groundwater residence times.

Biogeochemistry

Peat-dominated wetlands are typically water saturated and, therefore, have low redox potentials. Consequently, they have unique nutrient and carbon cycling patterns that may also alter the processes of surrounding soils and sediments. In coastal areas, the biogeochemistry of peatlands is likely altered when seawater intrudes into the peat body. For example, carbon release and/or sequestration rates may shift and/or additional sulfate may become available for alternative metabolic processes (e.g., during storm surges or via saltwater intrusion). Under the impact of SGD, biogeochemical processes, including greenhouse gas (GHG) emissions in the shallow sea, may differ substantially from non-impacted sites because of differing supplies of electron donors and acceptors (e.g., Böttcher et al., 2018). The availability and transformation of dissolved sulfate is particularly important for carbon and nutrient (e.g., nitrogen and iron) cycling. In Baltic TRANSCOAST, we investigate the pathways of carbon, nitrogen, phosphorus, and sulfate across the land-ocean interface to foster our understanding of the complex interactions of salinity, substrate availability, water and element exchange, and geochemical signal formation in soils and sediments.

We hypothesize that the occasional flooding of the peat body with brackish sea water modifies the degradation of the peat substrate and the release of DOM from the peat, with possible consequences for the reactive transport of different forms of carbon, nitrogen and phosphorus, dissolved inorganic carbon (DIC), and metals to the shallow coastal waters. The exchange of compounds between the Baltic Sea and the peatland (and vice versa) will affect microbial processes and the offshore generation and emission of trace gasses since electron acceptors and donors are transferred between the compartments (e.g., dissolved sulfate enters the peatland). Pore waters and sedimentary substrates are therefore analyzed on transects along the land–sea interface to investigate vertical profiles of concentrations and stable isotope compositions of various dissolved, solid, and gaseous compounds, as well as to characterize the underlying biogeochemical processes and the impact of microbial activities. In addition, the composition of surface waters in the peatland as well as in the shallow Baltic Sea allows for an estimate of the exchange of water and substances between the sediments/soils and the overlying water column (i.e., ‘benthic-pelagic coupling’).

Biology

The hydro-physical and biogeochemical conditions in the shallow coastal sea create specific environments for the biota. Salinity variations caused by freshwater input into the shallow coastal waters may impact the physiological performance, viability, biodiversity, and distribution of microbes, micro- and macroalgae, as well as zoobenthos including bioturbators such as polychaetes and/or bivalves. The input of recirculated seawater and freshwater and the nutrients therein can generate nutrient-enriched conditions in the vicinity of SGD, creating hot spots of biological productivity and shaping the local benthic communities as observed in, e.g., estuaries (Encarnação et al., 2013; Leitão et al., 2015). Changes in the activity or abundance of zoobenthos may in turn affect the sediments via feedback mechanisms such as shifts in hydraulic properties of the seabed because of a modified bioturbation activity. These processes and reactions are only poorly understood up to date and are, thus, given priority in the investigation in Baltic TRANSCOAST in the biological thematic area.

Submarine groundwater discharge and unique seabed properties (e.g., peat out-cropping) may affect the micro- and macro-phytobenthos communities. Frequent resuspension events will likely modify the benthic communities, the oxygen consumption in sediments, and the (re)growth of flora and fauna. We hypothesize that these disturbances may change the community composition of micro- and macrobenthos and influence rates of primary production by nutrient inputs from SGD and/or terrestrial runoff. In addition, benthic diatoms typically exhibit a high heterotrophic potential, and hence might benefit from DOM derived from terrestrial sources. Furthermore, direct impacts of salinity fluctuations on biota are one of the most intriguing aspects of this study. Even small changes in salinity are probably crucial for species composition in the shallow waters at the study site, with opposite effects on benthic and pelagic communities (for review see Telesh et al., 2013). Furthermore, salinity fluctuations can affect secondary productivity and energy fluxes in macrozoobenthic communities through the effects on energetic processes, oxygen consumption, and growth and bioturbation activities of key macrozoobenthos species. We test the hypotheses by determining the effects of salinity fluctuations on bioenergetics of common bioturbators (i.e., sediment-dwelling bivalves). We assess the tolerance thresholds beyond which the physiological impacts of salinity translate into reduced activity, growth and/or survival, thereby affecting the key ecological functions of bioturbation and bioirrigation. The physiological data are upscaled to community-level effects by developing physiologically realistic models of bioturbators’ contributions to oxygen, nutrient, and water fluxes, as well as to the sediment reworking. The models consider the effects of environmental factors (such as temperature, salinity, or sediment characteristics) and biological traits (such as body size and/or bioenergetics status) of the bivalves.

STUDY SITE AND INSTRUMENTATION

Terrestrial Side: Low-Lying Land With Coastal Peatland

Baltic TRANSCOAST focuses on a common investigation site, the nature reserve ‘Heiligensee und Hütelmoor’ (in brief and in the following ‘Hütelmoor’). It is located on the southern Baltic Sea coast in northeastern Germany, near the city of Rostock and the estuary of the river Warnow. The reserve stretches over an area of 540 ha with 315 ha covered by peatland. A local depression shaped by a former glacial stream (Kolp, 1957) served as basis for the development of a fen peatland that formed when the rising sea level of the Baltic Sea caused rising groundwater levels on the landside. The climate is temperate in the transition zone between maritime and continental with an average annual temperature of 9.1°C and an average annual precipitation of 645 mm (data derived from grid product of the German Weather Service, reference climate period: 1981–2010). The evapotranspiration amounts to 620 mm in open water and 581 mm a-1 in reed areas (Miegel et al., 2016).

The peatland type in this site can be classified as a coastal paludification fen, and the largest portion of the peatland is covered by 1–3 m thick layers of sedge and reed peat. Due to its low elevation (-0.1 to + 0.7 m HN), the site was influenced by intermittent flooding events, resulting in the formation of thin sand layers within the peat in some areas. In the surroundings of the Heiligensee, organic or mineral lake sediments are found at the basis of the peat. Underneath the peat, 3–10 m thick basin sands form an aquifer underlain by glacial till. The peatland is surrounded by forest on mineral soils. At the eastern boundary, the peat stretches up to 100 m into the forest featuring Alder carr.

