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1. Introduction

Coastal salt marshes may broadly be defined as areas, vegetated by herbs, grasses or
low shrubs, which are subject to periodic flooding (tidal and non-tidal) as a result of
fluctuations in the level of the adjacent saline-water bodies (Adam, 1990), and where
saline water is defined as not being fresh, i.e. when the annual average salinity is
greater than 0.5 g of solutes per kg of water (Odum, 1988). In tidal systems, salt
marshes form the upper part of the intertidal zone, i.e. the interface between land and
sea. They may extend vertically from well below the mean high-tide level up to the
highest water mark. Salt marshes reach their greatest extent along low-energy coasts
where wave action is limited and mud can accumulate (Allen & Pye, 1992; Balke et al.,
2016).

According to the EU Habitat Directive, salt marshes include the habitat types 1310
(Salicornia and other annuals colonising mud and sand), 1320 (Spartina swards), and
1330 (Atlantic salt meadows), for which national conservation objectives have been
elaborated.

The above definition of salt marsh implies that a salt marsh is not defined by its
substrate. Although the great majority of European salt marshes have a clayey
substrate, the substrate can vary from pure sand to clay and peat.

Various human activities have a direct or indirect impact on salt marshes. These
activities include, land use (grazing, artificial drainage, recreation, nature
conservation, and coastal defence measures), as well as pollution and eutrophication.

Trilateral policy and management

All salt marshes in the Wadden Sea area are part of Natura 2000 areas. In addition to
the national legislation and nature protection regulations in the Netherlands, Germany
and Denmark, the trilateral 2010 Wadden Sea Plan (WSP) provides the framework for
the management of the entire area (CWSS, 2010). In the WSP, the following five
targets have been formulated for salt marshes:

e To maintain the full range of variety of salt marshes typical for the Wadden Sea
landscape;

e To achieve an increased area of salt marshes with natural dynamics;

¢ To achieve an increased natural morphology and dynamics, including natural
drainage of mainland salt marshes, under the condition that the present surface
area is not reduced;

¢ To maintain a salt marsh vegetation diversity reflecting the geomorphological
conditions of the habitat with variation in vegetation structure;

¢ To maintain or to achieve favourable conditions for all typical species.

Contents

In order to assess the above-mentioned targets, this report will review the following
topics:

e Trends and present status of the Wadden Sea salt marshes including their total



extent, distribution, geomorphology, vegetation composition and management
on the basis of the TMAP monitoring programme;

¢ Potential threats including consequences of loss of diversity by vegetation
succession (Esselink et al., 2009), and sea-level rise due to climate change;

¢ Ecological restoration of salt marshes.

2. Status and trends

2.1 Total area

Based on the most recent data, salt marshes in the Wadden Sea extend over virtually
40,000 ha, (Table 1). The size of the Wadden Sea salt marshes represents about 20 %
of the total area of coastal salt marshes in Europe (Doody, 2008). Although the extent
of salt marshes in the Wadden Sea is considerable, it is worth to note that they have
been much more extensive in the past than they are today (Wiersma et al., 2009; Vos
& Knol, 2015). The major cause for their decline during historical times has been land-
claim to acquire new land for agriculture, and more recently, coastal-protection
measures. Loss of salt marsh through human intervention continued throughout the
twentieth century.

From a morphological view, four types of salt marsh may be distinguished in the
Wadden Sea, viz. (Figure 1): (A) back-barrier marshes, (B) foreland marshes, (C)
Hallig salt marshes, and (D) green beaches. The reported extent of salt marshes in this
report is not based on geomorphology, but on vegetation and habitat mapping
(Petersen et al., 2014).

Figure 1. Photographic impression of the four characteristic salt marsh types of the
Wadden Sea. Clockwise, starting from the upper left: (A) barrier-connected salt marsh
in the lee of a dune ridge, (B) clayey foreland-type salt marsh mostly found on the
mainland and largely man-made, (C) hallig salt marsh that developed on a remnant



part of the historic mainland, and which are not protected by a seawall, and (D) green
beach in the seaward area of a dune ridge (Photos: Martin Stock / LKN-SH (lower
right), Rijkswaterstaat (others)).

Green beaches may develop in the seaward area of a dune ridge (see Figure 1 in
“Beaches and dunes”). From a vegetation perspective, green beaches cannot be
considered entirely as salt marsh, because mostly they form a mosaic of salt marsh and
dune vegetation. Therefore, at the landscape level, they are a transition between the
beach, the dune system, and salt marshes. Since green beaches are not distinguished
as landform, halophytic vegetation of green beaches was merged with back-barrier
marshes into one group, viz.: barrier-connected salt marshes (see Table 1).

Barrier-connected salt marshes are in principal natural marshes. They developed
in the lee of a barrier or dune system. The construction of artificial dune ridges in the
past has stimulated the development of back-barrier salt marshes, such as the
Boschplaat salt marsh on Terschelling (NL), and the salt marsh of the Skallingen
peninsula (DK). The presence of extensive artificial dune ridges explain why in the
Netherlands Wadden Sea the extent of barrier-connected marshes today is much
larger than their historic reference values (Dijkema 1987). On some German islands,
such as Norderney and Juist, parts of the barrier-connected salt marshes have been
artificially drained. A side effect of both the artificial ridges and the draining is that
natural dynamics are reduced, and vegetation succession is accelerated (Esselink et al.,
20009; de Groot et al., 2016).

Foreland salt marshes on the mainland make up approximately half of the salt
marsh area in the Wadden Sea. These salt marshes are largely of anthropogenic origin,
because their development has been promoted by the construction of sedimentation
fields and ditching. Despite their artificial origin, the foreland salt marshes are
appreciated for their value for nature conservation. Natural foreland salt marshes are
relatively rare.

A Hallig is a salt marsh island, which has been part of the mainland and which is not
protected by a seawall. Hallig salt marshes thus accreted on low-lying old land. They
show a greater resemblance with the clayey foreland salt marshes than with the sandy
barrier-connected salt marshes. Hallig salt marshes are generally protected by
revetments (Figure 1).

Summer polders have a risk to be flooded by seawater during extreme storm tides, but
mostly with only a minor effect on the vegetation. Strictly speaking, and contradictory
to the WSP, most summer polders cannot be considered as salt marsh, because
flooding by seawater is too infrequent. Consequently, the area of halophytic vegetation
in summer polders is very limited. Because summer polders have a high potential for
salt marsh restoration, their 2,280 ha were added as an extra category to Table 1.

Table 1. Recent extent (ha) of salt marshes and summer polders in different parts of the
Wadden Sea classified by their geomorphology. On the islands, de-embanked summer
polders may be added to the barrier-connected marshes; on the mainland to the
foreland-type salt marshes.



Landform Netherlands Lower Saxony Hamburg Schleswig-Holstein Denmark"” Total

Year of survey 2008/2012 2004 2009/2014 2011/2012 2010/2012
Barrier connected (foreland incl.) 4 640 3670 310 1700 3280 13 600
De-embanked (summer) polder 90? 150 40 280
Mainland salt marsh
Barrier connected 780 1340 2120
Foreland-type 4 000 5460 8580 2520 20 560
De-embanked summer polder 360 380" 740
50 2180 2230
Islands 10 60 80 150
Mainland 870 1260" 2130
Total 880 1320 80 0 0 2280

') Habitat type 1310-1330, 2110
“ Total de-embanked area
Y Status in 2018

2.2 Salt marsh distribution and trends

The distribution of the salt marshes shows some conspicuous variation across the
Wadden Sea (Figure 2). Barrier-connected salt marshes on the mainland coast are
restricted to the northern part of the Wadden Sea. Hallig salt marshes are almost
restricted to Schleswig-Holstein, with the Punt van Reide salt marsh in the
Netherlands, as an exception.
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Figure 2. Overview of the total area of salt marshes and summer polders in different
parts of the Wadden Sea specified according to their morphology. NL = the
Netherlands, LS = Lower Saxony, HH = Hamburg, SH = Schleswig-Holstein, DK =
Denmark. Same data as Table 1.

