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Abstract: Salt marshes in the southern North Sea are part of the UNESCO World Heritage Site Wadden Sea,
the largest unbroken system of intertidal sand and mud flats in the world. They provide a very high nature
value while significantly contributing to coastal flood and erosion risk management as a nature-based element
of flood and erosion risk management systems for the densely populated coastal area. Climate change-induced
sea-level rise is a significant concern: An integrated approach to salt marsh management adapted to the effects
of climate change necessitates a understanding of the impact of different management strategies. This review
commences with a description of the biogeomorphological conditions and processes in salt marshes for a better
understanding of the natural dynamics and how they are influenced by management and climate change. In a
second step, the impact of salt marshes on hydrodynamic processes and their role as nature-based element of
flood and erosion risk management is presented. Management options and implementation methods are
discussed and analysed concerning coastal flood management and nature conservation requirements. In
conclusion, a targeted salt marsh management needs to consider the initial conditions and the development
aims of the specific site integrated in a conceptual framework. Salt marshes have the potential to adapt to sea-
level rise, thereby contributing to the long-term protection of coastal areas.
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1. Introduction

Salt marshes are dynamic ecosystems that develop in the transition between sea and land. One
of the most extensive salt marsh areas in Europe is located in the Wadden Sea, the largest coherent
system of intertidal sand and mud flats in the world, which has been recognised as a UNESCO World
Heritage Site due to its value for nature [1-3]. The marshes are exposed to tidal water levels, wave
action and storm surges which induce dynamic morphological processes. These conditions facilitate
the emergence of habitats with highly adapted species [4-6]. Salt marshes provide protection to the
coastal habitats on the land side by reducing the hydrodynamic forces of the sea [7,8]. This trait also
comes into effect in nature-based coastal flood and erosion risk management (CFERM) [9,10], which
has gained increasing attention in recent years [11-14].

Historically, salt marshes were primarily used for agricultural purposes [15]. In order to expand
the area, salt marshes were created through engineering for a considerable period of time [16-18].
From an early stage, the function of salt marshes for the mainland coast in CFERM was recognised
as important [9,12,19,20], as already noted by Brahms [21]. In the recent past, the focus of salt marsh
management has shifted due to the increasing importance of nature conservation [22,23]. CFERM
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increasingly integrates nature-based solutions (NBS) [24,25]. In Lower Saxony, salt marshes are an
essential element of the flood risk management [13,14].

The demands of CFERM and nature conservation are not always compatible, as evidenced by
the findings of Jordan and Frohle [26]. In the context of CFERM, the integration of the naturally highly
dynamic salt marshes represents a challenge [27,28]. Stable conditions such as a certain height and
width of the salt marsh must be met [29], which is achieved primarily through the implementation
of technical measures designed to stabilise the salt marsh [30,31]. However, in order to maintain a
favourable ecological status, it is necessary to allow for the natural dynamics and structures to prevail
[17]. Consequently, an integrated management of nature conservation and coastal flood and erosion
risk, tailored to the habitat, was implemented [22,23].

The impact of climate change, particularly sea level rise (SLR), represents a significant challenge
for salt marshes. Long-term perspectives indicate a loss of area [32,33], which suggests a reduction in
their service in the context of CFERM [34,35]. Nevertheless, it is emphasised that salt marshes and
their capacity to adapt to a changing environment have the potential to provide a sustainable solution
for coastal adaptation to climate change [11,14,36,37].

Consequently, a comprehensive understanding of the relevant processes and functions for
nature conservation and CFERM, as well as the management options and their effects on salt marshes,
is essential. The objective of this paper is to provide an overview of context the relevant literature on
Wadden Sea salt marshes. This overview will be achieved through a literature review. Future
challenges and opportunities for adaptation to climate change are addressed.

2. Methodology

A comprehensive literature search was conducted with the objective of describing the processes,
functions and management approaches associated with coastal salt marshes. The focus is on salt
marshes located on the mainland coast of the Wadden Sea, which is situated in of the southern North
Sea and borders the Netherlands, Germany and Denmark [1,2]. The steps taken in the literature
review are data research, screening, selection and analysis of the selected literature. The literature
search was conducted using a range of scientific databases, including Google Scholar, Research Gate
and Science Direct as well as scientific libraries and repositories, such as Hannover TIB, Delft,
Oldenburg and Twente. The following search terms were used in combination with 'salt marsh' and
'Wadden Sea': 'coastal protection’, 'dike foreland’, 'swell damping', 'wave attenuation’, 'stabilising’,
'sedimentation’, '(foreland) management’, 'measure’, 'nature-based solutions', 'foreland groyne',
'climate change' (German, English); 'kwelder' (Dutch). The literature was subjected to a preliminary
screening based on the titles and abstracts, with the aim of identifying those sources that were most
relevant in explaining the processes, functions and management of salt marshes on the mainland
coast of the Wadden Sea. Finally, the selected literature was analysed with regard to a number of
different aspects of salt marshes, including their characteristics, functions and processes, their role in
CFERM, management, NBS, impact of and adaptation to climate change.

3. Salt Marshes in the Wadden Sea
3.1 The Wadden Sea Area

The Wadden Sea is situated in the southeastern part of the North Sea, along the coast of the
Netherlands, Germany and Denmark. It covers an area of over 22,000 km?, making it the largest

contiguous area of its kind. It has been designated as a UNESCO World Heritage Site, which outline
is shown in Figure 1 [1-3].
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The Wadden Sea
World Heritage Site

Figure 1. Wadden Sea World Heritage Site [2].

The tidal range in the Wadden Sea varies considerably, reaching 1.4 m close to Den Helder and
approximately 3 m in Cuxhaven [38—40]. This characterises the Wadden Sea as meso- to macrotidal
[41]. The intensity of the sea water appearance results in a zonation of areas permanently covered by
water (sublittoral), temporarily flooded (eulittoral) or without inundation (supralittoral) [42,43]. This
is also reflected in the distribution of the typical Wadden Sea habitat types, namely salt marshes and
mudflats [4]. The flat landscape of the salt marsh is structured by channels and creeks [44]. The
mainland coast of the Wadden Sea is defined as a muddy coast, a 'sedimentary-morphodynamic type'
consisting of predominantly fine sediment silt and clay [45]. The seaward-lying barrier islands
provide protection from swell and enable the fine sediment imported through the North Sea and
rivers, such as the Ems [39], to deposit in the intertidal zone [44,46,47]. In accordance with the
gradient of energy, a grain size distribution from coarser to finer is observed as one proceeds
landwards [48,49].

The Wadden Sea is of great importance for biodiversity, which is underlined by its status as a
national park. This status provides a high level of protection [50]. Many species are highly adapted
to the extreme conditions and depend on the preservation of these habitats. In addition to migratory
resting and breeding birds, the Wadden Sea serves as habitat for numerous small arthropod species,
mainly insects and spiders, as well as vascular plant species [46,51]. Many people also live and work
along the coast of the Wadden Sea [36]. In Lower Saxony and Schleswig-Holstein, the coastal region
represents an important economic area [12,20]. The provision of an effective CFERM is a prerequisite
for life in this coastal area [36].

3.2. Salt Marshes

Salt marshes emerge around the world along muddy coasts in temperate zones [52]. In tropical
and subtropical zones, mangroves take the place of salt marshes in the wetlands [53,54]. In Europe,
the Wadden Sea represents one of the main distribution areas of salt marshes [17,55]. The majority of
the salt marshes developed with the support of technical measures [9]. Approximately 50% of the
40,000 ha of salt marshes are classified as foreland salt marshes [17].

The formation of salt marshes occurs in a low-energy environment allowing fine particles to be
deposited, when there is sufficient sediment supply [39,54,56]. The material is transported in the
water column by with tides, which provide fine sediment. In storms, suspended grained sediment is
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deposited at the salt marshes [57-59]. Oost et al. [39] provide an overview of different sites along the
Wadden Sea, demonstrating that the grain size distribution of salt marshes varies between sand and
clay, with silt being the most prevalent material. Erchinger et al. [31] report, that in the Buscherheller,
located in the Leybucht, a clayey soil with a silt content of around 30 to 55% is present in the upper
layer. In Schleswig-Holstein, Lenz et al. [58] conducted a study on an exposed and a back-barrier salt
marsh. Both exhibited a predominantly silt and clay sedimentary composition, interspersed with thin
layers of sand. The grain size distribution in the exposed salt marsh exhibited a coarser texture, with
a range of <25 to <50 pum, in comparison to the protected one with 16 to 33 pm.

The plant species that inhabit the salt marshes are halophytes, adapted to the extreme conditions
of regular flooding and high salinity levels. As elevation increases, the influence of sea water
diminishes, resulting in the emergence of less adapted species [5,46,60,61]. As one progresses
landward from the mudflat, the following vegetation zones are determined by the frequency of
flooding: Pioneer zone, lower and upper salt marsh [4]. Figure 2 illustrates the sequence of salt marsh
plant communities in accordance with the frequency of flooding. It should be noted that the values
represented by Erchinger [4] may slightly differ from those presented by other authors. The pioneer
zone begins at a depth of 40 to 50 cm below mean high water (MHW) and is characterised by a
frequency of daily inundation, indicated by the presence of the annual salt-tolerant therophyte
Salicornia sp. representing the plant community Salicornietum [5,51,62]. In this zonation, Spartina
anglica, a hybrid of the native species S. maritima and the introduced S. alterniflora, represents the
more recently established plant community Spartinetum anglicae. The species was introduced around
1930 in the Wadden Sea as a marsh builder and has partially replaced Salicornia sp. as a pioneer
species [62—-64]. The lower salt marsh appears around the MHW with an inundation frequency of 400
and 150 to 100 times per year [4,46,51]. The characteristic plant species are Puccinellia maritima, while
in ungrazed areas, plant communities of Halimione portulacoides or Aster tripolium are observed [62].
The higher salt marsh is situated between 35 cm up to 120 cm above MHW, with an inundation
frequency between 200 to 100 and 50 to 20 times per year [4,51]. The plant communities of Armerion
maritimae with Festuca rubra ssp. litoralis and Juncetum gerardii are dominant [62](Figure 2).

flooding frequency
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Figure 2. Tidal flats and salt marshes with their plant communities depending on the duration and

frequency of flooding as well as their ecological structure [changed after 4].