As most peatlands in northern Germany, the Hütelmoor has been artificially drained. The main ditch was installed in the 18th century and mainly served for transporting wood from the surrounding forests to the harbor (Kolp, 1957). The ditch was connected to the lower reach of the river Warnow. Originally, the area had discharged directly into the Baltic Sea via a small brook cutting through the dunes; this connection was later blocked. In accordance with intensifying agricultural production in central Europe (van Diggelen et al., 2006), large parts of the wetland complex were intensively drained in the 1970s by open ditches and then used as grassland for fodder production (i.e., mown twice a year). As a result, the mean annual water level dropped to 1.60 m below ground surface.

In the 1990s, the study site was moderately rewetted and grasses were cut once a year to keep the vegetation open. Extensive mowing supported the aims of nature conservation to preserve a resting site for migratory birds while allowing the restoration of the typical fen vegetation. The mean growing season water level during that time was close to the surface (Koebsch et al., 2013). However, water levels dropped down to 70 cm below the surface during summers, which raised concerns about ongoing aerobic peat decomposition. Therefore, a ground sill was installed in the outflow of the catchment in winter 2009/2010 which initiated a year-round shallow flooding for most areas of the study site (mean growing season water level 37 cm, values indicate flooding). The discharge from the peatland averages 44 L s-1, but stops during summer months when the water level drops below the ground sill (Miegel et al., 2016). Rewetting projects are common for much of the Baltic Sea coast where nature conservation has been given priority.

Currently, the vegetation is dominated by emergent macrophytes such as Common Reed [Phragmites australis (Cav.) Trin.]. Especially in the second part of the vegetation period submerged aquatic species like Soft Hornwort (Ceratophyllum submersum L.) dominate the relatively abundant areas of open shallow water. The typical brackish water emergent macrophyte Sea Clubrush (Bolboschoenus maritimus L.) was almost completely displaced, whereas another brackish water species, the Softstem Bulrush [Schoenoplectus tabernaemontani (C.C.Gmel.) Palla], was able to increase its cover considerably in the last decade (Koch et al., 2017). Dryer areas at the boundaries to the forest are mainly colonized by the Lesser Pond Sedge (Carex acutiformis Ehrh.) and the Common Rush (Juncus effusus L.).

Drainage and agricultural use led to aeration and mineralization of the peat resulting in a highly degraded top horizon. The soil type was identified as sapric histosol before rewetting. The remaining peat body is moderately to strongly decomposed with substantial heterogeneity of physical and chemical properties. Rewetting measures and permanently high water levels (above peat surface) have led to the sealing of the soil surface because of sedimentation of fine particles. The former soil surface now resembles a lake bottom surface, with the possible formation of a gyttja (a characteristic layer composed of either organic or mineral material that can be typically found beneath fen peats, which is considered as the initiation stage of fen peat formation). The ongoing sealing process at the soil surface limits the vertical infiltration, thus, possibly changing the hydraulic functioning of the entire wetland.

A dune dyke was installed at the coastline of the fen in 1903 for coastal protection of the nearby seaside resort Markgrafenheide and was reinforced in 1963 (Miegel et al., 2016). Already before 1903 there was a natural sand dune providing a barrier between the Baltic Sea and the Hütelmoor. Due to the artificial dune dyke the peatland has been almost completely cut off from the Baltic Sea. The last notable intrusion of brackish water occurred during a storm night in November 1995 (Bohne and Bohne, 2008). Afterwards, the dune dyke was rebuilt and strengthened. It is, however, not maintained anymore since the year 2000. It is anticipated that the natural impact of the sea including episodic flooding will re-establish in the near future likely resulting in repeated input of brackish waters (on decadal time scales) with possible consequences for hydro-physical and biogeochemical processes. A recent storm flood event in January 2017, which washed away considerable parts of the dune dyke at places where it was more than 20 m wide, failed to flood the study site.

Marine Side: Shallow Coast of the Baltic Sea

A mosaic pattern of eroding cliffs and sand deposition areas are dominant along the western part of the Baltic Sea coast in northeastern Germany. Due to coastal erosion and isostatic sea level rise the coastline has shifted landwards at the study site exposing former land-based geological strata to the sea. The peat that once developed on land now extends to the sea, forming a unique habitat for micro- and macro-phytobenthos. Most of the coastal area between 0 and 10 m depth is covered by coarse-grained sediments with gravel and cobbles dominating at some sites. In the northern area of the study site, gravel and coarse sands are abundant on the sea bottom surface whereas in the south fine and medium sands dominate (for details and a map, see Kreuzburg et al., 2018). This is typical for sea floor near the coast because coastal waves and prevailing south-westerly winds generate longshore currents, displacing the small particles and transporting them along the coast and toward greater depths. A few tens of meters away from the shoreline an underwater longshore bar has developed. This seems to be typical for the southern German Baltic coastline where no fine-grained sediments can be found (Tauber, 2012).

Roughly 10 km west from the study area, the Warnow estuary enters the Baltic Sea. The Warnow river basin is approximately 3,000 km2 in size with elevation differences of less than 100 m as is typical for lowland catchments mainly used for agriculture (Bahnwart et al., 1998; Deutsch et al., 2006). The river mouth is located 15 km landwards where a weir prevents sea water to travel further upstream. A gauging station is located at the weir and discharge is continuously recorded. The mean outflow rate is 16.5 m3 s-1 with a mean nitrate concentration of 1.78 mg N L-1 (or 127 μmol L-1)1. A small surface plume extends a few kilometers west – and northwards along the estuary while the salinity increases to the typical brackish values of 10–15 PSU. During the passage, inorganic nutrients are entirely consumed or mixed so that only recalcitrant substances like dissolved organic material of the plume are able to reach the study site off the Hütelmoor.

Instrumentation and Field Data Acquisition

The investigations in Baltic TRANSCOAST are carried out on a well-developed research site, the study site Hütelmoor. Some analyses within the project are based on data recorded before the project started in 2016. The investigations on the landside in the peatland have already started in 2008 with closed chamber measurements and the installation of dip wells. In 2009 an eddy covariance tower measuring CO2 exchange was set up, which was equipped with a methane sensor in 2011 and is running continuously ever since.