After a reported 1,600 ha increase of salt marsh in the previous QSR (Esselink et al.,
2009), based on most recent surveys, salt marshes showed an almost Wadden Sea



wide continued expansion (Figure 3). Because new survey data was not yet available
for Lower Saxony, a complete net change of area could not be calculated. In the four
remaining sectors, however, the total extent increased by more than 2,600 ha since the
2002/2007 survey, and more than 3,750 ha since the 1995/2001 survey. About three-
quarter of the last-named increase was caused by the (barrier-connected) island salt
marshes which expanded by over 40 %. This increase showed considerable spatial
variation. The salt marsh of Schiermonnikoog, for instance, increased by about 500 ha
between the two most recent surveys, which equalled to 67 % of the total increase of
islands salt marshes in the Dutch area in this period. The island salt marshes of Lower
Saxony matched the overall trend with an upward change between the 1995/2001 and
2002/2007 surveys (Figure 3; Esselink et al., 2009).
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Figure 3. Development of the areal extent of salt marshes in different parts of the
Wadden Sea based on three successive surveys; from left to right: 1995/2001,
2002/2007 and 2008/2014. Data of the first two surveys are from Esselink et al.
(2009) with a downward correction for the exclusion of dune vegetation of green
beaches.

The general trend of the island salt marshes differs clearly from the development of
both mainland and Hallig salt marshes (Figure 3). Hallig salt marshes are almost
completely enclosed by revetments (Figure 1), and their size therefore remained
almost unchanged with a total extent of 2,230 ha (Table 1). Mainland marshes showed
different trends among sectors. In the Netherlands and Denmark, overall net changes
were negligible, whereas expansion of mainland marshes continued in Schleswig-
Holstein during the last survey, and since 2001, these marshes increased in size by
1,160 ha.

2.3 Salt marsh zones and vegetation composition

In the 2009 QSR, ageing of salt marshes, i.e. the extension of late-succession salt



marsh communities, mostly with low species diversity, at the expense of young
succession stages, was identified as the dominant process in most salt marshes. This
development results in an increased incidence of late-succession vegetation types,
especially vegetation of Elytrigia atherica (Esselink et al., 2009; Bakker 2014;
Rupprecht et al., 2015). The observed recent development of new salt marsh did not
result in a similar increase of pioneer and low-marsh vegetation types (Figure 4). On
the contrary, the extent of pioneer and low-marsh vegetation types remained relatively
constant during the most recent vegetation survey compared to the two previous
surveys, which can only be explained by a continued succession (Figure 4).

Figure 4. Development of the areal extent of the different vegetation zones based on
three successive salt marsh surveys: 1995/2001, 2002/07 and 2008/2014 (from left
to right) on the Wadden Sea (A) Islands, (B) Mainland and (C) Halligen. Data of the
1995/2001 survey from Bakker et al. (2005); 2002/2007 from Esselink et al. (2009).
For graphical reasons, the salt marshes of Hamburg have been pooled with Lower

Saxony, despite missing data for Lower Saxony in 2008/2014; Hallig-type salt marshes
in the Netherlands have been included in the mainland marshes. The pioneer zone is
defined as the area where pioneer vegetation covers 25 % (Petersen et al., 2014); in
Schleswig-Holstein this threshold value is 10 %.

Based on the most recent available figures, Table I1.1 (Annex IT) gives the vegetation
composition of the Wadden Sea salt marshes per site or region and per sector
according to the TMAP vegetation typology, except for Denmark where vegetation was
mapped in less detail at the level of EU habitats, Table II.2, (Annex II). At the habitat



level, vegetation types of the low to brackish-marsh zones are all merged into habitat
H1330 (Petersen et al., 2014). This means that the succession stage of Danish salt
marshes cannot be assessed from the currently available maps.

In the other sectors, the E. atherica vegetation (TMAP code S.3.7) was generally the
dominant type in the high-marsh zone, whereas the late-succession Phragmites
australis vegetation (TMAP code S.5.2) of the brackish marsh zone had only a modest
incidence, except at some specific sites. When the incidence of E. atherica and

P. australis vegetation are added up, late-succession stages extent over one-third or
more of the area in several larger salt marsh sites Table I1.1 (Annex II).

In the mainland salt marshes of the Netherlands, the extent of high-marsh vegetation
remained relatively constant (Figure 4B). The largest parts of these marshes are
grazed, which here restrains the succession from low-marsh to high-marsh vegetation
(Esselink et al., 2009).

In the framework of salt marsh engineering, Spartina anglica was introduced and
planted at several sites in the Wadden Sea from 1925 onwards (van Eerde, 1942;
Esselink, 1998; Reise, 1994). Meanwhile the species is the dominant and characteristic
species of the S. anglica vegetation type in the TMAP vegetation typology (Petersen et
al., 2014) and of habitat H1320 (Spartina swards; Doody, 2008). S. anglica vegetation
can be found in almost every salt marsh of the Wadden Sea (Annex II), and in this
sense, the introduction of the species meant a great change in the Wadden Sea salt
marshes. There are only a few salt marshes, however, where S. anglica vegetation
covers considerable areas and reaches an incidence of about 20 % (with an outlier of
almost 40 % value on the island of Mandg, Denmark (Annex II). The species is not
only a pioneer on bare mudflats, but it may be found also in depressions at higher
surface elevation with an impeded drainage. This may explain the relatively high
incidence of S. anglica vegetation in some of the mainland marshes, where the upkeep
of artificial drainage has been abandoned, such as in salt marshes of Groningen (NL),
and of both Dithmarschen and Nord-Friesland in Schleswig-Holstein.

2.4 Relative size of salt marshes in relation to tidal basin

Salt marshes form the uppermost part of the intertidal zone, and hence they can also
be considered as the most upward part of a tidal basin. In order to analyse the spatial
distribution of salt marshes from a geomorphological point of view, this section
presents the extent of salt marshes in the Wadden Sea relative to the size of the tidal
basin or tidal area.

The Wadden Sea comprises 33 tidal basins (CWSS et al., 2008). A digital map of these
basins in GIS was not available in time, however. Instead, the map of Meltofte et al.
(1994) was used and adapted with a subdivision of the Wadden Sea into 23 tidal areas
(Figure 5). The term tidal area should be read here between inverted commas, because
it was not feasible to exclude all supratidal areas and areas protected by seawalls and
dunes, especially on the islands.
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Figure 5. Distribution of salt marshes in the Wadden Sea. (A) The size of pioneer marsh
and total salt marsh as a percentage of the tidal area. (B) Boxplot of the relative salt
marsh size per tidal area in the Wadden Sea with median and 25 and 75 percentiles
(grey). The mean is indicated by the red line. The subdivision of the Wadden Sea into
tidal areas has been adapted from Meltofte et al. (1994).

Salt marshes, on average, made up almost 6 % of the tidal area (Figure 5B). The
harmonic mean (i.e. weighed for the size of the tidal areas) was considerably lower and
amounted 4.2 %. These values are well below the 10 % reference value proposed by
Dijkema (1987). In the Wadden Sea, salt marshes nowadays vary in size from less than
0.5 % of the tidal area in the most western part up to almost 17 % in the Ho Bugt,
Denmark (Figure 5A). Both areas have a similar tidal range of about 1.5 m, which is
markedly lower than in the more central parts of the Wadden Sea. The low incidence
of salt marshes in the western Wadden Sea may be attributed to large-scale
embankments during the last centuries and the closure of the Zuiderzee in 1932
(Dijkema, 1987). Up north in the Ho Bugt, human intervention on the contrary
probably enhanced salt marsh expansion by the construction of a sand dike on the
Skallingen peninsula in 1933.

Alow incidence of pioneer marsh may indicate in which tidal basins salt marshes
probably retreat or where pioneer marsh is squeezed between succession of the salt
marsh and lower-lying mud flat. Salt marshes in the Dollard bay (tidal area no. 19), for
instance, are slowly declining (Esselink et al., 2011), and this area has one of lowest
incidences of pioneer marsh.

The seaward salt marsh edge extends further down on the vertical gradient with an
increase of the tidal range (Balke et al., 2016). Hence, the tidal range may potentially
influence the salt marsh size positively.



The position of salt marshes is thus related to the prevailing geomorphological and
hydrological conditions in a tidal basin. From this point of view, it appears a logical
step to analyse the status and trends of salt marshes based on the properties of tidal
basins. At this stage, however, such an analysis was not feasible, because this would
first require a further harmonization of the existing spatial data.