3.3. Biogeomorphological Processes

The development of salt marshes is determined by the interaction between morphology and
vegetation [65]. Processes influenced by this are sedimentation, erosion and the ability to attenuate
waves and currents [66-68]. This results in the formation of distinctive landscape structures,
including drainage structures [69,70].

3.3.1. Sedimentation Processes
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Sedimentation is the process of deposition of sediment particles from initial suspension in water
or air. On salt marshes, suspended sediments transported by seawater can settle when the flow
velocity is reduced, for example by soil roughness or the presence of vegetation [71,72]. The process
of sedimentation is influenced by the available amount of sediment [39], vegetation [71,73-75] and
local morphology, including distance to sediment sources and elevation [48,75] [76].

The quantity of sediment transported onto the salt marsh determines the capacity for elevation
growth [77,78]. In the Wadden Sea, Heinrich [79 in 39] measured a depth-averaged suspended
sediment concentration of 0.004 g/l in summer up to 0.019 g/l in winter in the Wadden Sea of
Schleswig-Holstein. Furthermore, Oost et al. [39] report a significantly higher concentration of more
than 0.1 g/l in the Weser and Elbe estuaries due to high turbidity. For the Wadden Sea, site-specific
averages of suspended sediment concentrations are determined near or on salt marshes are
determined for Wadden Sea sites: Near Delfzijl 0.09 g/ [80], Dollard Bay 0.2 g/l [81], groyne fields
Cappeler Tief 0.24 to 0.37 g/1 [82].

The highest sedimentation rates are reported along salt marsh edges and channels due to the
proximity of sediment sources and a positive feedback mechanism with vegetation [68,71]. Studies
have demonstrated, that sedimentation rates decline with increasing distance from the marsh edge
[48,71,75,83,84]. For the mainland coast of Schleswig-Holstein, Bass et al. [71] observed an almost
linear correlation. Furthermore, a decrease in sedimentation with increasing elevation is observed
[75,85,86]. Areas below the mean high tide generally show a greater change in elevation, as noted by
Suchrow et al. [75].

The presence of vegetation generally results in a lower flow velocity, which increases
sedimentation rates [31,73]. A comparison of sedimentation rates in vegetated and unvegetated plots,
measured with sediment traps, revealed that the vegetated plots exhibited an average sedimentation
rate that was 42% higher than that observed in the unvegetated plots, after controlling for elevation
and distance from sediment sources [73]. The effect of vegetation varies with the species present due
to different plant characteristics such as height, shape and density [48,71,75]. Taller and denser
vegetation, such as Spartina sp., generally has a positive effect on elevation change [48,75]. Suchrow
et al. [75] observed higher sedimentation rates of +14 mmy/a in taller vegetation exceeding 30 cm in
height compared to +4 mm/a in shorter vegetation measuring less than 15 cm. Based on their findings,
Bass et al. [71] concluded that leaf characteristics are more relevant than stem characteristics.
Additionally, several studies have focused on salt marsh plant communities. Koppenaal et al. [87]
used sedimentation bars (SEB) to measure sedimentation rates in Noord-Friesland Buitendijks and
found a higher accretion rate in the low marsh, with +18.5 mm/a, in comparison to the high marsh,
with +2.8 mmy/a. In a salt marsh northeast of Harlingen in the Netherlands, Baptist et al. [88] observed
higher accretion rates in the middle and high marsh than in the pioneer zone, as measured using SEB
over a three-year period. However, these observations were based on a single event in winter. Baaij
et al. [73] concluded that the presence of vegetation has the greatest effect on sedimentation in low-
elevation areas such as the pioneer zone. However, as Wohlenberg [89] found for Salicornia herbacea
(=europaea), this effect only occurs at a certain plant density. Furthermore, their function is influenced
by seasonal changes in plant characteristics [85,90] or specific conditions of inundation depth or wind
direction [91].

3.3.2. Erosion Processes

In salt marshes, erosion processes appear in the form of topsoil removal or lateral regression,
which can result in reduced surface elevation or landward retreat, respectively [92,93]. Erosion is
initiated when erosive forces, primarily caused by currents or wave action, exceed soil resistance [93].
In the literature, local morphology, such as elevation, [31] and the presence of vegetation [10,94] are
considered to have a critical influence on soil resistance.

Aggregate stability is a key indicator of soil resistance and is therefore an indicator of erosion
susceptibility [31]. A positive correlation between erosion resistance with fine-grained soil and a
higher soil organic matter content and the presence of vegetation has been shown [95-97]. In a flume,
Marin-Diaz et al. [93] conducted an experiment to investigate the topsoil erosion resistance of salt
marshes and tidal flats to a fast overflow of 2.3 m/s. With vegetation, a high resistance was measured
regardless of the sediment composition, whereas without vegetation, silty sediments showed a
higher resistance than sandy sediments. These results are consistent with the findings of Schoutens
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et al. [98] in a field study in the Elbe estuary and Bouma et al. [92], who investigated lateral erosion
in the Western Scheldt estuary. Underlining the positive feedback mechanism, Baptist et al. [80] note
that a higher mud (silt and clay) content of 25% compared to 7 to 9% in the marsh bed was associated
with a denser plant cover. The stabilising effect of the presence of vegetation can lead to an increasing
difference in elevation between the salt marsh and the adjacent tidal flats [74]. Bouma et al. [92] found
that this can initiate lateral erosion. Between 1985 and 1992, Coldewey and Erchinger [30] measured
a lateral retreat of the salt marsh edge on the East Frisian coast.

On average, a low lying tidal flat (MSL +0.5 m) results in a loss of about 3 m/a and a higher lying
tidal flat (MSL +0.9 m) results in a loss of approximately 5 m/a. In a study conducted in the Dutch
Wadden Sea, Marin-Diaz et al. [29] found that salt marshes with adjacent tidal flats higher than about
MSL +0.5 m showed a higher stability.

Vegetation improves soil stability through above- and below-ground biomass, which is
associated with a reduction in erosion [10,97]. Soil resistance is derived from the underground root
mass and its vertical distribution [71,96]. According to Marin-Diaz et al. [93], this is best indicated by
a fine root density of <0.5 mm diameter. Erchinger et al. [31] were also able to determine the
correlation between below-ground biomass and soil resistance for ungrazed areas. Due to the year-
round vegetation with belowground biomass, erosion rates remain low even in winter [31,94,98].
Paul and Kerpen [99] conclude, that this effect is species-independent when comparing Spartina
anglica and Elymus athericus in a flume experiment. However, when Spencer et al. [94] performed a
flume experiment, they found that soil vegetated with Puccinellia showed less erosion than the other
species. The authors conclude, that the location of the vegetation appeared to be crucial in initiating
erosion processes. The edges of the salt marshes are subject to particularly high levels of
hydrodynamic stress [31]. Results from Wang et al. [97] suggest that erosion is less pronounced on
vegetated edges than on unvegetated ones.

Hofstede [100] identifies three stages of salt marsh stability: Stable, unstable and erosive. A stable
salt marsh is characterised by a wide pioneer zone that is able to withstand incoming waves and can
have a positive vertical and lateral accretion rate. The positive feedback mechanism of soil
stabilisation and vegetation growth can result in a seaward expansion, leading to the formation of a
gently sloping transition zone [74]. It should be noted that elevation change is only partially
indicative of lateral growth. As Silinski et al. [101] found, this effect can be overshadowed by wave
action in exposed areas. Expansion continues until the erosive forces exceed the stabilising ones
[25,60]. As the salt marsh begins to destabilise, a steeper slope occurs at the edge of the salt marsh
[74]. This effect can be attributed to an increasing height difference between the salt marsh and the
tidal flat [66,74,102,103] or an increase in hydrodynamic stress [104]. Once the transitional zone has
almost disappeared and eroding edges have appeared, the salt marsh enters an erosion stage, as
stated by Hofstede [100 in 54]. From this point on, a landward retreat is expected to appear [25,60].
Tanczos [105] and Koppel et al. [74] state, that in naturally developing salt marshes, a cyclical process
of erosion and sedimentation coexists spatially, which can lead to salt marsh renewal.

3.3.3. Drainage System

Naturally developing salt marshes are characterised by extensive, winding creeks, as shown in
Figure 3, that allow tidal access [17]. The formation and development processes of the drainage
system are described by observational studies and numerical models [70,106-108]. It is noted that
their formation can be initiated by erosion or deposition of sediment due to local flow acceleration or
deceleration, depending on the morphology and vegetation [109]. A self-reinforcing process of
decreasing resistance and increasing flow velocity in these areas facilitates the stabilisation of the
drainage system [70,110].

In salt marshes, vegetation influences tidal creek formation significantly, as evidenced by the
findings of Temmerman et al. [107] and Vijsel et al. [108], using a hydro-morphological and a bio-
geomorphical model. Their modelling demonstrated that the initiation of creek development can be
caused by erosion occurring between two vegetation stands. This impedes the flow of water, which
subsequently changes the velocities of the flow. In their study of the Western Scheldt estuary,
Schwarz et al. [70] modelled the influence of pioneer species on the structure of drainage systems
depending on the relationship between lateral expansion and seedling establishment. The authors
conclude that new creeks are more likely to form in areas with Spartina anglica, which is characterised
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by low establishment and high lateral expansion, whereas Salicornia europaea, with high establishment
and low lateral expansion, tends to form a homogeneous, stable landscape. Bij de Vaate et al. [69]
confirm these findings, indicating that the impact of Salicornia procumbens on creek development is
negligible, whereas Spartina anglica and Puccinellia maritima have a significant influence. Additionally,
Temmerman et al. [107] and Vijsel et al. [108] identify a positive correlation between denser
vegetation and finder-scale branching. The authors state, this is explained by a higher concentration
of flow between denser vegetation and vegetation that allows steeper banks due to higher erosion
resistance. However, Temmerman et al. [68] point out, that vegetation only influences water flow, if
the water level is not higher than the vegetation.
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Figure 3. Morphology of a natural salt marsh (left) and a groyne field to create a foreland fronting a
dike (right) [64]

3.4 Salt Marsh Management

Historically, salt marshes along the mainland coast of the Wadden Sea were mainly used for
agricultural purposes [15]. In order to expand the agricultural area in addition to the naturally
occurring salt marshes, extensive new salt marshes were developed using technical measures in the
past new [16-18]. Therefore, almost all salt marshes show effects of management [17]. In the recent
times, the focus has shifted as the importance of nature conservation has increased [22,111]. However,
the function of the salt marshes in coastal and erosion risk management was recognised early on and
remains important today [9,11,13,21].