In the course of Baltic TRANSCOAST, the study site has been instrumented both on land and in the sea (Figure 3). The investigations started in 2016 and are ongoing. The now used locations for chamber measurements are arranged in clusters around the Eddy tower (Figure 3) with replicates in different vegetation types including, e.g., stands of Common Reed and Common Sedge as well as areas with open water and are equipped with boardwalks and dip wells. In each cluster a peeper is installed that allows for regular sampling of pore and surface water at defined depths. GHG chamber measurements and water sampling are carried out monthly. The chambers are custom developed and flexible which allows for measuring vegetation up to 2m height while still allowing for efficient application in the field (Günther et al., 2014). During the campaigns GHG exchange (CH4 and CO2) is measured with either a Los Gatos Ultraportable GHG Analyzer or a Picarro GasScouter.
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FIGURE 3. Map of study site ‘NSG Heiligensee und Hütelmoor’ with instrumentation.



Groundwater monitoring wells were installed in transects across the peatland in 2016 (Figure 3). Each measuring point consists of up to three wells filtered in different depths (upper sand, peat, lower sand). All wells are equipped with self-registering pressure-temperature-salinity probes and are regularly sampled. The geology of the study site was assessed with 17 drillings, mostly down to the glacial till, and numerous additional peat probings. Undisturbed peat cores (250–450 cmł) for analyses of hydraulic conductivity and dissolved organic carbon (DOC) leaching in the lab were taken both in the peatland and in the peat layer cropping out into the Baltic Sea.

On the marine side, two 4.5 m long stationary pore water lances (set-up modified after Beck et al., 2007) have been installed in the sediments in front of the Hütelmoor, as well as data loggers for salinity, irradiance, and temperature in the surface water close to the groins. Pore waters are retrieved from discrete depth intervals from the stationary pore water lances (Beck et al., 2007) as well as from further stations with mobile lances on a roughly monthly basis.

At greater distance to the shore line on the marine side, sampling took place via small boats. These were equipped with temperature and conductivity sensors, sampling devices for the collection of water and sediments, and further acoustic systems. Biweekly to monthly boat-based excursions have been performed to record temperature/salinity profiles, collect water from the surface and above the sea bottom, and to retrieve sediment samples from a grid of stations (Figure 3). Macrophytobenthos assessment was done by Scuba-diving along transects, as described in Schubert et al. (2011). For species determination of the macrophytobenthos the key used is described elsewhere (Schubert et al., 2011), and synonymies and nomenclature follow Schories et al. (2014).

Details on sample preparation, lab analytical procedures and lab experiments are given in the results section with the respective results.

FIRST RESULTS

Our overarching hypotheses are that there is exchange of water between land and sea across the shoreline along shallow coasts at low-lying areas, that the overground and underground pathways of these exchange processes may act on different time scales, and that biotic and biogeochemical processes on the respective receiving sides of the exchange are altered. In this section we briefly describe some results of our investigations and link them to the hypotheses.

Water Fluxes and Solute Transport

Frequency of Flood Events

Recent studies report a projected increase in storm surge levels in the Baltic Sea under different regional climate scenarios (e.g., Gräwe and Burchard, 2012; Weisse et al., 2014; Soomere and Pindsoo, 2016). According to a European wide modeling study (Vousdoukas et al., 2016), the Baltic Sea shows some of the highest increases in projected extreme storm surge levels in Europe, including increased storm surge activity during all the seasons of the year, but especially during spring and summer. We analyzed how sea levels above certain thresholds relative to mean sea level have changed over the past 60 years (Figure 4) and found that the number of hours per year exceeding thresholds of 0.5, 0.75, and 1.00 m above mean sea level have increased. So far, only the trend for the 0.5 m above sea level is significant. These results suggest, that the risk for salt water intrusion (both by flooding and via the subterranean pathway) into shallow coastal areas at the southern Baltic Sea is increasing because time periods with positive hydraulic gradients from sea to land are expanding, leading to more frequent and further inland reaching salt water intrusions by underground wedges, as well as to increased risk for flooding by storm surges. Thus, an increase of land–sea interactions is to be expected for the future which is of importance to all of our main hypotheses.
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FIGURE 4. Number of hours per year exceeding a certain mean sea level. The trend for the 0.5 m threshold above m.s.l. is significant (Southern Baltic Sea Coast). The time series of sea surface elevations were taken from the gauge at Warnemünde and were provide by the Federal Maritime and Hydrographic Agency of Germany.



Warnow River Plume

The discharge of the Warnow-river follows an annual cycle with maximum values of between 50–60 m3 s-1 in February and lowest values of <5 m3 s-1 in mid-summer (Figure 5). To realistically simulate the hydrodynamic conditions in the Warnow Estuary and the adjacent coastal region including the interaction with the Baltic Sea, a nested model approach using the GETM (Burchard and Bolding, 2002) has been applied. This coastal ocean model is based on the three-dimensional hydrostatic momentum equations and transport equations for temperature, salinity, and passive marker tracers to track water masses. Due to the important role of turbulent mixing for the coastal zone, a two-equation turbulence closure model is used (Umlauf and Burchard, 2005). The model is driven by atmospheric forcing from the German Weather Service Model and lateral boundary conditions from larger-scale GETM model simulations of the entire Baltic Sea (Gräwe et al., 2015; Burchard et al., 2018), with lateral grid resolutions of about 2 km. Multiple one-way nesting is used to downscale these simulations to a lateral grid size of 20 m in the Warnow Estuary and the adjacent coast. Modeling results show that estuarine circulation causes a net inflow near the bed and an outflow near the surface of the Warnow estuary, amplifying the river discharge at the mouth by a factor of ten. According to the classification of Geyer and MacCready (2014), the almost non-tidal Warnow estuary is strongly stratified, due to its relatively low discharge and mixing. Similar to the Chesapeake Bay (Scully, 2010), which falls into the same category, its stratification is, however, strongly depending on wind forcing. Our analyses show that the estuarine discharge of the Warnow can form a river plume depending on the effects of mixing in the estuary and the strength of estuarine circulation. Plume formation is prevented when the estuarine circulation is inverted due to up-estuary wind or an inversion of the salinity gradient of Warnow river and coastal water. When leaving the estuary, the river water is deflected to the east due to earth rotation, forming a coastal current passing the Hütelmoor, as shown in Figure 5. This is amplified by the mainly westerly wind and may influence the measured water chemistry in front of the Hütelmoor. When assessing exchange processes between land and sea following the Baltic TRANSCOAST hypotheses, this is an important contribution that has to be acknowledged.
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FIGURE 5. Snapshot of simulated surface salinity outside the mouth of the Warnow estuary under westerly wind forcing. Inset: Time series of observed freshwater runoff from the river Warnow during the years 2011–2017, data provided by the Office for Agriculture and Environment Mittleres Mecklenburg.