2.5 Salt marsh works

Over 50 % of the current salt marshes in the Wadden Sea are formed by foreland-type
salt marshes on the mainland (Table 1, Figure 2). These mainland marshes have to a
great extent been developed within salt marsh works. In general, management aims
have shifted during the last quarter of the last century from agricultural exploitation
and land claim to nature conservation. This shift led to a change in management that
varied from a general minimum intervention to a strategic upkeep of parts of both the
drainage and the groyne system. As a result, the scenery of the marshes today still
reminds of a historical-cultural landscape by the imprints from the past, such as the
geometric pattern of the marshes, remnants of extensive artificial drainage networks
and the brushwood groynes. In order to enhance naturalness, various restoration
experiments have been carried out during the past decades, such as filling up parts of
the drainage system, and removing the top soil.
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Figure 6. Conceptual model of the development of a mainland salt marsh, and creek
development (after van Wesenbeeck et al., 2014). Broken line is mean high tide.

T=1 Convex mudflat profile with pioneer salt marsh (Salicornia procumbens and
Spartina anglica), and developing first creeks;

T=2 Development of different vegetation zones with e.g. Puccinellia maritima, Aster
tripolium, and incision of creeks in the lower parts;

T =3 Fully developed salt marsh with little profile, and further expanding creek
system.

T =4 Basin and levee system with secondary pioneer marsh, development of poorly
drained parts because of collapsing creek sides or silting up of creeks, and development
of high marsh ridge;

T=5 Erosion with cliff formation, and development of new creeks from the poorly
drained parts;

T=6 Sedimentation, and new pioneer marsh and creek formation in front of cliff,
and increasing drainage of basins.

In order to assist the decision making in policy and management, and also to evaluate
the current status of the mainland foreland salt marshes, a conceptual reference model



has recently been constructed for these marshes (Figure 6; van Wesenbeeck et al.,
2014). The model takes into account the seawall as an irreplaceable and fixed
boundary between the salt marsh and hinterland. Based on six stages of development,
the model describes the development of natural foreland salt marshes as a bio-
geomorphological succession series (cf. Corenblit et al., 2007). In the first stage (T1)
geomorphological processes dominate, creeks are formed, influenced by the
topography of the intertidal flats and the presence of establishing pioneer plants (Long
& Mason, 1983; Schwarz et al., 2014; Temmerman et al., 2005a, 2007). In stage T2,
vegetation increasingly affects creek formation. The water flow is redirected by
vegetation clumps, which enhances flow velocity and erosion in the lower parts. On the
higher parts concurrently, vegetation cover increases, enhancing the sediment fixation
and reinforcing the incision of creeks in the lower parts (Temmerman et al., 2005b,
2007; Kirwan & Murray, 2007). At stage T3, the salt marsh expands onto the intertidal
flat, the creeks deepen, and expand by headward erosion (French & Stoddart, 1992;
Allen, 2000). With increasing surface elevation of the marsh, the flooding frequency
decreases, and the vegetation shifts to late-succession stages, and especially Elytrigia
atherica starts spreading (Veeneklaas, 2013). At stage T4, both the filling up of creeks,
and the formation of levees of two adjacent creeks may induce poorly drained
depressions (Yapp et al., 1917; Townend et al., 2011). Although these depressions may
have a high surface elevation, the poor drainage conditions may cause the re-
establishment of pioneer vegetation at the expense of late-succession vegetation types.
The higher sedimentation in the seaward parts results at some stage (T5) in the
formation of a high marsh ridge, and eventually a marsh cliff will develop. Cliff erosion
gives space to pioneer vegetation to re-establish (T6), and in this sense may reset
marsh succession.

2.6 Artificial drainage of salt marshes

In order to enhance marsh development in the man-made salt marshes, digging and a
regular upkeep of the artificial drainage system were traditionally important
management practices. The function of artificial drainage was to (1) enhance
vegetation establishment high on the intertidal flats, (2) increase the carrying capacity
for livestock grazing and (3) prevent the formation of depressions. As an effect of
drainage measures, the lower fringe of both pioneer and low-marsh zone could
descend vertically by 0.2 metre (Dijkema et al., 1991; Bakker et al., 1997). The upkeep
of a dense artificial drainage system generally did not affect vertical accretion rates
(Dijkema et al., 1991; Arens & Gotting, 2008; Michaelis, 2008).
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Figure 7. Schematic overview of changes in the artificial drainage system after the
traditional maintenance was discontinued. (A) Starting situation. (B) Central parts of
the ditches or field drains have silted up. (C) As a consequence, drainage ceases
upstream, whereas downstream the field drains deepen and decrease in width. The
latter also occurs in the downstream part of the collector drains close to the main
channel. (D) The increased soil-waterlogging causes local replacement of vegetation
with Elytrigia atherica by secondary pioneer vegetation, and low-marsh vegetation.
The photographs show examples from sites in the Netherlands and Germany (modified
from van Wesenbeeck et al., 2014).

Parallel with the shift from agricultural exploitation towards the recognition of
conservation values of salt marshes, the view on drainage measures has changed
dramatically over the last decades. In order to increase the naturalness of man-made
salt marshes (Wadden Sea Plan Target), the maintenance of artificial drainage systems
has ceased completely over extensive areas. In Germany, this development was
stimulated by the foundation of the national parks during the 1980s. A few years
earlier, the upkeep of the artificial drainage was stopped already in the larger part of
the Netherlands salt marshes in the Dollard (Esselink, 2000). Maintenance of drains
in the salt marsh works on the coast of Friesland and Groningen decreased from the
1980s onward, and was stopped completely by 2001 (Dijkema et al., 2001). As a result,
the salt marsh is slowly shifting towards a state with increased naturalness, in which
elements of the constructed reference model of a natural foreland salt marsh (Figure
6) can be recognized, such as the development of natural creeks in the pioneer zone,
build-up of levees, development of poorly drained depressions, and of new creeks in
these depressions (Figure 7; van Duin et al., 2016). In the Netherlands, ditching is only
continued locally by farmers in order to facilitate livestock grazing. This small-scale
practice contributes to the local diversity of the salt marshes.
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Figure 8. Development of the extent of artificial drainage in the Wadden Sea salt
marshes based on three successive salt marsh surveys: 1995/2001, 2002/07 and
2008/2014 (from left to right) on the Wadden Sea (A) Islands, (B) Mainland and (C)
Halligen. The graph gives the relative weight of the three drainage classes distinguished:
human intervention in the drainage system during the last ten years; last intervention
more than ten years ago, and salt marsh not disturbed by artificial drainage. Human
intervention may also include restoration measures, especially during the last period.
For graphical reasons, salt marshes of Hamburg have been pooled with Lower Saxony;
and Hallig-type salt marshes in the Netherlands have been included in the mainland
marshes.

Compared to the previous QSR (Esselink et al., 2009), the extent of recent drainage
practices basically remained unchanged, except for the mainland marshes in the
Netherlands where human intervention in the drainage system increased (Figure 8).
Contrary to the past practice, only main channels were refurbished. The most
important intervention was, however, the re-profiling of both deeply incised field
drains and collector drains to prevent the drowning of livestock (Figure 9). These
once-only measures were conducted in the framework of restoration projects that
aimed at conserving biodiversity by controlling Elytrigia atherica vegetation by
improving the suitability of the marshes for livestock grazing.



Figure 9. The effect of the partial filling of a collector drain in the salt marsh of
Negenboerenpolder, the Netherlands, illustrated by a time series from the year before
the filling (yr = -1) until three years thereafter (Photos: W. van Duin).

Especially in Lower Saxony, several projects have been carried out to restore the
natural morphology and drainage, of both the back-barrier salt marsh of Norderney
(Figure 10) and man-made salt marshes on the mainland. In addition, the percentage
area with intervention in the drainage system during the last ten years decreased in
Lower Saxony (Figure 8). In Hamburg, the drainage system has not been maintained
since the 1950s. Denmark’s drainage activities in salt marshes were cancelled more
than ten years ago. Only along the foot of both the Ribe and the Ballum seawall, drains
have been dug and are maintained on a regular base.

Figure 10. Restoration of natural drainage in the back-barrier salt marsh on island of
Norderney, Lower Saxony. The top soil was removed to decrease the artificial drainage



(Linders et al., 2013). Left: situation in 2008 before restoration (Photo: 2017
GeoBasis-DE/BKG on Google Earth), right: situation in 2015 dfter restoration (Photo:
2017 Earthstar Geographics SIO on Bing Maps by Microsoft)

Documentation on the last time of human intervention in the drainage system was
sometimes incomplete. Consequently, the elapsed time thereafter could not always be
assessed accurately. In addition, the monitoring does not give any information about
the actual status of the drainage system, which can be seen as point for improvement.