3.4.1. Influence of Management on Sedimentation Processes

The sedimentation process can be facilitated or, in areas with hydrodynamically unfavorable
development conditions, made possible by management. In this context, engineering structures, such
as groynes of various designs, are extensively used along the Wadden Sea coast in order to attenuate
waves and currents [13,112,113]. According to Loon-Steensma et al. [114] processes like
sedimentation and succession appear to be similar to those in natural salt marshes. Bakker et al. [115]
found succession results in the same climax plant communities in naturally and anthropogenically
created salt marshes. Arens and Gotting [116] state that groyne fields without an artificial drainage
system are evaluated as natural.

However, grazing has been shown to influence sedimentation and surface elevation [117-119].
Lower rates of accretion or elevation change are associated with higher stocking densities
[117,118,120]. In the Leybucht, Erchinger et al. [31] investigated different stocking densities of cattle
on salt marshes. The results showed sedimentation rates of 19.6 mm/a at 0.5 livestock units per
hectare (LU/ha), of 15.6 mm/a at 1.0 LU/ha and of 21.4 mm/a in ungrazed areas. Nolte et al. [91]
attributed the direct effect of grazing by horses and cattle on soil compaction to trampling, while the
indirect effect was attributed to the influence on vegetation structure. Trampling was cited by Elschot
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et al. [120] as the main reason for the lower elevation change of 3.6 mm/a in grazed compared to 11.9
mm/a in ungrazed areas in study sites along the Dutch coast. The influence of grazing on vegetation
structure has been shown, for example, by a decreasing plant height with increasing stocking density
[48,117]. Neuhaus et al. [118] reported higher sedimentation rates in ungrazed or moderately grazed
areas with higher vegetation than in intensively grazed areas with lower vegetation. Artificial
furrows and ditches are implemented to improve surface elevation. However, no evidence of
increased sedimentation rates was found [82,121]. Only ditch excavation spread across the beds leads
to a higher surface elevation as described by Erchinger et al. [31].

3.4.2. Influence of Management on Erosion Processes

Measures such as brushwood groynes or artificial drainage systems are used to stabilise foreland
and prevent erosion [13,30,31]. Erchinger et al. [31] report, that low-elevation salt marshes without
furrows and ditches had lower resistance to erosion at flow velocities of 3 m/s than similar ones with
these structures. Furthermore, salt marsh succession leads to a dominance of Elymus athericus in the
long run, as found by Nolte et al. [122] for the West Coast of Schleswig-Holstein. This is associated
with a decline in salt marsh biodiversity [122]. Klink et al. [123] and Bakker [124] indicate, that the
process can generally be slowed down or counteracted by grazing. In the absence of grazing or
mowing, Chen et al. [125] observed a decline in plant diversity in a salt marsh, depending on the
scale, with an average of 4 (local) to 11 (large) plant species over 48 years.

3.4.3. Influence of Management on Drainage System

Drainage systems are used for a multitude of purposes: In groyne fields, drainage furrows and
ditches are used to promote the development of pioneer vegetation [31,36]. Nowadays, drainage
systems in the salt marshes near the dike serve to ensure adequate drainage of the dike foot
[22,23,31,36] and to allow grazing for management [126] and also for nature conservation purposes
[22]. Artificial drainage systems differ from naturally developed drainage systems as they are
designed in a linear and evenly distributed structure, as seen in Figure 3 [64,127]. Artificial ditches
are wider and shallower and the drainage system is much longer and less branched compared to
naturally developed ones [121,128]. A study by Reents et al. [129] examined the characteristics of
drainage systems in salt marshes in the Netherlands, the United Kingdom and Germany. The
artificial flow paths were found to be up to 900 m/ha long and in naturally developed salt marshes
around 750 m/ha. In addition, the width variance was less pronounced. About 80% of the drainage
systems of the artificial salt marshes were categorised as small, but only 55% to 60% of the natural
salt marshes. The authors also found no salt pans associated with artificial systems, whereas salt pans
constituted approximately 6% of the area of naturally developed salt marshes. The influence of
drainage furrows on wave heights is investigated by Lieberman et al. [130] using a numerical model.
The results demonstrate a wider range of wave heights in an area with furrows (3 cm to 8 cm) than
in an area without (5 cm) furrows, and higher waves in areas with furrows in groyne fields. As
observed by Duin et al. [131], the presence of furrows leads to a greater differentiation of the elevation
range in sedimentation processes, which accelerates the succession and increases the number of
species present in the higher salt marsh. The construction of artificial drainage structures has been
observed to result in a lowering of the vegetation boundary of the pioneer and lower salt marsh zones
by 0.2 m [11,121,132,133].

3.5. Impact of Climate Change

The impact of climate change on salt marshes has been investigated in several modelling studies
[32,78,134-136]. Dobben et al. [137] studied salt marshes on Ameland, which were subject to
subsidence of up to 0.7 cm/a and gradually increasing flooding due to gas extraction. This is
considered comparable to the effects of SLR. The study's findings indicate that areas with sufficient
sediment supply can cope with an SLR of 0.8 cm/a, whereas areas without sufficient supply, such as
the inner marsh, are unable to do so. A study by Timmerman et al. [32] predicts a reduction or even
disappearance of the salt marsh in the Dutch Wadden Sea by 2100, with a SLR in the a range of 0.8 m
to 1.8 m based on the IPCC 2019 SLR projections. For the Schleswig-Holstein Wadden Sea, Hofstede
et al. [33] expect a minor loss of salt marsh area with a SLR of 0.3 m by 2050, which would result in a
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significant loss of salt marsh area with a SLR of 0.8 m by 2100 based on IPCC 2013 SLR projections.
For the Wadden Sea, Nevermann et al. [134] predict a loss of wetland area of at least 2.6% with a SLR
of 1 m. Erosion processes are mostly concentrated at the seaward edge of the salt marshes, which is
predicted to shift more and more landwards [33,136]. The pioneer zone is particularly affected as it
is located seaward, and thus a significant decline is expected [33,43,138]. Furthermore, increased
inundation is also projected to affect salt marsh plant communities. As a consequence of the projected
increase in SLR, it is anticipated that there will be a landward retreat of vegetation zones [139,140].
According to Brouns [60], plant communities are sensitive to rapid SLR. The authors state, that the
pioneer zones (Spartinion) can withstand a maximum sustainable rise of 30 to 40 cm, the lower salt
marsh (Puccinellion maritimae) of 10 to 15 cm and the upper salt marsh (Armerion maritimae) of 3 cm.
However, landward retreat is only possible as long as there are no obstacles preventing relocation
[54]. As observed by Nevermann et al. [134], infrastructure in coastal areas is likely to act as a barrier
to natural landward migration at the North Sea, leading to coastal squeezing.

Climate change may also lead to changes in vegetation growth or species composition [141].
Koop-Jakobsen and Dolch [142] measured, that an increase in temperatures of +3 °C above the present
temperature and a CO2 concentration of 800 ppm resulted in higher biomass production for Spartina
anglica and Elymus athericus. The authors conclude, that climate change may increase the biomass of
pioneer species, thereby increasing the resistance of the transition zone. This may affect the structure
of drainage systems or the capacity of wave attenuation due to changes in species composition
[61,69,136,143].

It is anticipated that salt marshes will be able to mitigate the effects of SLR to some extent, as
evidenced by studies [e.g. 36,78,144]. However, there is considerable debate in the literature
regarding the limits of salt marshes' ability to adapt to SLR. According to CPSL [36], salt marshes are
expected to be submerged at 8.5 mm/a SLR, with the pioneer zone being more vulnerable at 3 to 6
mm/a SLR. Dijkema [43] concludes, that salt marshes in the Netherlands can cope with a SLR of 10
mm/a on the mainland coast and 5 mm/a on the islands. For the coast of Schleswig-Holstein, Hofstede
et al. [33] predict that the majority of salt marshes will remain intact at a SLR of 4 to 10 mm/a. Suchrow
et al. [75] conducted a study along the Schleswig-Holstein coast and found that a SLR of 6 mm/a is
expected to threaten half of the sites studied, while most salt marshes can cope with a SLR of 1 to 2
mm/a.

The growth rates of these marshes are strongly dependent on the availability of fine sediment.
In the absence of an adequate supply of sediment, salt marshes are projected to become submerged
over time [77,78,144]. In the case of the Dollard Bay, Kok et al. [81] conclude that if the average
suspended sediment supply of 2 g/l were halved, salt marshes would no longer be able to fully fulfil
their function in CFERM. For the Hallig Langeness, 0.15 g/l of suspended sediment was predicted to
be sufficient to cope with a SLR of 5 mm/a [145]. For the Western Scheldt, Hu et al. [144]
mechanistically modelled the effects of 20 mm/a relative SLR on seedling establishment in salt
marshes. Their findings indicate that with a sediment supply of 0.12 g/l, the pioneer marsh is capable
of maintaining equilibrium with SLR.