Hydraulic Gradients Between Land and Sea

Based on preliminary groundwater gauging data and average sea levels, a retrospective schematic of prevailing land-to-sea gradients has been developed (Figure 6). It is assumed that prior to human activities, water exchange processes were limited to events with either high groundwater or high sea water levels. The systematic drainage of the area resulted in negative gradients with a possible inland migration of a subsurface salt wedge. Rewetting of the peat to levels above ground resulted in average gradients in the positive range and, although gradients are still low, freshwater SGD can be traced, at least locally. Peat shrinkage results in a soil profile that is dominated by highly degraded upper horizons, while the peat is less decomposed (lower bulk density, higher porosity) at lower depths. In the Hütelmoor, we found significant peat degradation also up to 1 m depths and below, which is possibly attributed to natural processes operational during the development of the peat. Irrespective of the general situation of the gradient, significantly higher and lower gradients than expected may occur over short periods of time. These “hot moments” are more likely to occur in the future because of a shift of the precipitation patterns toward higher winter precipitation and storm events during summer.
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FIGURE 6. Schematic of average land-to-sea gradients in coastal peatlands under different water management scenarios. Irrespective of the general situation, extreme events may cause higher gradients than expected.



Seawater Intrusion

Input of seawater to the peatland can be traced by the salinity of the groundwater. While the fresh groundwater originating from the peatland’s forested catchment has a salinity of about 0.3, the salinity in the Baltic Sea in the study site ranges from 8 to 18 PSU. Recent measurements in groundwater wells across the peatland yielded salinities between 3 and 5 PSU both in the peat and the underlying sand aquifer (Figure 7A). During a previous sampling campaign, which focused on the central areas of the study site, salinities of up to 9 PSU were locally measured in the upper peat layers (Figure 7B; Koebsch et al., 2013). The values show only small variations with time and demonstrate a substantial impact of seawater on the Hütelmoor hydrology and biogeochemistry, as suggested in our first and fourth hypothesis (page 4). Less pronounced seasonal oscillations are presumably due to evaporation and dilution processes. Observations at groundwater wells behind the dune dyke show that storm events with high seawater levels cause subsurface saltwater intrusions into the sands behind the dune dyke, detectable as sudden increases in salinity with subsequent gradual decrease. However, these small seawater intrusions were only observed where the dune is most narrow and could not be detected at 50 m inland of areas with wider dunes. During the decades of drainage, the hydraulic gradients between peatland and Baltic Sea were reversed (Figure 6), suggesting a bigger salt wedge and regular intrusions of saline waters into the peatland by surface flooding via the drainage ditches (which are connected to the Baltic Sea via the Warnow estuary) at that time (supported by Bohne and Bohne, 2008, and an unpublished Master thesis from 1995). It is assumed that the high salinities found further inland in the peatland today are still a relic of former floodings. Peat pore water depth profiles along a transect from the coastline to the forest show that at all four coring locations, except the one closest to the forest, electrical conductivity was increasing with depth, and Selle et al. (2016) describe that salinity in the peat is decreasing slowly since the last flooding in 1995. Dating of the groundwater in the sand aquifer using the 3H/3He method showed that a large part of the water infiltrated before 1950. Only near to the southeastern boundary of the peatland close to the forest, groundwater originated from the year of rewetting (2009). These observations suggest a strong legacy effect of flooding with seawater in the peatland, supporting the hypothesis that the impact of sea water on the terrestrial side is expected to have long lasting consequences for biogeochemical cycling on the land side.
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FIGURE 7. (A) Geological profile through the peatland with salinity distribution (PSU); (B) Depth distribution of salinity derived from pore water sampling along a transect from the forest (Core 1) to close behind the dune dyke (Core 4) (see Figure 3). All cores but the one near the forest edge show increasing salinities with depth within the peat.



Combined concentration and stable isotope analysis (C, S) indicates an intense exchange of water and or substances between the soil pore water and the drainage ditches, which can also be seen in the field by enhanced concentrations of metabolites and redox-sensitive metals in surface waters. DIC was enriched in the light carbon isotope compared to Baltic seawater and dissolved sulfate that was already isotopically modified by net microbial sulfate reduction – processes that only take place within the anoxic parts of the soils. Thus, when assessing the intensity of exchange between land and sea at shallow coasts, the influence of man-made structures like ditches has to be considered since the signal on the land side will likely be the result of both exchange processes across the shoreline, and through canals and ditches, which are widespread structures on shallow coasts.

Hydraulic Conductivity of Peat

Fen peatlands and wetlands in general are transitional habitats with associated unique processes occurring between land-based mineral soils and water bodies such as rivers and oceans. However, their buffer function for water and compound fluxes depends on forcing gradients and material properties. With regards to the latter, the saturated hydraulic conductivity (Ks) is of mayor importance, especially in rewetted systems where high water tables prevail. It has been suggested that the geochemistry of pore water may influence the hydraulic properties of non-rigid organic soils. We tested the sensitivity of Ks upon shifts in salinity on peat samples in different stages of degradation (Gosch et al., 2018). The hydraulic conductivity of the undisturbed peat samples was measured with the constant head method, using water with different electrical conductivities ranging from 1 to 55 mS cm-1. For details, see Gosch et al. (2018). The DOC content was measured with a DIMATOC® 2000 analyzer. Our results suggest that salinisation has only minor and non-directional impact on Ks, no matter how strongly we increased the salinity of the water. Our results showed a decrease of Ks with time, which did not depend on the water salinity but was differently shaped for different peat types (ibid.). Interestingly, these findings do not confirm earlier studies in which Ks was found to increase with increasing salinity (Ours et al., 1997). These studies were, however, conducted on bog peat samples whereas we have analyzed fen peat. Although systematic comparisons are missing, it is likely that Ks differs systematically between bog and fen peat since the pore structure of the peats differ strongly.