2.7 Vegetation management

During the last decades of the 20" century, there has been a major shift in land use of
salt marshes in the Wadden Sea from agricultural use to nature conservation. Similar
to the previous QSRs, the respective areas of both land-use types were not quantified
in the most recent survey. In principle, within both land-use types, management
practices such as livestock grazing, mowing, and fallow or minimum intervention may
be distinguished. These practices have been assessed in the TMAP surveys.

The shift towards nature conservation largely happened before the start of the
trilateral monitoring and assessment programme (Esselink et al., 2009). This explains
to a great extent why the status of vegetation management has been relatively constant
in the Netherlands and German sectors since the first TMAP survey of 1995/2001
(Figure 9). For example, only about a decade earlier in 1986 (before the foundation of
the national park) only 3 % of the mainland salt marshes in Schleswig Holstein had a
management of minimum intervention, and 9o % was used for high-intensity livestock
grazing. These figures are in sharp contrast with the situation fifteen years later, when
minimum intervention extended over 38 % of these marshes, and the area of high-
intensity grazing had dropped to less than 50 % (Figure 11).
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Figure 11. Vegetation management in the Wadden Sea salt marshes during a 20-year
period based on three successive surveys: 1995/2001, 2002/07 and 2008/2014 (from
left to right) on the Wadden Sea (A) Islands, (B) Mainland and (C) Halligen. Livestock
grazing includes both agricultural exploitation and livestock grazing as management

tool for nature conservation. For graphical reasons, salt marshes of Hamburg have
been pooled with Lower Saxony, and Hallig-type salt marshes in the Netherlands with
the mainland marshes.

In Denmark, survey methods differed and varied from livestock counting from the air
during the first survey to assessment of the grazing status through fieldwork for the
EU habitat surveys more recently (see Annex I). Data may therefore not be fully
comparable. In the Danish sector, the area with minimum-intervention management
seemed to have doubled on both the island and mainland marshes.

During the surveys, grazing has been subdivided in two classes of intensity which have
been defined on the basis of the vegetation structure (Bakker et al., 2005):

e ‘intensive grazing’ is indicated by a uniform short sward,
¢ ‘moderate grazing’ is indicated by a heterogeneous sward with short and tall
canopies.

Moderate or low-intensity grazing permits selective grazing by the grazing animals,
and this may induce structural diversity of grazing lawns at preferred sites in one part,



and tall stands which are lightly grazed or remain untouched in another part within
the same grazing unit. The extent of grazing management should therefore be assessed
on the level of grazing units. However, this has not been harmonized yet, and methods
may vary among sectors.

At the trilateral level, different views in relation to the management aims existed on
the necessity of vegetation management in salt marshes (Bakker et al., 1997; Stock,
1997), but gradually a communis opinio seems to have developed. The fundamental
principle of management for nature conservation differs among countries. In the
German national parks, the undisturbed course of natural processes is the declared
prime objective. This implies a management of minimum intervention. In the
Netherlands and Denmark, objectives of management for nature conservation are
more centred on the preservation of biodiversity. In order to halt vegetation
succession, livestock grazing is advocated in these countries, especially in the semi-
natural foreland salt marshes. Now, many researchers have reached a common view
and argue for large-scale mosaics of different management regimes to conserve a
habitat-specific vegetation and species diversity (de Vlas et al., 2013; Nolte, 2014;
Wanner et al., 2014; van Klink, 2014; Stock & Maier, 2016; van Klink et al., 2016).

2.8 Surface-elevation change and sea-level rise

Coastal salt marshes deliver important ecosystem services while at the same time
being potentially vulnerable ecoystems in response to global warming and the
concomitant sea-level rise (SLR) (Bakker et al., 2016; Kirwan et al., 2016; Crosby et al.,
2016). In order to evaluate the status of the Wadden Sea salt marshes in relation to
both the current SLR and, an expected accelerated future SLR, an inventory of
published and unpublished accretion studies in Wadden Sea salt marshes was carried
out. For salt marshes, the level of mean high tide (MHT) is more important than mean
sea level. Therefore, the increase of MHT was used as parameter for SLR. Over the last
century, increase of MHT varied within the Wadden Sea due to differences in both
vertical land movement and changes in wind climate. Since 1900, increase of MHT in
the Wadden Sea has been in the order of 2.0—3.0 mm/yr with highest values in the
German sector east of the Elbe (Wahl et al., 2011; Jensen et al., 2014). More recently,
higher increase rates have been reported for some tide gauges over shorter periods,
but these do not differ significantly from fluctuations in the past (Jensen et al., 2014;
see also Baart et al., 2012).
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Figure 12. Vertical accretion rates in Wadden Sea salt marshes and summer polders.
The graph is a compilation of both changes in surface elevation from levelling studies
and accretion data from studies which used Sedimentation-Erosion-Bar (SEB) and
marker-horizon techniques including clay-layer thickness measurements (Nolte et al.,
2013). Elevation changes are based on overlapping and varying periods in time, mostly
starting around 1990 or a more recent date. The graph presents a boxplot with median
and 25 and 75 percentiles (grey). The vertical lines give the minimum and maximum
values or 1.5 times the interquartile range of the data. Black dots show outliers. The
horizontal blue bar gives the range of the long-term increase of MHT level since about
1900 (see text).

Most accretion studies are of relatively recent date, and in order to compare surface-
elevation changes (SEC) from comparable periods, data from before about 1990 were
disregarded. The survey yielded data from 30 different salt marsh sites, and two
summer polders (Annex III).

SECs clearly differ among different types of salt marsh in the Wadden Sea (Figure 12;
Stock, 2011). The highest SECs were found in foreland salt marshes with on average
three times higher values than in back-barrier marshes (9.6 mm/yr versus 3.2 mm/yr;
Figure 12). A SEC rate in the same range as the increase rate of MHT, as was found in
the barrier-connected salt marshes, doesnot automatically imply that a salt marsh has
a low resilience to SLR (Kirwan et al., 2016). Salt marshes feature a feedback
mechanism between surface elevation in the tidal frame, inundation frequency and
sedimentation which results in increased sedimentation rates at lower elevation.
Furthermore, salt marshes may respond spatially (Kirwan et al., 2016; Figure 4A). The
capacity of barrier-connected marshes to keep pace with a significant higher than the
current SLR will nevertheless be limited.

Hallig salt marshes show on average the lowest SEC (2.2 mm/yr), which is lower than
the local increase of MHT (see above). The Hallig marshes are largely formed by high
salt marsh (Figure 4C), which indicates a low flooding frequency, and hence a low
potential for sediment import. Hallig salt marshes are mostly surrounded by raised
revetments or constructed low banks. These structures impede the flooding of these
marshes, and also curtail the import of sediment on to these marshes. Consequently,



they represent probably a significant factor for the modest SEC in the Hallig salt
marshes (Schindler et al., 2014).

Flooding frequency of summer polders is very limited (mostly less than once a year),
due to the height of the enclosing banks. Not surprisingly, the few data available shows
that SEC is negligible in summer polders (Figure 12). The example of salt marsh
restoration by de-embankment of a summer polder in Noord-Friesland Buitendijks
illustrates how the accretion process may successfully be restored: whereas existing
summer polders did not keep pace with SLR, increase of surface elevation in the
restored salt marsh exceeded SLR with more than 300 % (Figure 13; Esselink et al.,
2015).
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Figure 13. Cross section of the foreland in Noord-Friesland Buitendijks (NL), from the
intertidal flat to the main seawall with sea-level and surface-elevation changes in the
different parts of the during the first 10 years after the de-embankment of a summer
polder (restored salt marsh) (from Esselink et al., 2015).

2.9 Salt marsh restoration by coastal realignment

Over the past centuries, land claim for mainly agriculture and coastal-defence
measures resulted in the loss of extensive areas of salt marshes. This process
continued far into the twentieth century. Especially on the mainland, embankment
rates in the Wadden Sea by far exceeded the development of new salt marsh, despite
the artificial enhancement by salt marsh works (Dijkema, 1987). Consequently, the
size of the current mainland salt marshes is much smaller in comparison with any
historic reference (Dijkema, 1987). This development caused a call for salt marsh
restoration in the Wadden Sea (e.g., Frederiksen & Dahl, 1994).