Best et al. [78] numerically modelled that salt marshes in the Western Scheldt would be affected
by at least partial inundation with an accretion rate of 1 to 3 mm/a, regardless of the applied SLR
projections of 0.6 to 1.137 m MSL in 100 years. However, if an accretion rate of 5 to 9 mm/a is applied,
the results show a stable or even expanding salt marsh. The prediction of sediment transport and
availability is difficult due to a variety of influencing factors and processes [39,60]. A first attempt to
analyse the mud balance for the Wadden Sea was made by Oost et al. [39]. The results indicate, that
sedimentation rates are currently keeping pace with SLR, but that a shortfall of around 4 to 6 mm/a
SLR is predicted. Andersen et al. [77] indicate that there is currently a decrease in sediment
availability for the salt marsh in Skallingen, Denmark. However, the future development of sediment
sources and hydrological forces is subject to high uncertainty. Schuerch et al. [135] state that an
increase in storm frequency may be associated with an increase in sedimentation of up to +3 mm/y
by 2100. Other studies have indicated, that areas with high tidal ranges have a greater potential to be
supplied with higher amounts of sediment [146-148]. In addition to these aspects, grazing
management plays an important role as it can hinder or promote sedimentation [120].

4. Hydrodynamic Processes
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4.1. Effects on Wave Climate

Along the mainland coast, salt marshes are situated on the seaward side of dikes [6,44]. They are
exposed to swell, although to a reduced extent, as they are protected by higher tidal flats and islands,
which provide less water depth and reduced wave heights [47]. It has been observed that waves lose
energy when they reach a salt marsh [7]. This is explained by the difference in height between tidal
flats and the salt marsh, which leads to wave breaking due to the reduction in water depth [8]. As
water depth determines wave height under shallow water conditions a depth-induced wave height
reduction can occur [149]. Figure 4 illustrates the reduction of wave height (Hm0) depending on the
relative water depth (h/HmOdeep), the foreshore slope and the wave steepness [8]. Wave breaking
does not occur in deep water depth (h/HmO deep > 4), only under shallow (4 > h/HmO deep > 1) to
very shallow (1 > h/HmO deep > 0.3) conditions. Breaking is initiated especially if the transition
between tidal flat and salt marsh is steep (ibid.). Further, the relation of different relative water depths
to the wave spectra/period is shown in Figure 5. Waves reaching the coast in deep or shallow water
depth almost show no change in wave period. However, under very shallow conditions, Tm-1,0 may
increase (ibid.). Further, bottom friction, due to uneven soil or vegetation, causes wave height
reduction [150-152]. It has been stated that this effect also occurs in deep water conditions, where

wave breaking is less significant [8].
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It has been established that CFERM benefits from the contribution of salt marshes to flood risk
reduction [11,14]. Various studies have demonstrated that salt marshes have the capacity to attenuate
waves [29,143,149,153]. In front of a dike, they can reduce the impact of waves on the protection
system [11,31], acting primarily in the processes of wave breaking and wave run-up [154].

Figure 6 shows that energy dissipation is distributed more evenly with a foreland compared to
without. Furthermore, the presence of a foreland is shown to reduce the negative of a dike breach,
depending on the height and width of the salt marsh [155]. In their respective works, Erchinger [9],
Erchinger and Thorenz [126] and Thorenz and Carstens [22] state, that with the presence of a
sufficiently elevated and extensive salt marsh a massive dike foot can be dispensed with as protection
against hydrodynamic effects. This effectively enables a more seamless transition from the dike to
the salt marsh.

Energy dissipation

High foreland (salt marsh)

Energy dissipation

|
brrerorroororrr o T IO TEO T L L

Figure 6. Schematic presentation of energy reduction by high salt marshes in front of a sea wall [156
in 23].

4.1.1. Wave Attenuation by Salt Marshes

The attenuation of waves by forelands has been described in several publications in the field of
literature. In a flume study conducted by Moller et al. [157], a reduction in wave height of up to 19.5%
was observed over 40 m length (0.5%/m; T: 3.6 s, H: 0.3 m, h: 3.5 m on tidal flat). Marin-Diaz et al.
[29] identify a significant reduction of wave height of over 80% over a distance of 300 to 400 m on
three different sites in the Netherlands (0.28 to 0.32%/m; Hs: 0.5 m, h: 1.8 m on tidal flat). Modelling
with SWAN, Loon-Steensma [158] report up to 0.22%/m attenuation of a wave with a height of 0.5
and 0.15 m, 2.5 s period and a water depth of MSL +0.95 m over a 350 m transect densely vegetated
salt marsh.

Vuik et al. [149] note, that the majority of previous research has focused on low wave heights of
0.1 to 0.3 m or water depths below 1 m. As part of this study, additional publications were identified
that provide supplementary data to the existing body of knowledge. In flume studies, values up to 1
m wave height with a 5.4 s wave period and 4.5 m water depth on a tidal flat were found in Mai and
Lieberman [159], while in Niemeyer and Kaiser [160] a 0.93 m wave height and 4.9 m water depth on
tidal flat was observed. In situ, Vuik et al. [149] observed water depths of 2.5 m and wave heights of
0.7 m with wave periods of 2.5 to 3.5/4.0 s on salt marshes in the Westerschelde. The authors state
that the ratio of wave height to water depth at the marsh edge influences the reduction of wave height
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by the foreshore. It is concluded, that wave energy reduction occurs at high ratios of >0.30,
predominantly due to depth-induced wave breaking, and at lower ratios of 0.15 to 0.30, where
vegetation-induced friction can be substantial. At low ratios of <0.15, the influence of the foreland
and vegetation is stated to be minimal (ibid.). 161 observed, that a slightly larger ratio of 0.4
(HmO,design: 2.4 m; hnorm: 6.0 m; Tm-1,0,design: 4.7 s) appears at sheltered locations compared to a
ratio of 0.3 (HmO,design: 1.7 m; hnorm: 6.3 m; Tm 1,0,design: 4.4 s) at exposed ones. It can be
reasonably assumed that this will have an effect on wave attenuation, given that a higher reduction
per meter occurred on the sheltered sites.

In stormy conditions, Niemeyer and Kaiser [160] argue that forelands have a negligible
influence. The authors propose that the critical wave-breaking value will not be reached due to low
ratio of wave height to water depth during storm surges. Nevertheless, more recent flume [157],
model [149,161] and field [29] studies have observed wave attenuation under extreme conditions.
However, a reduced impact is expected with higher water depths [153]. A number of studies have
concluded, that the reduced effect should still be considered [157,158,162]. Vuik et al. [149] report,
that vegetated salt marshes can have a significant impact on wave run-up at dikes during storm
surges. When modelling 3 m water depths on a salt marsh of 400 m with a significant offshore wave
height of 1.5 m and a period of 5.0 s, the results indicate a reduction in wave run-up of up to 55%.
These findings are supported by those of Erchinger [4], who observed wave run-up of 1 m and 3 m
on dikes with and without forelands, respectively, after the severe storm surge event of January 1976
along the East Frisian Coast.

4.1.2. Influence of Salt Marsh Geometry on Wave Attenuation

The geometry of the foreland, including width, height and slope [29,159] exerts a significant
influence on the wave climate. An increase in the height and width of salt marshes is associated with
a reduction in wave height/energy [10,143,149,161,163].

The height of the salt marsh is of significant importance, as wave breaking occurs when the water
depth is reduced [149]. The greatest depth-induced wave reduction was observed to occur over the
first meters [164]. Moller and Spencer [7] observed a wave attenuation of >40% over the initial 10 m
from the edge of the salt marsh, with a significant wave height of mean 0.26 m, a wave period of 3 s
and mean water depths of 1.41 m on the tidal flat. Liiders and Leis [165] state 200 m as a 'sufficient
width' (Lower Saxony Dyke Act) of the foreland for CFERM. Mai and Lieberman [159] numerically
modelled an optimal width of 325 m using results from a flume experiment. A salt marsh width of
300 m with a height of MSL +1.5 m was found optimal by Marin-Diaz et al. [29] in a numerical
modelling study using field measurements. The authors conclude that if the foreshore is higher or is
exposed to lower wave loads, a width of even 100 m can still be sufficient. Consequently, a higher
but narrower salt marsh is expected to be more effective than a lower and wider one [29,161].
Nevertheless, studies have demonstrated that the impact of increasing dimensions on wave
attenuation continues to increase [143,149,153].

Steeper slopes show a higher wave attenuation capacity than shallower ones [149,161]. Mai and
Lieberman [159] examined different bed slope angles and concluded that significant wave height
reduction is higher at a steeper (1:400) than at a shallower (1:1.200) or horizontal foreland. Méller and
Spencer [7] observed different wave attenuation processes at a ramped and a steep transition from
tidal flat into the salt marsh in the UK. They noted, that directly in front of a steep edge, the wave
attenuation decreased on the the tidal flat by 0.54%/m and then increased considerably on the salt
marsh by 7.91%/m. On the tidal flat significant wave heights of mean 0.29 m, a wave period of 3 s
and water depths of mean 1.84 m were measured. A more gradual wave attenuation was observed
in the flat transition of 0.24%/m on the tidal flat and 0.61%/m on the salt marsh. Significant wave
heights of mean 0.26 m, wave period of 3 s and water depths of mean 1.41 m were measured on the
tidal flat.

4.1.3. Influence of Vegetation on Salt Marshes on Wave Attenuation

In terms of wave attenuation, vegetation is attributed to 9% [153], ca. 40% [98] or up to 60%
[149,157]. In their study, Vuik et al. [149] found that vegetated salt marshes can act in lower wave
height to water depth ratios, thereby expanding the range of affected waves. Additionally, the
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authors concluded that, in the presence of vegetation, wave breaking occurs in a more gradual
manner. In cases where vegetation is located directly at the salt marsh edge, it is less significant than
depth-induced wave breaking [7].