The hydraulic conductivity, as measured in percolation experiments, is to a certain extent an integrative signal of the soil pore structure (Rezanezhad et al., 2010, 2016). It can, thus, be concluded from the given results that varying salinity conditions do not necessarily modify the pore structure of peat soils as had been hypothesized. This research needs to be continued explicitly addressing pore structure employing imaging methods. A comparative computer tomography analysis on samples from the main peat body and from peat layers outcropping in the sea (continuous seawater impact) may be a promising way to study the effect of sea water on peat structure.

The Sediment–Water Interface

At the marine side of the Baltic TRANSCOAST site, approximately 80% of the area are covered by permeable sands (k ≥ 10-11 m s-1; falling head permeameter). In this sandy environment, hydrodynamic forces mostly related to wave action induce pore water flows when interacting with ripples and similar sedimentary structures. Overlying water is advected into and pore water driven out of the sediment in distinct areas on spatial scales of cm to dm based on ripple dimensions. Ripples change position in response to hydrodynamic forcing. At the coast off Rostock, these changes occur on time scales ranging from minutes to days. From in situ experiments using stirred benthic chambers (Huettel and Gust, 1992) we found fluxes of nutrients between pore water and overlying water to increase two- to fourfold when the sediment interface was exposed to pressure gradients mimicking typical hydrodynamic conditions in the overlying water. Adding the temporal dynamics of the interface topography this suggests a highly dynamic environment with respect to salinity, oxygen, sulfide, and pore water nutrient concentrations.

The discharge of groundwater into a benthic boundary layer agitated by wave motion was implemented in a lab experiment in a water tank of 5 m × 0.8 m × 1 m (l × w × h), which was equipped with a piston type wave generator. The main water volume was seeded with 5 μm polyamide particles to observe the motion of the fluid. The groundwater was marked with fluorescent dye and infused through a permeable sea bed made of porous foam over a surface of 0.7 m × 0.6 m (l × w). The flow measurement was performed by a laser optical PIV-LIF (particle image velocimetry – laser induced fluorescence) setup. Two Flowsense cameras (Dantec Dynamics) simultaneously observe an identical field of view of 132 mm × 241 mm parallel to the flow and perpendicular to the permeable ground. The field is illuminated by a YAG laser at a 7.5 Hz double pulse rate. The LIF camera captures the fluorescent light, which is then quantitatively evaluated indicating the concentration in the groundwater. The PIV camera captures the refracted light from the tracer particles in the flow in double frames. From the particle motion the flow velocities were calculated using an adaptive PIV algorithm with a final interrogation are of 32 pixel × 32 pixel. Both measurements were performed over 6,000 frames/double frames to cover 800 s of lab time. From the time resolved flow velocity and concentration fields the concentration boundary layer and turbulent Reynolds stresses and fluxes were calculated. Concerning the boundary conditions, three scenarios were investigated to cover different levels of agitation in the coastal zone. The “calm” scenario used a period of 1.99 s and an orbital velocity of max. 0.05 m s-1, the “average” scenario 2.52 s and 0.1 m s-1, and the “storm” scenario 3.3 s and 0.25 m s-1, respectively.

The transport coefficients derived from the fields of concentration and velocity for these scenarios can then be used in an improved modeling of the flow and transport in the benthic boundary layer under unsteady conditions. For the quantification of the transport, a 75% concentration of tracer dye was defined as the concentration boundary of the discharged groundwater (Figure 8). A 75% value was chosen to indicate the concentration boundary as it represents the highest gradient. This boundary was observed during a time period of 15 min. Three scenarios with increasing wave amplitude and orbital velocity were investigated. Our results from these measurements show that for a planar topography the vertical transport of the discharged groundwater is dominated by the diffusion velocity, whereas the horizontal transport is governed by the wave motion. Thus, with increasing wave motion the initially pure vertical transport is substituted by a horizontal efflux of the discharged groundwater. Further analysis will allow derivation of model equations of the distribution of discharged groundwater in the benthic boundary layer with respect to the wave motion and the surface topography. These experimentally validated model equations for the turbulent transport can then be used as improved boundary conditions for the numerical simulation of the distribution process on the entire coast bringing us closer to a better understanding of exchange processes on shallow coasts.
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FIGURE 8. Thickness of the groundwater boundary layer in lab experiment derived from the concentration profile of the laser induced fluorescence (LIF) tracer in the discharged groundwater. The profile was derived from a horizontal averaging of the LIF-tracer concentration maps (example map displayed above).



Benthic-Pelagic Exchange of Water and Substances

Offshore monitoring campaigns revealed unique patterns of hydrographic parameters in front of the Hütelmoor due to salinity changes likely originating from the influence of freshwater in front of the Hütelmoor (Figure 9). To investigate the seasonal and event-driven effects on the transport and biogeochemical transformation processes, vertical pore water profiles were retrieved regularly from water lances. The oxygen isotope composition of the pore water was determined with a Picarro L2140-i Laser-cavity ring-down spectroscopy system (Böttcher et al., 2014), the concentration and stable carbon isotope composition of DIC was determined by IRMS using a Gasbench II coupled to a Thermo Finnigan MAT 253 gas mass spectrometer (Winde et al., 2014; Donis et al., 2017). Dissolved sulfide was measured spectrophotometrically (Specord 40 spectrophotometer) according to Cline (1969). Dissolved phosphate and silica were measured from acidified solutions by ICP-OES (Thermo iCAP 6300 Duo Thermo Fisher Scientific).
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FIGURE 9. Temperature and salinity (PSU) distribution in front of the experimental coastal peatland (summer 2016).