Coastal realignment involves the reintroduction of tidal influence to formerly
reclaimed land through breaching of coastal embankments. Since 1973 some 18 coastal
realignment projects have been implemented in the Wadden Sea Area, including 594
ha, 525 ha and 40 ha for the Netherlands, Lower Saxony, and Hamburg, respectively
(Table 2). Since the previous QSR, such coastal realignment projects were carried out



in Lower Saxony (140 ha) and Netherlands (48 ha).

Table 2. Overview of coastal realignment sites in the Wadden Sea. The degree of
restoration success was based on expert judgement according to the extent and diversity

of salt marsh vegetation. Tidal exchange is unrestricted (U), regulated (Rg) or
unrestricted only above an elevated threshold (T). Nature management varies between
minimum intervention (Ml), livestock grazing (G) and mowing (M). NA = no information

available.
Year of Polder period (yr) Total area (ha) Tidal exchange  Nature Restoration
deembankment success
Friesland Peazemeriannen 1973 40 100 u Mi moderate 126.21
Friesland Holwerd West 1992 NA 51 v G good 21
Friesland Holwerder Oost 1989/1995 33 37 v Mi good 235
Friesland Noarderleech 2001 91 120 u G good 112
Friesland Bildtpolien 2009 e 48 v G moderate 10
Groningen Polder Breebaart 2001 22 63 Rg G low 7
Island of Viieland Kroon's Poiders 1996 76 85 U M good 235
I. of Terschelling Groene Strand 1996 NA 23 T G low 235
Island of Texel De Siufter 2002 NA 15 T ? ? 4
Leybucht Hauener Hooge 1994 50 80 u Mi moderate 922
Litetsburger
1986 ? c 15 u Mi moderate 22
embanked part
Latetsburger
Nordertand Sommerpolder 2007 25 50 Rg G low 22
Sommerpolder A
Island of Langecog Ia 2003 70 150 u MIG good 822
North of Cappel A
Wourster Kiste Neufeld 2008 > 100 47 1] MG good 22
= North of Dorum >
Wurster Kiste Neufeld 2008 >100 43 u MG good 22
Lang Groden 2014 81 140 u MG good 22
Island of Neuwerk Ostvorland 2004 79 40 u Mi goed 23

*) The project in the summes pokder *Spreka Neutelder Sommergroden” has been omitted from ths table. The decision making process allowed only a regulated saltwater exchange via the constiucton of a small
sluice. Because of the restricted saltwater influence, no salt-marsh vegetation did develop in the summer polder as result of the project (Kinder et al. 2003)

Relerences. 1) van Dun et al 1867, 2) www 20etzout i, 3) Esselink of al 2003, 4) de Leeuw & Meger 2004, 5) Wolters ef al 2005, 6) van Dun ef al 2007, 7) Esselink & Berg 2007, 8) Barkowske et ol 2008, 9)
Esselink et al. 2000; 10) Bakker et al. 2014, 11) Esselink et al. 2015; 12) Chang et al. 2016; 21) van Duin pers. obs.; 22) Bunje, pers. obs.; 23) Korber pers.obs.

Key factor in these projects is the re-introduction of tidal influence in areas that have
been embanked for decades to centuries. These areas are mainly summer polders that
have been reclaimed from artificial salt marshes, but also include beach plains and
former dune slacks. Tidal influence can be restored completely by the removal of the
embankment, or partly by interruption of the function of sluices, the installation of
new sluices, culverts or dams. The success rate varies from low to high with different
salt marsh plant species establishing. Ageing (§ 2.3), low tidal amplitude and silting up
of the sublittoral zone may be considered as limiting factors for both naturalness and
species diversity. Especially sites with regulated tidal access (Polder Breebaart and
Liitetsburger Sommerpolder) have a low success rate. In case, the aim of restoration is
to develop a characteristic salt marsh with different vegetation zones, ageing may
appear a constraint. If the aim is also to maintain a high species diversity,
implementation of an unrestricted tidal access and a moderate grazing regime seem
the best ingredients for success (Wolters et al., 2005).

The current shape of the mainland salt marshes in the Wadden Sea is strongly
determined by the history of successive land claims and salt marsh works.
Consequently, the great majority of the present mainland salt marshes are only narrow
fringes along the seawalls. It follows that in very few situations these salt marshes
feature a complete hydrodynamic gradient of natural wide salt marshes (Esselink,
2000). In addition to the support for extension of the current marshes, de-
embankment of summer polders will specifically contribute to the restoration of wide
marshes (Esselink et al., 2009, 2015).



It is important that restoration sites are monitored regularly from before the de-
embankment up to 10—20 years thereafter, with sedimentation, surface-elevation
change and vegetation development as the most important parameters (Wolters et al.,
2005; Esselink et al., 2015). This will increase the understanding of the processes
involved in salt marsh establishment and allows adaptation of the management or
engineering (e.g. removal of sediment blockades, changing the tidal inlet). It is also
important to state clear and objective targets which can easily be assessed. Not only is
the setting of targets indispensable for the assessment of restoration success, it is also
of crucial importance in the process of gaining and retaining the necessary support
from policy makers and society.

2.10 Restoration of artificial foreland salt marshes towards a
more natural state

Artificial foreland salt marshes on the mainland make up about 50 % of the current
Wadden Sea salt marshes (Table 1, Figure 2). During the last quarter of the twentieth
century, management aims of the artificial foreland salt marshes have shifted from
agricultural exploitation and land claim to nature conservation. The construction of
the dense artificial drainage system at an early stage of marsh initiation prevented a
natural creek system to develop (Figure 6). Enhanced by the regular upkeep of the
drainage system, this may explain to a certain extent the very flat topography, and
hence a limited vegetation diversity of these marshes. Furthermore, salt marsh works
created an environment for the development of salt marshes on sites where at that
time hydrodynamic forces were too strong for natural marshes to develop. The fixed
position of groynes and the limited size of the sedimentation fields within the salt
marsh works both limit the possibilities to increase naturalness.

In order to enhance the natural character of the artificial salt marshes, two strategies
may be followed. Firstly, the upkeep of the artificial drainage system may be
discontinued (Figure 10; § 2.6). The second strategy is to re-design the salt marsh on
the base of landscape engineering. This may be applied to diminish the extensive
drainage system, to enhance topographic variability, vegetation diversity, and habitat
suitability for birds. This second strategy is followed in some restoration projects in
Lower Saxony in two kinds of approaches, namely:

¢ Restoration imposed by compensation measures. In order to retard or
setback succession, part of the Leybucht salt marsh (13 ha work area, effective
range of influence about 100 ha) was rewetted by top-soil removal, filling up
parts of the drainage system and restoring former creeks.

¢ Restoration in combination with coastal defence. In order to strengthen
the seawall, salt marshes were traditionally used for clay extraction.
Rectangular and deep clay pits were dug, and within these pits, salt marsh had
to develop from the level of the intertidal flat (Figure 14). At some coastal
stretches in Lower Saxony, the possibility to extract clay in inland areas is
limited, and seawall reinforcement is partly dependent on clay from the salt
marsh. Nowadays, this demand for clay is combined with restoration aims and
re-designing the artificial salt marsh (Figure 15). Compared to the traditional
approach, clay pits may be larger in area, but are shallower. The national park
of Lower Saxony uses strict criteria for the selection of suitable areas for
digging:

1. the vegetation should be in a late-successional stage (Elytrigia atherica
vegetation) due to artificial drainage,
2. in order to enhance sedimentation, there should be a possibility to connect the



clay pit to a nearby creek,

3. the size and maximum depth are defined per location,

4. these measures are carried out only in areas with low chance of natural
development, and where salt marshes have to improve into a favourable
conservation status.

Only when all criteria lead to an increased naturalness of the salt marsh, clay
extraction is allowed. After removal of the sediment, and occasionally, the
reconstruction of former creeks, no further measures are taken. Each project is
accompanied by a monitoring programme for at least ten years.

Figure 14. Clay extraction according to the traditional method in the salt marsh of the
Jadebuse near Dangast, Lower Saxony. Left: Aerial view in 2000 on a 38-year old clay
pit and a one-year old clay pit side by side. In both pits, a natural-like dendritic creek
system developed (Photo: 2017 GeoBasis-DE/BKG on Google Earth); Right: same clay
pits about 15 years later with establishing vegetation in the youngest clay pit (Photo:
2017 Earthstar Geographics SIO on Bing Maps by Microsoft).