In general, a higher wave attenuation is observed in the presence of denser and higher vegetation
[166-168]. Loon-Steensma [158] applied numerically modelling to analyse waves of varying heights
(0.5 to 0.15 m), periods (2.5 s) and depths (MSL +0.95 m at a distance of 2000 m from the shoreline).
The highest wave attenuation of 0.22%/m was measured on densely vegetated forelands with 21,800
stems/m?, whereas the lowest impact of 0.13%/m to 0.14%/m was seen by unvegetated and sparsely
vegetated areas with 1,000 stems/m?. In a flume test, Maza et al. [169] investigated the attenuation of
wave energy by standing biomass of different species with regular and random waves with heights
of 0.05 to 0.15 m and periods of 1.5 to 4.8 s and water depths of 0.20, 0.30 and 0.40 m. A comparison
of the attenuation values for 50% and 100% standing biomass density revealed that, irrespective of
the species, the attenuation was greater in the 100% density scenario. In a flume test with surrogate
vegetation stands, Keimer et al. [153] observed a greater mean reduction in wave run-up of 12.1%
when vegetation was 0.25 m high, in comparison to a reduction of 7.4% when vegetation was 0.1 m
high. A density of 400 per m? resulted in a 15.7% reduction, in comparison to a 10.4% reduction with
a density of 200 per m2. The test parameters were found to range from Hm0,1: 0.08 to 0.20 m and Tp,1:
1.0 to 5.0 s. 170 used numerical model calculations with SWAN to demonstrate that if the first 100 m
are vegetated with a density of 50% (250 units/m?) up to 95% of wave energy can be reduced in a low
(H=1 m, T=6s) to high (H=5 m, T=12 s) wave scenario.

Furthermore, species show variation in their biomechanical properties [67]. To illustrate, Spartina
anglica exhibits greater stiffness than Elymus athericus or Puccinellia maritima [167,171]. Peralta et al.
[67] indicate, that stiff plants have a higher capacity of water energy reduction than flexible ones.
Spartina anglica has been demonstrated to be three times more effective than Zostera noltii [167] and
twice as effective as Elymus athericus [171]. These characteristics are not only variable between species
but also within a single season. Spartina anglica shows 5.0 times higher values in summer than in
spring, as found by Schulze et al. [90]. Further, Keimer et al. [172] provide an extent overview of the
existing literature on the biomechanical properties of Spartina sp..

The findings of previous studies indicate that wave attenuation by vegetation is most significant
when the water depth is equal to or below the height of vegetation. Additionally, the evidence
suggests that as the water depth increases, the attenuation of waves tends to diminish
[153,167,169,173-175]. Bouma et al. [167] observed with 100 mm high vegetation and 240 mm
inundation no wave attenuation, whereas with 240 mm high vegetation of Spartina anglica in 240 mm
as well as 120 mm inundation wave attenuation was measured. From a certain water depth of above
1.5 m, as measured in field by Schoutens et al. [98], or above 2.5 m, as modelled by Méller et al. [175],
no differences could be discerned between vegetated and unvegetated situations.

In the context of high-stress wave environments, vegetation may flatten or even break, as shown
by Vuik et al. [176]. In their study, the authors investigated the behavior of Spartina anglica under
increased orbital velocities, showing that the plants remained stable at a mean critical velocity of 0.5
to 1.2 m/s, however they eventually bent or broke. Research by Paul and Kerpen [99] indicates that
Elymus athericus can withstand even less stress than Spartina anglica. While the loss of aboveground
vegetation is associated with an increased vulnerability to soil erosion, studies by Leuven et al. [177]
or Spencer et al. [94] suggest that roots and ground-covering biomass contribute to enhanced
resistance.

Seasonal differences have been observed in wave attenuation, with lower rates in winter, for
instance by Schoutens et al. [98] with 50% from May to August and 10% from December to March
and Vuik and Jonkman [152] with 65% from July to September and 35% from January to March. The
authors conclude that this is related to the vegetation growth cycle and the resulting seasonal
differences in aboveground biomass, which is consistent with the findings of Moller and Spencer [7]
and Silinski et al. [101]. Schoutens et al. [98] report that this is particularly true for the pioneer zone
with annual plants, which perish in the autumn and grow new shoots in spring. The authors posit
that a more uniform wave attenuation can be expected in the higher salt marsh due to lower biomass
losses.

4.2. Limiting Impacts of Dike Breach
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In the event of a dike breach, the presence of a stable salt marsh can reduce the dimensions of a
dike breach and also the flooding impact for the hinterland [9,143,178-180]. This is supported by a
hydro-numerical model study conducted by Thorenz et al. [155], which calculated the impacts of
varying foreland heights of MSL +1.75 m, 2.00 m and 2.25 m, widths of 50 m, 100 m and 200 m and
hinterland levels on inflow volume and inundation depth. Simulations indicate a reduction up to
60% or up to 32% of the initial inflow volume with foreland of 50 m width and height of MSL +1.75
m or 200 m width and height of MSL +2.25 m, respectively. Moreover, the average inundation depth
of 0.36 m without foreland is reduced to 0.27 m to 0.20 m with a 50 m width and MSL +1.75 m to 200
m width and MSL +2.25 m, respectively. In case studies, conducted along the East Frisian Coast, the
positive impact on inflow volume, as demonstrated by the numerical model, was confirmed [180].
Hoven et al. [178] measured a reduced breaching zone and inflow time. In the event of a dike breach,
the impacts, such as casualties, physical damage to infrastructure and buildings and the loss of the
environment, are likely to be reduced. For the city of Cuxhaven Mai and Zimmermann [181]
calculated that the damage to land uses in the event of a failure would be reduced by 36.2 to 35.2%
with foreland.

5. Management of Salt-Marshes in the Wadden Sea

5.1. Salt Marsh Types and Development Goals

In order to take appropriate management steps, especially in the context of future SLR, it is
essential to analyse both the initial and the target state of salt marshes [182]. In the Wadden Sea, salt
marshes are distinguished according to their developmental mechanisms and structural
characteristics. The Wadden Sea Plan [1] and the Wadden Sea Quality Status Report [17] differentiate
between naturally developing and artificially created so-called 'foreland salt marshes' along the
mainland coast. The Wadden Sea Plan [1] provides the following definitions:

"NATURALLY DEVELOPING SALT MARSHES have a drainage system of irregular, winding gullies,
a zonation of subtypes reaching from a pioneer zone up to higher saltmarshes and in most cases transition to
dunes, and - in the course of time - formations of salt marsh cliffs between older parts on the one side and pioneer
zones on the bordering tidal flats on the other. Natural salt marshes can be found on the islands on the landside
of dune areas and, in some places, along the mainland coast.”

"FORELAND SALT MARSHES are salt marshes which have developed or which development has
accelerated through active human interference [...]. They are mainly situated in places where natural
developments would not have led to salt marsh formation.”

The development goals for salt marshes are contingent upon the requirements of nature
conservation and CFERM. Regarding nature conservation, the natural processes serve as a model for
the objectives also in the artificially created foreland salt marshes, as seen in Thorenz and Carstens
[22] and Esselink et al. [17]. This includes, as described in Chapter 3.3.3, the natural processes that
form branched drainage systems and enable the development and maintenance of all succession
stages. The Habitats Directive [183] lists the habitat types as saline pioneer stages with Salicornia sp.
(1310) and Atlantic salt marshes (1330) in the Appendix L. The Directive states that the goals for these
habitat types are to preserve the distribution area, natural structures and functions as well as the
characteristic species.

For CFERM, salt marshes provide a range of ecosystem services, primarily including wave
attenuation, a naturally designed dike foot without the necessity for massive construction and the
limitation of flooding in the event of dike breaches [9,11,14,143,179]. In the German federal states of
Lower Saxony and Schleswig-Holstein, the Dike and Water Acts impose requirements for the
maintenance and preservation of the salt marshes as a protection element for the primary sea dike
[19 (§ 21); 184 (§ 60)]. In order to fulfill these services, salt marshes require a certain width and height.
However, the precise dimensions of these features are still under discussion, as stated by Marin-Diaz
et al. [29]. The role of vegetation in CFERM is also a topic of interest. However, the extent to which
this contributes to flood protection remains unclear [29,149]. In general, denser and higher vegetation
is associated with a higher wave attenuation and a lower erosion risk [166-168]. Despite remaining
uncertainty regarding the inclusion of salt marshes in CFERM [27,28], there is already substantial
evidence to suggest their value, as Erchinger [4] and Zhu et al. [143] have observed.
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5.2. Management Techniques

5.2.1. Sediment Nourishment

Sediment nourishment is the process of placing sediment onto or in close proximity to site that
is to be nourished [185,186]. This measure has already been widely used for the nourishment of sandy
beaches and shores [11,187-190]. In the context of salt marshes, the placement of sediment, either
directly or indirectly, are suggested approaches [185,191]. The direct application of sediment can be
used to elevate the surface of an existing salt marsh or to create a new one [88,192]. In an existing salt
marsh, the application of sediment is recommended to be in a thin layer of a few centimeters [191,193].
For the establishment of salt marsh vegetation on a tidal flat, it is recommended to construct a
sediment base with a depth equal to the MHW, which enables pioneer plants to establish [194]. This
approach has been implemented in the salt marsh pilot project Marconi near Delfzijl, where a sandy
base and a mud content in the first meter of the upper layer has been applied (ibid.). The seaward
slope is suggested to have an inclination of 1% [195] and the salt marsh to have an angle of 3% to 5%
[185]. To prevent soil compaction and facilitate the establishment of vegetation, the use of low-
pressure equipment is recommended (ibid.). The application of sediment can be conducted indirectly
in order to facilitate more widespread distribution [192]. Piercy et al. [196] propose the introduction
of sediment into the estuarine environment or in close proximity to the coast or tidal flat, where it
can then be transported by natural processes to the designated areas [197]. In the Mud Motor project,
sediment was deposited in a tidal channel to nourish a salt marsh in the vicinity of Harlingen in the
Netherlands [88]. It was modelled that the sediment is carried as suspended material onto the
designated salt marsh. The accretion of 10 cm was observed to occur within a few days, with a greater
quantity of material being deposited during periods of additional material addition. Nevertheless, it
is assumed that local hydrodynamic forces hinder lateral salt marsh growth. The authors conclude
that a more comprehensive understanding of the distribution mechanism and its efficiency is
essential for the successful implementation. Schulz et al. [186] found, that wind can influence the
transport of sediment, with more than two-thirds of the material was not transported to the desired
location when wind conditions were unfavorable and less than 10% when conditions were favorable.
With respect to the nourishment material, it is advisable to use sediment that is free from
contamination and compatible with the sink habitat [192,195]. The material often originates from
dredging activities in ports [185]. In the Mud Motor project material from the Harlingen Harbor was
implemented for nourishing a nearby salt marsh [88]. The implementation period for the Mud Motor
Project was set between September and April in order to reduce the impact on the environment [88].
Groot et al. [198] state, that nourishment is only useful if a deficit in sediment is identified. In such
cases, the implementation has the potential to reduce erosion and secure salt marsh edges. Depending
on the local circumstances, it is considered as a more natural alternative to the application of groynes
by Hofstede et al. [33].