A seasonal study of the Ra isotope distribution in surface waters showed high dynamics, and based on the detection of short-living Ra isotopes, a clear indication for fast and intense benthic-pelagic mixing of Ra-enriched pore waters into the water column. Along the shore line hydrochemical and isotopic composition of pore waters down to 5 m below sea floor were investigated regularly (Figure 10). The found freshening with depth indicates increasing contributions by less saline water that is also isotopically lighter than the Baltic Sea surface water. In parallel, the pore waters display the typical biogeochemical zonation with an increase in the concentrations of DIC, PO4, NH4, and H2S with depth (data not shown). The carbon isotope signature of DIC indicates the addition of biogenic CO2 derived from the mineralization of reduced carbon, probably superimposed by carbonate dissolution. Microbial sulfate reduction is the most important anaerobic process in these sediments leading to stable sulfur isotope signatures in dissolved sulfate and sulfide resembling a system in which the gross sulfate reduction is faster than the sulfide re-oxidation or diffusional/advective transport of sulfate from the bottom waters (e.g., Hartmann and Nielsen, 2012). Sulfide re-oxidation is likely limited to processes in the top part of the sediments and limited at depth due to a lack of reactive iron. The exchange of these modified pore waters with the Baltic Sea water column will lead to an SGD component acting as a source of DOM, PO4, H4SiO4, NO3 (after nitrification of NH4), protons, and an excess of isotopically light DIC. The investigations of the long pore water profiles indicate dynamics in the pore water system which support the hypothesis that the near shore exchange through the sediment is a constant source of nutrients and complex organic molecules to the coastal sea.
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FIGURE 10. Examples for vertical profiles of the pore water composition at a submarine groundwater discharge (SGD) impacted site (taken with a mobile pore water lance in spring 2017). Whereas the water isotopes and salinity (PSU) indicate the contribution of fresh and isotopically lighter water at depth, the dissolved carbonate system shows a clear contribution of biogenic CO2 derived from the anaerobic mineralization of essentially marine organic matter. Dissolved sulfide, the product of microbial sulfate reduction, accumulated about 40 cm below sea floor and also phosphate and silica were substantially enriched in the pore waters when compared to surface water.



Dissolved Organic Matter (DOM)

The release of DOM from peat layers from both the terrestrial and the marine side varied in leaching experiments. DOM was released in higher concentrations from the terrestrial peat as compared to the outcropping peat layers in the sea. The composition of a typical pore water DOM from peat exposed to saltwater as revealed by pyrolysis-field ionization mass spectrometry (Py-FIMS) – a non-targeted soft ionization MS method (Leinweber et al., 2009) indicated the abundance of 1% carbohydrates, 19% of phenols/lignin monomers, 5% lignin dimers, 10% lipids, 21% alkylaromatics, 0.4% mostly cyclic N-containing compounds, 2% peptides, and 4% free fatty acids (percentages as proportion of total ion intensity in the Py-FI mass spectra). This composition differs from the mean composition of other fen peat DOM samples (Leinweber et al., 2009) in larger proportions of phenols/lignin monomers, and alkylaromatics at the expense of carbohydrates, heterocyclic N-containing compounds and peptides. These differences may reflect an influence of salinity on the DOM sampled because saline waters extracted more phenols and lignin monomers and alkylaromatics than freshwater. This finding has important consequences for a future with a predicted increase in flooding events—i.e., an increase of the sea–land influence – because the remaining peat on the land side may be subject to increased physico-chemical erosion reflecting just one process where episodic sea water influxes entail long-lasting consequences for biogeochemical cycling on the land side.

Greenhouse Gas Emissions

Methane Emissions in the Peatland

Due to its evolution and land management decisions in the past (first drainage, then rewetting), the studied coastal fens biogeochemistry is impacted by both fresh and saline waters. In the past, the fen must have received substantial sulfate loads from episodic flooding with brackish water and the legacies of those floodings can still be found in deeper layers of the peat. Despite the high sulfate loads, which are known to inhibit methanogenesis (Bartlett et al., 1987; Giani et al., 1996) or lead to anaerobic methane oxidation (Boetius et al., 2000), the fen became a methane source after rewetting by flooding with fresh water (Glatzel et al., 2011; Hahn et al., 2015; Koebsch et al., 2015). Our analysis of repeated pore water sampling shows that high sulfate concentrations and high methane concentrations from surface to pore waters are spatially separated (Figure 11) suggesting sulfate reduction and methanogenesis to happen in different depth zones and, thus, supporting the hypothesis that episodic flooding with seawater generates strong legacy effects in the biogeochemical cycling on land.
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FIGURE 11. (Pore) water profiles of DOC (black, circle), CH4 (blue, diamond), and SO4 (red, square) derived from repeated sampling in the central part of the peatland. Symbols denote median concentrations over monthly samples taken from May to October 2015, shaded polygons stretch from the 1st to the 3rd quartile of the distribution at the specific depths. Lines as well as shading contours are linearly interpolated between depths.



An interdisciplinary analysis of the soil profiles along a transect perpendicular to and with different distances to the shoreline using a combination of stable isotope (H, C, O, S) partitioning, analysis of microbial community structure, and diagenetic pore water modeling enabled us to get a better idea of the prevailing biogeochemical processes (Fernández-Fernández et al., 2017). We found a strong increase in salinity with depth (Figure 7B) at all sampling locations likely caused by residual brackish solutions. The pore water composition indicates substantial net sulfate reduction under sulfate-limited conditions at depth which find their expression in the formation of isotopically heavy iron sulfides and incorporation of sulfur into the organic matter (Fernández-Fernández et al., 2017). This zone of intense sulfur cycling is positioned below a freshened soil zone were methanogenesis takes place, which is dominated by acetotrophic Methanosaeta. Anaerobic oxidation of methane is indicated for the transitional zone. A comparison of pore water and solid phase compositional profiles suggests temporal changes of the reaction zones in the past.

We believe that the development of a shallow methanogenesis zone above a zone of intense sulfur cycling may be a specific feature of episodically flooded coastal wetlands, especially when hydrological changes cause freshening of surface waters. Interestingly this layering of a methanogenesis zone above a sulfate reduction zone is reversal of the anaerobic methane oxidation zone, observed in typical marine sediments (e.g., Boetius et al., 2000; Jørgensen and Kasten, 2006). This highlights the need for a more differentiated perspective on coastal ecosystems as commonly neglected methane sources.