Figure 15. Example of re-designing and rewetting an artificial salt marsh after clay
extraction by removing the top soil in the Neuwapeler AufBengroden, Jadebusen, Lower
Saxony. The photo shows the re-designed sections A and B (90° rotated). (Photo and
schematic overview: Planungsgruppe Grin, Herr Sprotge; legend translated and
modified by the authors).

3. Assessment

3.1 Introduction/ Summary

Salt marshes form the upper part of the intertidal zone, the interface between land and
sea, and are strongly controlled by geomorphological, physical and biological
processes, such as sedimentation in interaction with the vegetation, tidal regime and
wind-wave pattern. They constitute a habitat for a wide range of organisms.

The general trilateral aim for salt marshes is an adequate conservation of the full range
of variety of salt marshes in order to allow natural processes to operate within this
habitat, with special emphasis on flora and fauna and by this to maintain or restore a
favourable conservation status. In order to reach this aim, the following five targets for
salt marshes have been agreed upon and framed in the Wadden Sea Plan (CWSS,
2010):

¢ To maintain the full range of variety of salt marshes typical for the Wadden Sea
landscape

e To achieve an increased area of salt marshes with natural dynamics

¢ To achieve an increased area of natural morphology and dynamics, including
natural drainage of mainland salt marshes, under the condition that the present
surface area is not reduced

¢ To maintain a salt marsh vegetation diversity reflecting the geomorphological
conditions of the habitat with variation in vegetation structure

¢ To maintain or to achieve favourable conditions for all typical species.

3.2 To maintain the full range of variety of salt marshes

Target evaluation

From a morphological view, four types of salt marsh may be distinguished in the
Wadden Sea, viz.: (a) back-barrier salt marshes, (b) foreland salt marshes (c) Hallig
salt marshes and (d) green beaches, (§ 2.1). These categories are related to the
geomorphology of the Wadden Sea landscape, and should therefore be considered as
landform types. The harmonized TMAP salt marsh surveys, however, cover vegetation
and habitat types only. Mapping of landform types was recommended in the 2009
QSR (Esselink et al., 2009). This recommendation has not been fully implemented yet,
however, which obstructs an evaluation of this target in quantitative terms. For
practical reasons, salt marsh habitats of green beaches were merged with back-barrier
salt marshes into the group of barrier-connected salt marshes.

Summer polders should not be considered as salt marsh, because the flooding by
seawater is generally too infrequent for halophytic vegetation to develop. De-
embankment of summer polders, however, may specifically contribute to the



restoration of wide salt marshes.

Conclusions

¢ Barrier-connected salt marshes make up about 40 % of the salt marshes in the
Wadden Sea. To a great extent and from a geomorphological point of view,
these salt marshes can be classified as natural salt marsh. Since the 1995/2001
TMAP survey, these salt marshes showed a considerable natural expansion.

¢ Foreland salt marshes on the mainland make up more than 50 % of the salt
marsh area in the Wadden Sea. The present salt marshes have largely been
developed from coastal engineering or salt marsh works. In the Wadden Sea,
enhancement of salt marsh development goes back to at least the 16™ century.
Hence, besides their value for nature conservation, man-made salt marshes also
form a cultural-historical entity of the Wadden Sea landscape.

o The size of the foreland salt marshes is generally dependent on the upkeep of
the brushwood groynes at the seaward marsh edge. Natural expansion without
human intervention is the exception, and is mainly confined to the Schleswig
Holstein region and to the Leybucht and Jadebusen in Lower Saxony.

¢ Because foreland salt marshes generally feature high accretion rates, their
vegetation succession may evolve relatively quickly. Consequently, mainland
salt marshes are susceptible to ageing.

¢ Barrier-connected salt marshes have relatively low accretion rates: on average
only slightly higher than current sea-level rise. This does not imply that sea
level rise forms a threat to these salt marshes on the short term, since there are
various mechanisms for salt marshes to adapt to sea-level rise. On the long
term, however, it is envisaged that these marshes cannot keep pace with the
expected accelerated rates of sea-level rise.

o Hallig salt marshes are generally spatially fixed by revetments. The Halligen are
a highly valued cultural-historical entity in the Wadden Sea landscape. In most
cases, accretion rates are lower than the current local level of sea-level rise. An
accelerated sea level rise is therefore considered as major future threat to Hallig
salt marshes.

e Summer polders receive very little sediment, and therefore they cannot keep up
with the current sea-level rise. Vertical accretion may successfully be restored,
however, by de-embankment or coastal realignment.

3.3 To achieve an increased area of salt marshes with natural
dynamics

Target evaluation

This target aims at an increased size of natural salt marshes (CWSS, 2010), where
natural by definition implies not have been affected by anthropogenic influences. This
means that both geomorphology and vegetation have not been influenced by any
human intervention: neither by engineering practices nor by vegetation management.
Instead, here natural processes are still in place, and have been so since the salt marsh
started to develop. The target has also been evaluated in the 2009 QSR (Esselink et al.,
2009). Most of this evaluation is still valid.

In line with the preceding QSRs, natural expansion of salt marshes has continued with



a remarkable over 40 % expansion of the barrier-connected islands salt marshes and a
continued natural expansion of foreland salt marshes in Schleswig Holstein. A
complete net increase could not be assessed, because new survey data for Lower
Saxony was not yet available. In the four remaining sectors, the total extent of salt
marshes increased by more than 2,600 ha compared to the 2009 QSR, and by more
than 3,750 ha (=15 %) in comparison with the 2004 QSR (Bakker et al., 2005).

The larger part of the barrier-connected salt marshes are located on the so-called
island tails of islands West of the Elbe estuary. These islands undergo a
(bio)geomorphic succession (see report on "Beaches and dunes"; de Groot et al.,
2016). The construction of an artificial dune ridge on some islands accelerated this
succession. To restore an affected island tail to its original state may prove impossible,
because large-scale biogeomorphic processes are dominant. De Groot et al. (2016)
therefore generally recommend to refrain from intervention. Only in case when
bottlenecks for pioneer species are perceived, these authors advise to restore actively
hydrodynamic and aeolian processes locally to set back vegetation succession.

Conclusions

¢ In the Wadden Sea, natural salt marshes are mainly found as sandy barrier-
connected (island) salt marshes. At various sites, the size of these salt marshes
is much greater today than during historical times due to the construction of
artificial dune ridges, independent of the above-mentioned recent expansion of
the barrier-connected islands salt marshes. There is currently greater concern
about the loss of natural diversity than the areal extent of these marshes.

o The former construction of artificial dune ridges on some islands and on the
Skallingen peninsula did not only facilitate the extension of barrier-connected
salt marshes, but also resulted in reduced spatial dynamics and an accelerated
vegetation succession of these salt marshes.

e Re-introduction or restoration of geomorphological processes, may locally
result in a greater spatial and temporal variation in barrier-connected salt
marshes, and counterbalance ageing in part of these marshes.

o The naturalness of barrier-connected salt marshes that have been disturbed by
artificial drainage may be restored by filling up drains and excavating former
creeks and depressions.

¢ On the mainland coast, the size of clayey foreland salt marshes is below historic
reference values. The great majority of these salt marshes are artificial, since
they developed from salt marsh works (see above). Natural foreland salt
marshes are relatively rare, and found almost only in Schleswig Holstein, and in
the Leybucht and Jadebusen in Lower Saxony.

o Artificial foreland salt marshes are regarded as semi-natural, which cannot be
restored to completely natural salt marshes.

3.4 To achieve an increased natural morphology and dynamics,
including natural drainage of mainland salt marshes, under the
condition that the present surface area is not reduced

Target evaluation

In order to induce a more natural morphology of the artificial foreland salt marshes,



maintenance of the artificial drainage system was discontinued in over 70 % of the
area (§ 2.6; Figure 8). As a result, salt marshes slowly develop towards a state that
features elements and processes that are more natural such as the development of
depressions and the build-up of levees (Figure 7; Esselink et al., 1998). Neglect of the
artificial drainage may further lead to rewetting of the salt marsh, which retards
vegetation succession (Esselink et al., 2009). The development of a natural creek
system is lacking behind, however.