5.2.2. Groynes

In the Wadden Sea, hydraulic engineering measures that are used in the context of salt marshes
are predominantly groynes [13]. The most commonly used are brushwood groynes, comprising of a
double row of wooden poles filled with brushwood or in a high-energy environment rock groynes
[113,199]. They are constructed in the tidal flats seaward of the coastal protection systems and form
rectangular sedimentation fields, which are arranged in a net-like structure [16]. The dimensions of
the fields vary regionally and have changed over time [43,199,200]. For a more comprehensive
overview, see Reimers et al. [113]. The dimensions of sedimentation fields referenced in the literature
range from 100 m x 100 m to 400 m x 400 m [16,43,112], with up to three fields to be present in a row
perpendicular to the coastline [127]. The groyne height ranges from 0.3 m to 0.5 m above mean high
tide [31,113,201], while the widths vary from 0.25 m up to 0.75 m [112].

Dijkema et al. [202] observed a sedimentation rate of 2.5 to 7.5 cm/a in a 400 m x 400 m groyne
field in the first four years following implementation. In numerical tests, Lieberman et al. [130]
determined, that groynes are capable of reducing up to 55% of the wave energy, effectively
performing to a water height of up to 60 cm above their crest. The reduction in wave height observed
by Erchinger et al. [31] was dependent on the groyne height. For a water depth of MHW to MHW
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+0.85 m and a crest height level at MHW, a reduction of 25% was measured, while for a crest height
level of MHW +0.3 m, a reduction of 50% was observed. As Lieberman et al. [112] found that a
brushwood groyne of 25 cm width was less effective than a groyne of 50 or 75 cm width for wave
height reduction, particularly when the water depth reached the top of the groyne. Furthermore, flow
velocity in the sedimentation field was found to increase, when soil was attached to the sides at a
height of 17 and 30 cm. According to Fiege and Hagmeier [199], sedimentation fields of 400 m in size
are generally sufficient in the Wadden Sea. However, if the hydrodynamic forces are too large,
smaller fields have been shown to enhance sedimentation [43]. To reduce the size of the sediment
field, additional cross fences and, if necessary, main fences can be implemented [199]. Furthermore,
Lieberman et al. [130] observed, that sedimentation rates are dependent on the width of the seaward
opening in the fields. A series of numerical tests with opening widths of 25 to 90 m indicated a
reduction in the quantity of sediment deposited with an increase in the opening width.

Groynes may interfere with the natural dynamics of salt marshes and other valuable habitats,
such as tidal flats, according to Jong et al. [203]. The natural dynamics of salt marshes include eroding
processes [74,105]. The stabilisation effect of groynes results in the succession of vegetation, which
negatively impacts biodiversity in the long run, as Nolte et al. [122] state. Foreland salt marshes
would not exist in the absence of technical measures [36]. Furthermore, the anthropogenic-induced
sediment process due to groynes is similar to the natural processes, as indicated by studies [114-116].
Esselink et al. [17] propose, that an adaptive management approach should be considered for
foreland salt marshes, whereby erosion can be permitted on a temporary basis. In terms of CFERM,
the objective is to preserve and, when necessary, develop the foreland salt marshes according to
Hofstede et al. [204] and Thorenz [13,14]. Groynes prevent erosion and stabilise forelands [30]. They
represent a significant element of the CFERM in Lower Saxony, especially in the context of eroding
salt marshes, which are used as nature-based elements [14].

5.2.3. Drainage System

As priorities shifted from agricultural use towards integrated management, drainage measures
also changed [17,22,23,36]. Historically, artificial drainage systems were implemented as a net-like
structure of furrows and ditches in order to drain large areas [64,127]. The width of these furrows
and ditches was typically between 0.4 m and 2.0 m wide, while their depth ranged from 0.4 and 0.15
m. This was done to ensure sufficient supply of sediment [31,36]. Erchinger and Thorenz [126] state
that furrows with a narrow, steep-walled trapezoidal profile can be produced with little effort and
remain effective for longer without maintenance. The spacing between the furrows varied according
to the local environment [36]. Erchinger et al. [31] recommend a sufficient depth and small width to
reduce maintenance, which was achieved through regular milling or dredging [111]. In many regions,
maintenance activities were discontinued in the past. In the Netherlands this was the case since the
1980s [205] and shortly afterwards in Germany [206,207]. It is anticipated that, over time, more
natural structures will emerge [17]. Wesenbeeck et al. [208] proposed a conceptual model to describe
the anticipated development: As a result of the natural processes, the smaller furrows situated at a
greater distance from the main ditch will gradually become filled with silt, while those in closer
proximity will deepen. This will ultimately lead to the formation of a more natural profile. In salt
marsh areas, where artificial drainage no longer occurs, pioneer stages are anticipated to appear. This
process can also be initiated or supported by topography adaptation measures, as seen in Chapter
5.2.5. Stock and Maier [206] have not yet been able to confirm this development for the German
Wadden Sea so far. Duin and Dijkema [209] note, the artificial drainage system in the vegetated salt
marshes appear to be highly stable due to consolidation by plants, assuming that natural
development is difficult to establish on its own. In particular, Stock and Maier [206] advise that
drainage structures should remain open in low-lying areas to enable water logging. With regard to
newly developing salt marshes, Groot and Duin [195] propose that artificial drainage measures
should be avoided and the dynamic development should be monitored, with intervention only being
considered for the purpose of CFERM.

Artificially constructed drainage structures do not represent natural structures and have a
negative effect on the habitat, as Arens and Gotting [116] found. It is therefore recommended that
these structures be avoided. However, it should be noted that the majority of salt marshes along the
mainland coast have artificial drainage structures, where supplementary measures can support the
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formation of natural structures [206]. In order to guarantee the stability of the dikes, it is necessary to
ensure that the dike foot is drained by narrow furrows which drain via a main ditch [22,23]. For
higher soil resistance ensuring erosion stability for coastal flood management purposes salt pan
development is to be prevented [31,210]. Without drainage, salt marshes are expected to become too
wet for grazing, as reported by Dijkema et al. [211]. In order to reduce the accumulation of flotsam
and for habitat specific bird management, it is recommended that drainage be established in order to
enable grazing [22,36,212]. Planungsgruppe Griin [213] states that the reduction of debris can also be
achieved by increasing the influence of water, for example by filling furrows and ditches or removing
soil.

5.2.4. Vegetation Establishment

Stabilization of the sediment bed, sufficient height and sediment supply are the prerequisites for
successful vegetation establishment [214]. Further, it is found that the sowing of plants as seeds or
cuttings can promote vegetation cover, particularly when the seed bank is limited and other salt
marshes, which act as potential seed sources, are located at a greater distance [182]. Huiskes et al.
[215 in 195] indicate, that seeds can be transported over a distance of up to 60 km. Due to their
characteristics pioneer plants such as Spartina sp. or Salicornia sp. were chosen for this purpose
[62,63,89]. For instance, Salicornia sp. is used in the Marconi project [194]. It was found, that Salicornia
europaea tends to form a homogenous and stable landscape [70]. Furthermore, it has been shown to
have a higher success rate compared to Spartina anglica or Aster tripolium, when using seedlings [216].
Information on seed collection and processing can be found in Wohlenberg [217] or Vries et al. [194]
for Salicornia sp.. In the past, the plants were brought out using a specially developed drilling sled
[112,217] or by manual spreading; this latter method is still employed in the present day [194].
Regteren et al. [216] spread seedlings in a thin layer of 1 mm on the surface, while Vries et al. [194]
spread out Salicornia procumbens fragments mixed with sawdust in a density of 50 fragments per m?.
Adnitt [185] provides a summary of favourable conditions for vegetation development. Of particular
interest is the establishment of seedlings, with a focus on Salicornia sp.. [25,60,216]. In the literature,
the primary focus has been on the duration and frequency of flooding, in addition to the soil
composition [218]. In order to determine the optimal soil composition, Vries et al. [194] compared the
impact of 5%, 20% and 50% mud content in the first meter of the topsoil. The results indicated that a
mud content of at least 20% was the most effective in enhancing vegetation coverage. Given that
vegetation roots only reach a depth of approximately 30 cm depth, the layer may be thinner than one
meter (ibid.). Wohlenberg [217] observed that the water content of the soil, which is dependent on
the grain size composition, also influences the growth conditions. Their study demonstrated that
sowing was successful at a water content of 16 to 63.5%. The long-term stability of the bed level is
considered to have a significant impact on seedling establishment [60,219]. In a study conducted by
Horstman et al. [220], a correlation between the presence of vegetation and a short-term bed level
change of less than 12 mm was found. According to Siegersma et al. [25], an accretion of +1.4 cm and
an erosion of -0.8 cm per month are considered favourable for Salicornia sp.. Regteren et al. [216]
discovered that particularly during the winter months, high levels of disturbance can result in
unsuccessful seed retention. The authors advise that the sowing period should be selected with due
consideration of the growing season. The optimal conditions for the development of Salicornia sp.
occur around tidal mean high water (MHW) level [51,194]. Siegersma et al. [25] found, that sites with
an inundation of more than 12% of the time per month provide unfavorable conditions for the
establishment of Salicornia sp.. It is essential to ensure the inflow and outflow to the salt marsh in
order to guarantee a sufficient sediment supply and to prevent the formation of standing water,
which could result in the creation of vegetation-free areas [185]. Oevelen et al. [221] concluded that
effective planning and site selection are crucial for the successful establishment of vegetation.