Methane Emissions in the Shallow Baltic Sea

The recorded distributions of temperature and salinity in coastal waters reveal a clear impact of distinctly different waters close to shore showing cross-slope gradients with slightly reduced salinities and elevated temperatures after a short period of stagnation (Figure 9). To analyze the trace gas distribution at the sediment surface, water was filled bubble-free into crimp vials that were immediately sealed. Bottles with 50 ml volume received 130 μl of a saturated HgCl solution and were stored cool and dark until analysis. Trace gas concentrations were analyzed on a gas chromatograph (Shimadzu GC-2014) with an FID (flame ionization detector) for methane and ECD (electron capture detector) for nitrous oxide determination.

Interestingly, the temperature and salinity anomalies are found near the coastal area with emerging peat deposits (Kreuzburg et al., 2018) and near areas with the highest bottom water methane concentrations (mean: 25.3 ± 9.3; range: 15–55 CH4 nmol L-1, Figure 12). Since peat may release DOC with advection of low saline pore water (Tiemeyer et al., 2016), these coastal sediments have an increased potential of organic matter release due to hydrological dynamics. The input of peat-derived DOC likely enhances CH4 production rates (Aravena and Wassenaar, 1993; Liu et al., 2011) in coastal surface waters. These findings match new data from the southern North Sea, where increasing concentrations and air-sea fluxes of methane were reported toward the shore in the Belgian coastal zone, in particular in areas of free gas occurrence (Borges et al., 2016). The free gas occurrence in the Belgian coastal zone has been suggested to be generated by the decomposition of a thin Pleistocene peat layer zone (Missiaen et al., 2002), which is a somewhat similar situation to ours. Thus, our results support the hypothesis that SGD is increasing the inflow of DOC and nutrients into the coastal zone and thereby instigating changes in biogeochemical cycling in the coastal sediments.
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FIGURE 12. Dissolved methane distribution in the shallow Baltic Sea in front of the study site, composite of several measurements in June 2017.



Coastal-near dynamics apparently foster the transfer of methane from the sediment toward the water column, which is usually oxidized by effective anaerobic and aerobic oxidation (Knittel and Boetius, 2009). However, our data suggest that elevated methane concentrations near the shore are hardly oxidized in the water likely due to the shallow water depth suggesting possible methane emissions from the coastal waters to the atmosphere. In the future we plan to assess whether or not this is contributing substantially to atmospheric methane fluxes.

Ecological Effects of Freshwater Fluxes and Peat Outcropping in the Baltic Sea

Macro-Phytobenthos

Salinity plays a major role for macrophytobenthos in the eutrophic southern Baltic Sea (Volkmann et al., 2016). The number of macroalgae taxa has been shown to decrease with decreasing salinity in the Baltic Sea (Schubert et al., 2011; Telesh et al., 2013), yet so far the potential role of irregular freshwater input as an additional stressor has not been studied. Frequency as well as the amplitude of variability in salinity is the decisive factor for occurrence/absence of species at a given site (Telesh et al., 2013). In this context, SGD must be seen as an additional factor of variability, impacting macro- as well as microphytobenthic community composition. Our study site is located in a critical salinity range, where small local changes in salinity may cause drastic effects in community composition. Similarity between closely neighbored communities has been shown to drop sharply in this salinity range, indicating the relatively strong effect of small perturbations (Schubert et al., 2011). Transect sampling was thus performed in front of the Hütelmoor to estimate the impact of irregular freshwater pulses on the taxonomic composition of the macrophytobenthos community.

A striking result is the almost complete absence of Fucus spp., the only habitat-forming species able to grow in this region of the Baltic Sea (Wahl et al., 2011). Without this species, the macroalgae community in front of the Hütelmoor is severely species-depleted, consisting mainly of branched filamentous red algae, which contribute >80% to the total biomass both in spring and autumn. Total biomass along the depth gradient showed a sharp decline below 2 m water depth (Figure 13, left panel), which is consistent with the steep irradiance gradient, as can be seen from the attenuation spectra (Figure 13, right panel). The reason for the absence of non-filamentous, perennial species as well as dominance of red algae at the depths preferentially occupied by green algae needs to be investigated by means of physiological studies of tolerance against salinity fluctuations. If the species expected to be found at these depths and/or region (such as Fucus spp. or green algae) turn out to be less tolerant to salinity fluctuations than those found in abundance near the Hütelmoor, this would provide a strong support for our hypothesis that land–sea exchange processes impact the relevant biota in the coastal sea.
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FIGURE 13. (A) Total fresh weight of macrophytobenthos along a transect in front of the Hütelmoor in autumn and summer 2016. For each depth, six replicates were sampled by means of Scuba-diving; (B) Attenuation spectra recorded in July (solid line) and October (dotted line) close to the transect position. Lower attenuation in autumn is overcompensated by lower solar elevation.



Micro-Phytobenthos

In contrast to macroalgae, benthic diatoms are much less affected by salinity fluctuations. In a previous study, three abundant benthic diatom taxa were isolated from sandy sediments sampled at a shallow-water area (15–30-cm water depth) (54°01.490′ N; 11°32.110′ E) at the southern Baltic Sea coast, the so-called ‘Boiensdorfer Werder’ opposite of the island Poel and the Mecklenburg Bight, and their salinity tolerance was evaluated (Woelfel et al., 2014). Benthic diatoms were isolated from the top 5 mm layer of the sediment cores, purified and established as unialgal cultures according the protocol of Stachura-Suchoples et al. (2016). These strains were used to measure growth and photosynthesis under various controlled abiotic conditions (Woelfel et al., 2014). Surprisingly, all species were characterized as euryhaline, growing across a wide range from almost freshwater to hypersaline conditions (1 up to 50 PSU). Consequently, these representative taxa can cope with very low in situ salinities, and hence SGD will most probably not have a negative osmotic effect on photosynthesis and growth.