Although after abandonment, part of the artificial drainage system is silted up
relatively quickly, the pattern of the straight draines may be very resilient. A natural
system with meandering creeks normally starts to develop in a very early stage of salt
marsh development, i.e. prior to and concurrent with the establishment of the first
pioneer vegetation (§ 2.5; Figure 6). Once a salt marsh has been formed, however,
creeks remain relatively stable. This implies that in existing salt marshes, straight
drains will not easily evolve into meandering creeks. Meandering creeks may develop
in depressions (Figure 7), and also in expanding marshes, in the transition zone from
pioneer marsh to the intertidal flat (Figure 6).

An alternative strategy to enhance the natural morphology of artificial salt marshes
has been applied in some restoration projects in Lower Saxony. This strategy entails a
re-design of the salt marsh on the base of landscape engineering (§ 2.10). The strategy
was employed in restoration projects imposed by compensation measures, and in salt
marsh restoration in combination with clay extraction for coastal defence.

The great majority of the present mainland salt marshes form only a narrow fringe

along the coast. Consequently, in only few situations, these salt marshes feature the
complete hydrodynamic gradient of natural wide salt marshes. De-embankment of
summer polders will specifically contribute to the restoration of wide marshes.

Natural salt marshes are generally spatial dynamic: they either expand or erode
(Figure 6). Most of the existing salt marshes, however, are depending on brushwood
groynes for protection against erosion. In practice, this implies that their seaward end
has become fixed. Restoration of spatial dynamics would require an adaptive long-
term management of the brushwood groynes. A temporary phase of neglect and
erosion might induce space where new pioneer salt marsh can develop once the
groynes are reconstructed again.

Conclusions

o The target has been realized to a considerable extent. In response to the neglect
of the artificial drainage, artificial salt marshes slowly develop a more natural
morphology.

o The straight pattern of the artificial drainage is expected to be very resilient.
Development of meandering creeks is confined to salt marsh depressions and to
the transition zone from pioneer marsh to the intertidal flats.

e Most existing mainland salt marshes are relatively narrow. De-embankment of
summer polders may contribute to the restoration of wide salt marshes, which
feature a greater internal hydrodynamic gradient.

¢ In comparison with natural salt marshes, artificial salt marshes lack spatial
dynamics through fixation of the seaward edge by the brushwood groynes. An
adaptive management of the groynes is required to allow erosion temporarily,
and to create chances for new pioneer marsh to develop.



3.5 To maintain a salt marsh vegetation diversity reflecting the
geomorphological conditions of the habitat with variation in
vegetation structure

Target evaluation

This target has been evaluated extensively in the 2009 QSR (Esselink et al., 2009).
Most of this evaluation is still valid.

From the evaluation of the previous target, it follows that an increased natural
morphology is a pre-requisite in order to achieve improved vegetation diversity in
artificial salt marshes. In some artificial marshes, increased vegetation diversity has
actually been observed as a result of change in management and an increased natural
morphology. Whereas being a common process in most artificial marshes, ageing may
be retarded or prevented in marshes with an improved morphology.

Also barrier-connected salt marshes are susceptible to ageing. In salt marshes that
have been influenced by human intervention, such as the construction of an artificial
dune ridge or artificial drainage, succession and dominance of Elytrigia atherica
vegetation is enhanced. Natural dynamics may prevent, or at least hamper this
succession.

On the trilateral level, a method for the evaluation and assessment of vegetation
diversity still has to be developed. Therefore, an evaluation of the target cannot be
given yet.

Objectives for nature conservation and management may differ, not only among
sectors, but partly also among salt marsh sites of the same sector. There are two kind
of approaches, viz. (§ 2.7):

¢ the prime objective is a vegetation development in relation to the
geomorphological conditions with a minimum of anthropogenic influences

e the main aim is to prevent dominance by species-poor vegetation of late
successional stages, and to preserve and enhance vegetation diversity in a semi-
natural landscape with livestock grazing as an important management tool. In
this approach vegetation diversity is thus the outcome of the interaction
between geomorphological conditions and grazing.

The two approaches have now successfully been integrated in the Wadden Sea Plan
2010 (CWSS, 2010).

Conclusions

¢ An increased natural morphology is a pre-requisite in order to achieve
improved vegetation diversity in artificial salt marshes.

¢ On the trilateral level, a method for the evaluation and assessment of vegetation
diversity still has to be developed.

¢ In principle, there are two different views on the target, and on how the target
can be reached. The two views have been integrated in the Wadden Sea Plan
2010 (CWSS, 2010).




3.6 To maintain favourable conditions for all typical species

Target evaluation

The aim is “to reduce and/or diversify grazing in order to increase the natural
dynamics or the diversity of vegetation and associated animal species in salt marshes,
reflecting the geomorphological conditions of the habitat” (CWSS, 2010). The
evaluation of the other targets shows that a step forward has been made towards this
aim.

It may be questioned whether this target can be evaluated in a sound way. It will be
clear that it is not feasible to assess all characteristic salt marsh species in a
standardized programme. There are simply too many groups of organisms living in
salt marshes, and hence, a selection of indicator or umbrella species or species group
might be required. Furthermore, an evaluation method would have to be developed.

How to proceed with the evaluation of the target, may also differ according to the
prime objective for nature conservation (see § 3.5). It should be recognized that
species differ in their habitat requirements, and hence, in order to preserve favourable
conditions for all typical species, a variety of salt marsh habitats is a prerequisite. If
the management objective is “a vegetation development in relation to the
geomorphological conditions with a minimum of anthropogenic influences”, the
different salt marsh habitats present may be accepted as the natural variety of
habitats.

If the management objective is to preserve and enhance vegetation diversity, and
livestock is accepted as management tool, the variety of habitats may be manipulated.
In this setting, large-scale mosaics of different management regimes may support the
maintenance of the greatest possible habitat and species diversity (Table 3; § 2.7;
Wanner et al., 2014; van Klink et al., 2016).

Conclusions

o Itis probably not feasible to evaluate the target in a sound way. Besides, an
evaluation method is lacking, and would have to be developed first.

e Where applicable, a large-scale mosaic of different management regimes may
support the different habitat requirements of most of the species.

Table 3. Overview of the diversity of salt marsh plants and animals in relation to the
management regime in Noord-Friesland Buitendijks (NL). Stocking density and
rotational treatment refer to grazing by livestock. Darker shading indicates a higher
number of species. (With geese and voles: darker shading indicates higher numbers of
individuals). For birds and invertebrates, every regime has its own characteristic species.
From a large-scale perspective, diversity can be maximized by using a spatial mosaic of
different management regimes. The index values for passerines during winter are based
on estimates. From: de Vlas et al. (2013).



Management regime Stocking density Rotational treatment No grazing  Spatial combination

Years with Years without of management
livestock livestock regimes

Diversity of group High Low

Plant species
Vegetation types
Invertebrate herbivores
Invertebrate predators
Invertebrate detritivores
Breeding birds
Passerines during winter | —
Geese (numbers) |
[——

Voles (numbers)

4. Recommendations

4.1 Recommendations for monitoring and research

Most recommendations for monitoring and research from the 2009 QSR, sometimes
slightly revised, are still valid:

1. The monitoring according to the TMAP guidelines should be fully
implemented. In order to assess the “favourable conservation status” of the
Habitat Directive on the trilateral level, the TMAP Salt Marshes and Dunes
Expert Group (SMDEG) concluded that the TMAP monitoring according to
TMAP guidelines is a pre-requisite. Therefore, in order to allow a trilateral
assessment, implementation of the TMAP salt marsh monitoring programme by
Denmark is awaited.

2. Distinction of secondary pioneer vegetation in the TMAP typology.
The primary pioneer zone and the secondary pioneer plant communities in the
inner salt marsh are not ecologically equivalent. In order to assess both
communities separately, it is advised to subdivide the following two TMAP
vegetation types: the Spartina anglica type (S.1.1) and of the Salicornia spp. /
Suaeda maritima type (S.1.2; Petersen et al., 2014).

3. The monitoring according to the TMAP guidelines should be
extended with monitoring of marsh surface elevation. Surface
elevation is a basic measure for all salt marshes. Change of surface elevation is
an essential parameter for the evaluation of salt marsh development.
Monitoring of surface elevation on selected permanent transects or monitor
stations is therefore strongly recommended. This also would yield the
possibility to evaluate marsh surface-elevation change on a regular base (§ 2.8).