5.2.5. Topography Adaption

The adaptation of salt marsh topography is primarily aimed at soil extraction, the establishment
of natural morphologic structures and the enhancement of the nature conservation status of foreland
salt marshes. The extent of the measures varies from relatively minor interventions, such as filling in
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ditches or adapting the drainage system to more natural structures [206,209], to substantial changes,
such as extensive removal of the topsoil [222].

Historically, the extraction of clay from salt marshes has been a common practice for the
reinforcement of dikes [31]. In the recent past, it was usually conducted on the landward side of the
dike, given the protective nature conservation status of the salt marshes. Currently, soil extraction in
salt mashes is only permitted under certain conditions [17,222]. It is a requirement, that the habitat is
in an unfavourable condition regarding their nature value and that the measures contribute to their
ecological improvement [17]. Bartholoma et al. [222] developed a guideline for an optimal clay pit
design in salt marshes in terms of ecology and sedimentation based on investigations in the Jade Bay.
In the past, dimensions of clay pits along the Lower Saxony coast varied considerably, with sizes
ranging from 0.1 to 26.6 ha and depths from 0.6 to 4.2 m [223 in 222]. In contrast to traditional
extraction pits constructed pits in the present day are larger but shallower, according to Esselink et
al. [17]. Bartholoma et al. [222] propose that a single large clay pit should be used in preference to
multiple smaller ones. Furthermore, it is recommended to create a more natural shape with flat
beveled edges. According to Esselink et al. [17], the dimensions of clay pits are to be selected on the
basis of local conditions. Bartholoma et al. [222] propose a minimum depth of 50 cm below MHW
level, taking into account the exploitable clay layer and the barrier layer below it. In the event of
multiple planned pits, time-shifted construction can facilitate different development stages [222]. It
is essential to establish a connection to the tidal system via waterways in order to facilitate the
regeneration of the natural development and succession [17,31,206]. This can be achieved by ensuring
a sufficient supply of sediment and, at the same time, creating an environment favorable to deposition
[222]. Itis advised that the local sediment availability be tested in advance in order to ensure sufficient
accumulation [224]. The dimensions [223 in 222] and the shape [225] of the extraction site appear to
have a minimal impact on sedimentation processes. In terms of time, Karle and Bartholoma [226]
measured in the Jade Bay accretion rates of 15 cm/a in the first years after extraction, which decrease
over time to 3 to 4 cm/a. Modelling conducted by Esselink et al. [227] on clay pit at the Dollard bay
indicates that refill to initial height takes approximately 22 years. After this period, the average
compactness of the deposited sediment is found to be half of that observed prior to extraction, a
finding also confirmed by Karle and Bartholoma [226].

In order to initiate or accelerate the development of a more natural topography, as outlined by
Wesenbeeck et al. [208] in Chapter 5.2.3, it is suggested that small-scale measures involving the filling
of artificial drainage structures be implemented. However, this is only recommended for higher-
elevated areas by Stock and Maier [206]. Duin and Dijkema [209] tested the effects of filling half of
the artificial drainage system or creating a more natural one in foreland salt marshes in Friesland and
Groningen. However, the authors were unable to determine any clear development due to the
relatively limited observation period of four years. Along the coast of Lower Saxony, Rupprecht et
al. [228] state that Elymus athericus continued to dominate in salt marshes in the Leybucht eight years
after the drainage structure had been filled in.

The extraction of clay from salt marshes as the main target is an example of topography
adaptation that can be perceived as an intervention in the natural environment. Such activities are
subject to rigorous regulatory frameworks [222,229]. However, in salt marshes in unfavorable and
stable conditions, soil removal offers the potential to restore natural dynamics and to induce a
primary succession, as observed by Karle and Bartholoma [226] and Metzing et al. [230] and
Rupprecht et al. [228]. It is stated that the removal of topsoil can facilitate the natural development of
a drainage system in anthropogenically strongly influenced salt marshes [129,206,209]. Bartholoma
et al. [222] argue that clay pits implemented under nature conservation aspects can represent
restoration measures. It is essential that the function of salt marshes in the context of CFERM is not
negatively impacted [111]. In salt marshes prone to erosion, soil extraction should be refrained from,
in order to ensure their preservation [222].

5.2.6. Grazing

The impact of grazing on salt marshes has been demonstrated to vary according to the intensity
and type of grazing, as well as the specific animal species, cattle, sheep or horses, involved [91,231].
Based on the vegetation structure, Bakker et al. [232] differentiate between two intensities of grazing:
intensive, indicated by a homogenously short vegetation, and extensive, indicated by a heterogenous
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vegetation with short and tall structures. In general, an increase in stocking density was found to
result in a reduction in vegetation coverage and height. Nolte et al. [233] found, that when comparing
horse and cattle grazing at different densities of 0.5 LU/ha and 1.0 LU/ha, the mean height of the
vegetation was 10.9 cm with higher stocking rates and 15.8 cm with lower stocking rates. The mean
vegetation heights observed in the horse and cattle grazing treatment were 11.7 cm and 15.0 cm
respectively. Bakker et al. [117] observed, that grazing by sheep also showed a similar trend. In areas
with low stocking rates of 1.5 sheep/ha, high and dense vegetation was observed. In contrast,
heterogeneous structures developed in areas with medium stocking densities of 3 to 4.5 sheep/ha.
Finally, short, homogeneous structures were observed in areas with high stocking densities of 10
sheep/ha.

In stable salt marshes, it was observed, that at higher elevations, Elymus athericus tends to form
dense stands [122,234], which can negatively impact biodiversity if they become dominant in
extensive areas [235,236]. It is reported that grazing can slow down or even counteract this process
[123,124,237]. Studies indicate a stocking density of 10 sheep/ha [117], 1 cattle/ha [123,238] and 1
horse/ha [123] is sufficient to suppress Elymus athericus. According to Heydemann [51], grazing
influences the species composition, promoting Puccinellia maritima in the low salt marsh and Festuca
rubra in the upper salt marsh. For nature conservation, Andresen et al. [237] propose a stocking rate
of 0.5 cattle/ha. Kleyer et al. [239] recommend for greatest plant biodiversity a density of 0.6 cattle/ha
in high salt marsh. With a lower rate of 0.4 cattle/ha or no grazing, succession was observed to
succeed. Conversely, with a higher density of 1.3 cattle/ha, a lower plant species richness was
reported. In order to enhance structural diversity, Nolte et al. [233] propose the use of cattle in place
of horses, with a stocking rate of 0.5 LU/ha. Vlas et al. [240] recommend grazing with cows at a low
stocking rate of 0.5 LU/ha, particularly in areas with a high density of ground-nesting birds during
the breeding season. Grazed areas are preferred as resting areas for geese or as breeding grounds for
meadow birds such as oystercatchers [231,240]. Furthermore, the authors reported, that different
grazing intensities were preferred by birds as well as by invertebrates. Consequently, the authors
conclude that the majority of species would benefit from a mosaic-like management approach,
combining low and high stocking rates, ungrazed areas and a rotation. This conclusion is also
supported by the findings of other authors [123,124,206,211,241] and is implemented, for instance, in
the management plan for the Groninger coast [242]. Nevertheless, these plans do not recommend the
use of livestock grazing in early successional stages and dynamic, naturally developing salt marshes,
a view that is also supported by the findings of Marin-Diaz et al. [243] and Kiehl et al. 1996 [244].

In the context of CFERM, grazing is used as a means of reducing flotsam by removing
aboveground biomass, according to Erchinger et al. [31] and Thorenz [13]. In their report, the
Planungsgruppe Griin [213] recommended a stocking density of 21.5 cattle/ha or >3 sheep/ha until
the end of the growing season. This was found to reduce debris up to 240%. With regard to the impact
of grazing on soil stability, Erchinger et al. [31] state that the highest soil strength in the Leybucht was
observed in extensively grazed areas with 0.5 to 1 cattle/ha. However, even in the absence of grazing,
bed shear strength was sufficient to resist erosion. Furthermore, high stocking rates are expected to
initiate erosion, as found by Erchinger et al. [31] or Kosmalla et al. [245]. In particular, grazing can
induce lateral erosion in areas with erosion tendencies in close proximity to the salt marsh edges
[116]. Marin-Diaz et al. [243] recommend a rotating management approach and the avoidance of
intensive grazing, although in low-lying areas with poor sediment supply, grazing should be entirely
avoided. As previously outlined in Chapter 5.2.6, livestock can reduce elevation growth, in two
distinct ways: Directly, through soil compaction, and indirectly, through alterations in vegetation
structure [91,121]. Elschot et al. [120] and Heydemann [51] found, highest sedimentation rates and
elevation growth were measured in ungrazed compared to grazed areas. Erchinger et al. [31] also
report a comparable interaction based on field studies with 0.5 and 1.0 LU/ha, indicating an increase
in sedimentation with higher and denser vegetation. In order to prevent damage due to soil
compaction, Erchinger et al. [31] advise that a density of 0.5 LU/ha should be maintained on highly
cohesive soils, while on other soil types a density of 1.0 LU/ha is recommended. By simulating an
increased grazing pressure with a reduction in vegetation height, Hijuelos et al. [246] observed that
wave attenuation in the salt marsh was reduced by up to 40% compared to a scenario where grazing
was absent.
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5.3. Monitoring

As dynamic systems, salt marshes are subject to change over time. To enable timely intervention
in order to counteract unintentional developments, it is recommended that regular monitoring is to
be conducted [158,198]. A precise definition of the desired outcome is essential for the development
of an appropriate monitoring strategy, as proposed by Wolters et al. [182]. Monitoring concepts for
salt marshes are proposed by Dijkema et al. [201], Hofstede [23], Piercy et al. [196] and Adnitt [185].
The study designs consider different parameters in accordance with the specific objectives of the
study. The Trilateral Monitoring and Assessment Programme of the Common Wadden Sea
Secretariat [1] has as its objective the evaluation of the state of the Wadden Sea ecosystems. In the
case of salt marshes, the parameters considered are area, vegetation, selected typical species and
management influence (grazing, drainage). In the assessment of the FFH habitat types, drainage,
relief and vegetation (structure, zonation, species inventory) are the determining criteria. Faunistic
species groups, particularly birds, are also considered in this concept [247]. In the event that the
objective is to utilise salt marshes as NBS, Piercy et al. [196] recommend that at least monitoring of
geomorphology and vegetation is conducted. As the mapping of vegetation also allows for the
determination of its nature conservation value, the following will be limited to these two
geomorphology and vegetation.