In contrast, preliminary data on the influence of DOM in the Hütelmoor water body on benthic diatoms indicate a stimulating effect on growth of two species isolated in the shallow water in front of this fen peat site. To determine the effect of DOM in the Hütelmoor water body on heterotrophic growth in the dark, benthic diatom isolates were incubated for 10 days in darkness in 6 different chemically defined media. Afterwards the cell numbers were estimated, and the values were compared to a control. The Hütelmoor water organic compounds led to a statistically significant stimulation of growth in darkness, which suggests heterotrophic behavior. Other benthic diatoms have been experimentally characterized as mixotrophic microorganisms that photosynthesise in light and easily can switch to heterotrophy under dark conditions (Kitano et al., 1997). The heterotrophic lifestyle of benthic diatoms mainly includes the uptake of bioavailable sugars, amino acids, organic acids and other organic substrates from the environment, and some active transport mechanisms for such compounds are identified, which seem to be substrate and light regulated (Hellebust and Lewin, 1977; Armbrust et al., 2004). From an ecological standpoint, heterotrophy seems to be a very important mode of nutrition when cells are buried into the sediment because of unstable surface conditions in the shallow water habitat caused by wind, waves, and currents. Although benthic diatoms can actively move vertically in the sediment, this process requires energy and the uptake of organic substances from the peat might facilitate such movement to escape darkness. Our results suggest that SGD with increased DOM concentrations in front of the Hütelmoor may potentially increase the growth of benthic diatoms supporting the hypothesis that exchange processes alter the growth conditions on the seaside.

Zoobenthos

The multiple interconnected environmental shifts associated with SGD (such as changes in salinity, temperature, seawater chemistry, and nutrients) result in complex interactive effects on the benthic organisms inhabiting these areas that can be effectively understood by investigating the impacts on the energy fluxes through the organisms and the ecosystem (Figure 14). Physiological assessment of the burrowing capacity and endurance of marine bioturbators (the softshell clams Mya arenaria) as well as the energy costs of burrowing were conducted as described elsewhere (Haider et al., 2017). Briefly, clams were acclimated to the normal (15 PSU), low (5 PSU) and fluctuating (5–15 PSU) salinity for 3–4 weeks, and their burrowing speed and endurance was determined using video recordings during repeated forced burrowing. The respiratory activity of isolated mitochondria as well as the activity of the mitochondrial electron transfer chain in the tissue extracts were measured as proxies for the clams aerobic capacity under the resting conditions and after repeated burrowing. Energy costs of burrowing were assessed by measuring the amounts of tissue energy reserves (lipids, proteins, and carbohydrates) under resting conditions and after repeated burrowing, and the energy cost was calculated as the % of the total body reserves (expressed as energy equivalents) used to fuel a single burrowing cycle.
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FIGURE 14. Bioenergetics-based model integrating the physiological effects and ecological consequences of multiple stress exposures in coastal habitats. Images are obtained from the Wikimedia Commons and are in the public domain.



Sediment reworking by bioturbators is considered one of the most energy expensive modes of activity, and our estimates show that a single digging cycle of a marine bioturbator M. arenaria uses up on average 7% of its energy reserves (Haider et al., 2017). Thus, it is not surprising that abiotic stressors (such as low and/or fluctuating salinity characteristic of SGD) negatively affect the burrowing capacity of sediment-dwelling zoobenthos including clams, polychaetes, and echinoderms (Turner and Meyer, 1980; Lardies et al., 2001; Przeslawski et al., 2009; Haider et al., 2017). These changes may have important implications for the ecological functions of bioturbators affecting the sediment reworking by the resident biota and the associated influx of oxygen and nutrients into the deeper sediment layers (Figure 14). Furthermore, fluctuating salinities led to changes in the biochemical composition of the clam tissues (Haider et al., 2017), potentially impacting the nutritional quality of the food for the top-level predators feeding on clams in this shallow coastal ecosystem.

Currently, we are developing bioenergetically based ecological models to assess the effects of the common environmental stressors (including salinity and temperature change) on survival, growth, and digging activity of the clams by assessing the effect of these factors on energy assimilation, maintenance costs, and energy available for the biomass production. Our model considers the effects of multiple stressors (regardless of their nature) on the distribution of energy fluxes through the organism and their implications for the higher-level ecosystem functions. For example, salinity shifts caused by SGD or freshwater run-off may cause physical disturbance by hydrodynamic forces, or warming may cause physiological stress, increasing energy demand for maintenance, altering the energy and nutrient content of the tissues, and negatively affecting the capacity to do the work. Negative impacts of abiotic stressors might be modulated and partially offset by increased food supply due to the stimulation of the algal production near the freshwater influx. These changes in energy fluxes and energy trade-offs between different fitness-related functions translate into changes in ecological performance of the organisms and ecosystem services they provide (such as bioturbation or trophic energy transfer) (van der Meer, 2006; Sokolova et al., 2012; Sokolova, 2013). Such models serve as mechanistically based tools to understand and predict the complex effects of the environmental shifts caused by SGD on the local communities and ecosystem services they provide and will help us to test the hypothesis that increased inflow of water from land to sea imposes substantial changes to the marine food web.

CONCLUSIONS/OUTLOOK

A system approach, in which the coast is considered as a continuum that extents from land to sea, seems to be promising to indeed foster our understanding of the ecosystem functioning of shelf seas and low lying coastal (wet)lands. Here, we demonstrate that the interdisciplinary collaboration among both terrestrial and marine hydro-physicists, biogeochemists and biologists gives new insight into the operating processes.

Our results show that either side of the coastline is impacted by the respective other ecosystem compartment. It has to be emphasized that the mutual influence is operational despite low gradients and a non-tidal system. Although a dune functioning as a dyke between sea and land is still in place, we found evidence for earlier flooding events. Biogeochemical processes such as the production of GHGs are still affected by saltwater influx, despite the intrusion probably dating back decades. Water flux-based exchange processes within the main peat body operate at small rates, while deeper groundwater fluxes and at the border of the peatland might be more relevant. Considering the land area along the Baltic Sea coast that is discharging directly into the sea (catchments unconnected to main draining rivers), we conclude that biogeochemical and resulting biological processes in the shallow sea might be regulated to a great extent by nutrient and complex organic matter fluxes originating from (peat) land.

In the future, rate measurements of in situ transformations in the carbon-sulfur cycles and dating of the different water sources will allow for a better mechanistic understanding of the actual processes and the flow of water as an important driver for element transport. A model-based analysis linked to physical properties of the land and sea side will allow depicting larger scale (1–10 km) water fluxes as a basis for balance calculations of nutrients and other relevant compounds, while bioenergetically based ecological models assessing the effects of the common environmental stressors on marine biota will complete the system view onto the coastal ecocline.
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