4. The monitoring according to the TMAP guidelines should be
extended by monitoring plant species of the TMAP vegetation types.
The TMAP monitoring programme does not provide monitoring data at the
level of plant species, but on the level of plant communities only. In order to
assess processes of salt marsh change, Bakker et al. (2005) recommended the
annual monitoring of vegetation types at selected permanent sites in relation
with elevation changes and management data. This recommendation can be
specified as the monitoring of plant species in permanent plots, which is already
common use in some sectors (Annex Table I.1). Ideally, this monitoring should
be executed in relation with marsh elevation and management.

5. Addition of landform type in GIS. This recommendation from the 2009
QSR has not been fully implemented yet (cf. § 3.2). In order to analyze
vegetation maps or vegetation changes, data on substrate and salt marsh type
are very relevant. So far, such information is not available at the trilateral level.
The SMDEG therefore recommends the addition of standardized
geomorphological map layers to the TMAP vegetation maps.

6. Data harmonisation. The SMDEG successfully developed a standardized



vegetation typology. In order to fully exploit the data that has been collected,
harmonisation of GIS data sets is required and recommended.

Every six years vegetation mapping according to TMAP typology
shall be applied. For salt marshes the Habitat Directive requires an
evaluation cycle with a time interval of six years. The SMDEG recommends to
harmonize the mapping frequency with this evaluation cycle, and to adapt to a
6-year time interval for the next vegetation mappings in all sectors.

. Integration of additional relevant available data in relation to salt

marshes, especially legal protection status, ownership and land use.
Land use of Wadden Sea salt marshes can be subdivided into agricultural
exploitation and nature conservation. These two land-use types cannot be
quantified with the available data. In order to separate, for instance,
agricultural exploitation by livestock grazing and grazing as management tool in
nature management, the land-use types should be available in a harmonized
GIS-dataset. It is recommended therefore to add a harmonized dataset on legal
protection status, ownership and land use.

. Continuation of long-term study sites and incorporation of these

sites into the International Long-Term Ecological Research sites
(ILTER).

The following three recommendations are novel:

10.

11.

12.

Monitoring of artificial drainage in salt marshes. The current TMAP
monitoring assesses the time since the last human intervention, but does not
give any information about the actual status of the drainage system. The
SMDEG recommends to adapt the monitoring on drainage according to a
harmonized method.

Summer polders should be monitored as landform type. Although
summer polders cannot be considered salt marsh (H 1330) they are former salt
marsh with a high potential for salt marsh restoration.

A method to evaluate and assess the target “to maintain a salt marsh
vegetation diversity reflecting the geomorphological conditions of the habitat
with variation in vegetation structure” is lacking, and should be
developed.

4.2 Recommendations for management

Advances in applied salt marsh research lead at some points to an adaptation and
extension of the recommendations for management from the previous QSR (Esselink
et al., 2009). Other recommendations from the previous QSR are still valid:

1.

The development of naturally protruding salt marshes is best guaranteed by
leaving the geomorphology of both the growing marsh and the adjacent
intertidal mudflats undisturbed.

. In order to allow natural creek systems developing within the salt marsh works,

it is advised to refrain from any groundwork here.

. Wide salt marshes have a higher conservation value than narrow marshes. De-

embankment of summer polders may specifically contribute to the restoration
of wide salt marshes. Moreover, de-embankment contributes to the areal
extension of the current salt marshes.

. Cliff erosion should be considered as a natural process in both natural and

artificial salt marshes. It follows that cliff erosion should not automatically be
interrupted by counter measures, but should be allowed as natural process
given space, especially in extended marshes.



The following recommendations are new or have been revised based on advanced
insights:

5. Atisland salt marshes that have been affected by the construction of artificial
dune ridges or sand dikes, and where the loss of pioneer species is very acute, a
setback of vegetation succession can be pursued by restoring hydrodynamics
and aeolian dynamics; otherwise it is advised to refrain from intervention in
order to let natural processes take over.

6. A further diminishment of the upkeep of the artificial drainage system within
the salt marsh is recommended. If it is necessary to prevent waterlogging at the
foot of the seawall, the upkeep of the artificial drainage should be confined to
this purpose only. An alternative is an adaptive seawall construction, which is
already practised at some sites in Lower Saxony.

7. There are two different approaches in conservation management of Wadden
Sea salt marshes (§2.7). In the German national parks, as well as in several salt
marsh areas in the Netherlands and Denmark, the undisturbed course of
natural processes is the main objective, and a management of minimum
intervention is applied. In other salt marsh reserves, the aim is often an
enhancement of biodiversity, and livestock grazing is applied to control
vegetation succession. Wherever appropriate, a maximum biodiversity may be
obtained by the introduction of a large-scale mosaic of different management
regimes including a regime of minimum intervention.

8. Artificial salt marshes are part of the cultural history of the Wadden landscape.
When aiming at increasing naturalness in these marshes, considering this in the
overall framework of the WSP is recommended.

9. For artificial salt marshes that do not have a favourable conservation status,
and which have only a low potential for increased naturalness, restoration
measures, such as top-soil removal, re-arrangement of the artificial drainage
system, or even a re-design of the entire marsh area may be considered.

5. Summary

Salt marshes in the Wadden Sea extend over almost 40,000 ha, which represents
about 20 % of the total of coastal salt marshes in Europe. In comparison with the 2009
QSR, salt marshes continued their expansion. Leaving data from Lower Saxony aside,
salt marshes increased by more than 3,750 ha since the 2004 QSR; about three-
quarter of this increase occurred in barrier-connected island salt marshes.

From a morphological point of view, four types of salt marshes may be distinguished
in the Wadden Sea Area, viz.: (a) back-barrier marshes, (b) foreland marshes, (c)
Hallig salt marshes and (d) green beaches. In this report, the status of salt marshes is
primarily based on vegetation and habitat, and less on geomorphology. In this sense,
halophytic vegetation on green beaches has been merged with back-barrier salt
marshes into the group of barrier-connected salt marshes. Sometimes, summer
polders are mentioned as fifth salt marsh type in the Wadden Sea. In most summer
polders, however, the vegetation cannot be qualified as salt marsh, since the influence
of seawater is too limited. According to the most recent survey data, Wadden Sea salt
marshes varied in size from less than 0.5 % up to almost 17 % per tidal area.

Despite the recent extension of salt marshes, the extent of pioneer and low-marsh
vegetation types remained relatively constant, whereas vegetation of late-succession
stages increased, especially Elytrigia atherica vegetation. The latter has become the
most dominant vegetation type in the high-marsh zone..



In order to evaluate the status of Wadden Sea salt marshes in relation to current sea-
level rise, available data on surface-elevation changes were collected. Foreland salt
marshes showed on average the elevation increase (9.6 mm/yr), i.e. well above the
increase rate of MHT (2.0—3.0 mm/yr). Barrier-connected salt marshes build up at
about a similar rate as the increase of MHT. Surface-elevation of Hallig salt marshes
lag behind MHT increase, which at least partly, may be explained by disturbance of
sediment supply to these marshes by coastal protection measures. The same, but
stronger disturbance plays a role in summer polders, where surface-elevation change
appears negligible.

Foreland salt marshes on the mainland account for approximately 50 % of the current
salt marshes in the Wadden Sea. Natural foreland salt marshes are relatively rare,
however. The great majority of the foreland salt marshes developed from salt marsh
works, and are therefore considered artificial. One of the targets of the Wadden Sea
Plan is to transform artificial salt marshes towards a more natural state. In order to
assist the decision-making and evaluation of the current state of these salt marshes, a
conceptual reference model for natural foreland salt marshes is presented. An
increased natural morphology is a prerequisite in order to achieve improved
vegetation diversity in these salt marshes. For the realization of this target, a
management strategy of minimum intervention in the drainage system is applied
extensively. Compared to the previous QSR, the extent of recent drainage practices
remained basically unchanged. In some artificial salt marshes in Lower Saxony, where
a natural development was considered to be prevented by the former anthropogenic
impact, pilot projects were launched which amounted the re-design of the entire salt
marsh.

Many of the recommendations from the previous QSR are still valid. In addition,
further harmonization of the data is recommended in order to make full use of the
spatial-data sets that are available in the framework of TMAP monitoring.
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