5.3.1. Geomorphology

The development trend, expansion or retreat, of a salt marsh can be determined on the basis of
the (potentially) sedimented material and is indicated by change of height and width of a salt marsh
[104]. Nolte et al. [248] present an extent overview of the various methods that can be employed to
measure sedimentation and elevation change in tidal marshes. The authors distinguish between
potential and actual sedimentation and accretion, which includes both sedimentation and erosion.
As an indicator of the potential for sedimentation, the suspended sediment concentration in the water
column can be measured using the bottle method, as described by Schulze et al. [119]. With regard to
actual sediment deposition, Nolte et al. [248] propose the use of filter, cylinder or flat surface traps as
suitable methods. Accretion can be quantified using SEB [201], sedimentation plates [30,91,237], a
dating method (e.g. Lead with 210Pb) [249] or a marker horizon [86]. Surface-elevation change,
including sedimentation, erosion and compaction, is measured in relation to a given ordnance datum
[191,248]. The Methods used are LiDAR [88] and levelling [75,216].

The lateral dimension, the width of the salt marsh, is reported to be determined by the shoreline
position [191]. This can be determined by remote sensing methods, utilising elevation data obtained
by laser scanning [185,250] or imageries such as orthophotos [132]. Farris et al. [251] apply image
processing to multispectral images in order to identify the shoreline as the transition between
vegetated and unvegetated grounds. In situ, the shoreline of eroding salt marshes can be mapped as
an edge profile [31].

The conditions and development of drainage systems in salt marshes are determined by the
density and structure of creeks and salt pans [129] with the use of aerial photographs [185]. Vries et
al. [194] monitor morphodynamics with LiDAR creating digital terrain models (DTM). In the field
profiles of the ditches and furrows are taken [129]. Duin and Dijkema [209] propose the mapping of
vegetation using aerial photography as a means of recording the drainage system. Piercy et al. [196]
advise the evaluation of the ratio of vegetated to unvegetated area as a parameter for monitoring the
drainage system and salt pans.

5.3.2. Vegetation

The presence of vegetation on salt marshes is associated with attenuation of waves and the
protection of the marshes from erosion (Chapter 4.1.3, Chapter 3.3.2). One measurement for this is
the above- or belowground biomass [10,31,73,97], which is determined on the basis of the weighed
dried plant biomass as done by Koop-Jakobsen and Dolch [142] or Marin-Diaz et al. [93]. Further
vertical growth forms, such as height, stem density or stem number [48,75,93,252] and horizontal
vegetation coverage [170], are subject to monitoring concepts for CFERM functions of NBS [191]. The
species composition provides information about the performance in CFERM [167] and serves as an
indicator for the value of nature conservation [232,247]. Wolters et al. [182] propose the use of target
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species for the evaluation of restoration success. Metzing et al. [230] and Loon-Steensma et al. [114]
compare species recorded at the study site with those at reference sites. The mapping of habitat types
is a common method of monitoring, as exemplified by the Trilateral Monitoring and Assessment
Programme (TMAP) of the CWSS [253]. Furthermore, vegetation can also be monitored by remote
sensing. The use of aerial imagery allows for the identification of vegetated and unvegetated areas
[251] and approaches for mapping species-specific vegetation are tested [254,255]. Routhier et al. [254]
recommend the use of "red, green and near-infrared (RGN) camera image band composites” as a method
for vegetation mapping.

5.4. Nature-Based Solutions

The International Union for Conservation of Nature [256] defines NBS as "actions to protect,
sustainably manage and restore natural and modified ecosystems in ways that address societal challenges
effectively and adaptively, to provide both human well-being and biodiversity benefits”. Adding to this,
Jordan and Frohle [26] emphasise their use for climate adaptation and specifically in coastal flood
management. In order to facilitate the NBS in flood risk management, Bridges et al. [191] have
developed international guidelines. In defining NBS the authors state that many existing definitions
have in common "the focus on conserving, restoring, and engineering natural systems for the benefit of people
and the ecosystems we inhabit". Consequently, they facilitate the achievement of several sustainable
development goals set forth by the United Nations [257] including industry, innovation and
infrastructure (No. 9) and sustainable cities and communities (No. 11).

The utilisation of NBS in CFERM is already prevalent and diverse as demonstrated by the
catalogue of appropriate measures compiled by Choya [258]. Among other examples, dunes, salt
marshes, oyster banks or seagrass meadows are included. Recent studies [177,259,260] have indicated
that this phenomenon is a relatively recent development. However, publications by Erchinger [9],
Hofstede [11], Thorenz and Carstens [22] and Thorenz [18] indicate that NBS have been used for a
considerable period of time. As early as 1754/57, Brahms [21] highlighted the importance of salt
marshes in coastal flood management. In the Wadden Sea several NBS can be found along the coast
with a particular focus on habitat types of dunes and salt marshes [11].

However, due to the difficulty in assessing the risk of failure, NBS mainly appear in combination
with technical solutions as Nat et al. [261] analyse for the Wadden Sea. Bouma et al. [28] state, that
the prediction uncertainty of processes in salt marshes, particularly in the context of storm surges,
presents a significant challenge to the integration of NBS in CFERM. The challenge for mainstreaming
NBS in CFERM will be to meet engineering standards [27]. Furthermore, Hoek et al. [262] point out,
that the insecurity of society towards the implementation of NBS must be considered. CPSL [36]
presents an evaluation of optimal environmental practice in salt marsh management (Figure 7).

6. Adaptation of salt marshes to effects of climate change and consequences for coastal flood and
erosion risk management

In the long term, it is predicted that in unfavourable scenarios, the SLR will result in a reduction
of salt marsh area. This will in turn lead to a decline in ecosystem services, for example, in terms of
coastal flood management [34,35]. However, their ability to retain sediment suggests that they will
be able to adapt to a changing environment to a certain extent. This may also serve to preserve their
function in CFERM [36,78,263,264].

The significance of salt marshes as NBS in CFERM and their capability to adapt to future impacts
of climate change is emphasised in strategies such as the Master Plan Coastal Protection and Climate
Change Adaptation Strategy of Lower Saxony [13,14], in the Master Plan Coastal protection of
Schleswig-Holstein [265] or the Delta Programme 2015 of the Netherlands [266]. The incorporation
of salt marshes into CFERM is anticipated to diminish the necessity of dike heightening, thereby
reducing costs [81,267,268]. Additionally, salt marshes function as significant carbon sinks for blue
carbon, contributing considerably to climate protection [269].
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Figure 7. Salt marsh management techniques [changed after 36].

CPSL [36] provides an evaluation of the effects of the salt marsh management techniques,
including groynes, drainage furrows and grazing, for climate change adaption. The authors conclude,
based on studies, that the mainland salt marshes may be able to compensate for a SLR of around 1
cm/a through increased sedimentation, provided that the pioneer zone is stabilised. The initial impact
of an increased SLR is expected to manifest as erosion in the pioneer zone due to higher exposure to
wave action and currents. This is followed by cliff erosion and ultimately, the disintegration of the
salt marshes. As a countermeasure indirect sediment nourishment is recommended by Hofstede et
al. [33] as a more natural alternative compared to technical measures, as it is expected to be able to
reduce lateral erosion. Nevertheless, the authors still recommend the use of groynes for promoting
accretion. Furthermore, Dijkema [43] proposes reducing sedimentation fields to 200 m by 200 m in
order to enhance sedimentation and to protect pioneer stages. Siegersma et al. [270] state that
protection structures can have the potential to slow down the SLR induced retreat of vegetation. If
seed banks decrease and a shortage occurs, as predicted by Regteren et al. [216], the authors suggest
counteracting this by actively sowing seeds.

As outlined by Elschot et al. [120], grazing management has been demonstrated to exert an
influence on surface elevation. The findings indicate that areas subjected to grazing at stocking rates
of 20 to 25 cattle/’km? are more vulnerable to the effects of SLR than ungrazed areas, due to the
compaction of the soil. Therefore and to improve sedimentation rates it is advised not or only
extensively to graze [31,91,121]. An adjusted grazing management can have the potential to
compensate habitat loss for breeding and resting birds due to SLR, as suggested by Clausen et al.
[271]. For Denmark the authors found, that currently many sites are unsuitable habitats for
Waterbirds, but can be improved by implementing an extensive grazing regime.

In the context of SLR, it is anticipated that salt marshes will naturally shift landwards. However,
this landward retreat is often impeded by the presence of barriers like dikes protecting densely
populated areas along the Wadden Sea [134]. As potential solutions for creating substitute sites,
coastal realignment and de-embankment have been proposed [17,182,272-274]. An overview of de-
embankment projects is provided by Wolters et al. [182] and for the Wadden Sea coast in Esselink et
al. [17]. Project sites can be found in the Netherlands along the Frisian and Groninger coast and in
Germany in the Leybucht (Lower Saxony) [17,273]. Based on the projects, Wolters et al. [182] derived
recommendations for successful implementation. The authors suggest connecting the areas to the
tides by creating a creek and implementing grazing if late succession stages are dominant. Hofstede
[275] adds that the surface elevation of the de-embanked area is also important. It is assumed that the
lower the surface is elevated and the greater the sediment deficit, the more susceptible they are to
increasing SLR. From a CFERM perspective, under certain conditions managed retreat might be an
option for Hofstede [275], given that it adds value, such as a reduction in the length of the coastline.
In order to determine the feasibility and potential success of a project, it is necessary to consider the
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objectives of nature conservation and CFERM, as well as the local conditions and experience must be
taken into account [182].

Monitoring of salt marsh development is recommended in order to enable the implementation
of countermeasures in a timely manner in the event of unfavourable developments (ibid.). In the
context of significant environmental changes induced by climate change, this applies to all salt
marshes.
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