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Abstract Wadden Sea tidal Xats are highly dynamic
regarding the spatial distribution and the grain size compo-
sition of their sediments. From 2003 to 2006 surface sedi-
ments have been surveyed in an intertidal and a subtidal
area within the tidal inlet Königshafen (south-eastern North
Sea, northern Wadden Sea, island of Sylt) with the goal to
gain information on short-term development trends in the
grain size composition. The average grain size (Mean)
becomes Wner in the sheltered part of the intertidal survey
area whereas a coarsening tendency can be observed in the
more exposed part of the intertidal and especially in the
subtidal survey area. The trend of the most frequent grain
size (Wrst Mode) shows the same spatial distribution pattern
but is far less distinct. Thus, the changing Mean must be
related to an increase in the deposition of Wnes in the shel-
tered part of the intertidal Königshafen as well as a general
removal of Wne-grained material in the exposed intertidal
and subtidal Königshafen. In order to see long-term trends
the surveys of 2003–2006 were compared to earlier studies
conducted in 1932/1933, 1981 and 1989. A signiWcant
depletion of mud can be observed in the entire survey area.
It is concluded that primarily changed hydrodynamics that
may accompany ongoing climate change are responsible
for this. However, the loss of Wne-grained sediments is
additionally ampliWed by a reduced vegetation cover and
coastal protection measures.
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Introduction

The shore of the south-eastern North Sea is characterised
by unconsolidated sediments and its morphology is driven
by hydrodynamics (Flemming and Bartholomä 2003). This
results in a highly dynamic system which changes continu-
ously. Dynamic equilibriums are often found but other
changes are continuous and lead to new conditions.

The grain size composition of sediment reXects informa-
tion on the prevailing hydrodynamics. In particular subtle
changes in speed and force of the tidal currents leave traces
in the granulometry of associated sediments. In addition,
biological factors like seagrass coverage (Ward et al. 1984;
Fonseca and Fisher 1986; Heiss et al. 2000), mussel beds
(Widdows et al. 2002) or the presence of the lugworm
Arenicola marina (Wohlenberg 1937; Volkenborn and
Reise 2006) can have a signiWcant impact on the sediment
composition. Changes in the grain size composition of
Wadden Sea sediments can also be man-made. The reduc-
tion of a tidal catchment area leads to increased energy-lev-
els in a tidal basin which results in a depletion of mud
(Flemming and Nyandwi 1994; Mai and Bartholomä 2000).
Another man-made cause is mechanical cockle-dredging
which increases resuspension and erosion of Wne-grained
sediments, also resulting in a coarsening (Piersma et al.
2001). As no heavy mussel Wshery occurs in the List tidal
basin, there must be other reasons for the change in the sed-
iment composition.

Our hypothesis is that ongoing climate change and sea
level rise leave a signal in surface sediments and that inter-
tidal and subtidal sediments are diVerently aVected. The
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aim of this study is to gain information on short-term
changes in the grain size composition as well as on long-
term changes in the share and spatial distribution of diVer-
ent sediment types in order to reveal possible relation to
environmental change. For the short-term view, intertidal
and subtidal surface sediments were monitored over 3 years
in a time-series investigation in the inner, intertidal and
outer, subtidal Königshafen, a semi-enclosed bay in the
north of the island of Sylt (south-eastern North Sea, north-
ern Wadden Sea, Germany). For each sediment sample the
average grain size (Mean) and the most frequent grain size
(Wrst Mode) were analysed as parameters describing
changes in the sediment composition. In order to get a long-
term perspective of the depositional processes and to see
real trends in their development we compared our present
survey with former studies that have been done by Wohlen-
berg (1937), Felix (1981) and Austen (1990).

Study area

This study was conducted in the Königshafen (55°02�N,
8°25�E), a sheltered tidal bay in the northern part of the
island of Sylt (south-eastern North Sea, Germany; Fig. 1a).
This bay is part of the List tidal basin, a 401 km2 large bight
in the northern Wadden Sea. The Königshafen is almost
completely enclosed except for an opening in the east
(Fig. 1b). Water is mainly exchanged through a central tidal
creek that enters the Königshafen north of the exposed tidal
Xats “Uthörner Aussenwatt”. The Königshafen is divided
into the shallow, intertidal, inner Königshafen in the west
and the subtidal, outer Königshafen in the east. The tides are
semi-diurnal, with a mean tidal range of 1.8 m (Backhaus
et al. 1998). Generally at low tide, the entire inner König-
shafen falls dry except of the central tidal creek, while the
outer Königshafen is always covered with water at a ranging
water depth between 2 and 8 m. Water levels, as well as cur-
rent velocities, are aVected by wind direction and wind
force. Westerly winds lead to higher water levels. This is
further ampliWed with increasing wind speed. On the other
hand are lower water levels caused by easterly winds (Back-
haus et al. 1998; Behrens et al. 1997). Maximum current
velocities of 0.6 m s¡1 can be measured in the main chan-
nels of the List tidal basin but on the tidal Xats the velocities
are often below 0.1 m s¡1 due to the shallow terrain (Back-
haus et al. 1998). As the outer Königshafen forms the con-
nection to the List tidal basin and borders one of its main
tidal channels (Lister Ley, see Fig. 1a), it is much more
exposed to stronger currents than the sheltered inner König-
shafen. The Königshafen seems to be ebb-dominated as this
can be derived from the shapes of the megaripples.

Tidal Xats in the List tidal basin comprise 33% of the
area. Sand is the prevailing sediment type and covers 72%

of the total intertidal area (Bayerl et al. 1998). The sedi-
ments in the Königshafen also primarily consist of medium
sand (80%). But mud and Wne sands can be found in shel-
tered locations.

Two study sites were selected in the Königshafen: the
entire inner Königshafen (4.8 km2) and a 2.2 km2 large
sampling area in the outer Königshafen.

Fig. 1 a The List tidal basin in the northern Wadden Sea with the
Königshafen at the northern top of the island of Sylt. b The study area
Königshafen with the tidal Xats (light grey) and the intertidal und sub-
tidal sampling stations
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Materials and methods

A grid of equally distributed sampling points with a dis-
tance of 200 m was designed for the survey areas with 117
sampling stations in the intertidal and 50 in the subtidal
zone (Fig. 1b). The sampling in the intertidal survey area
was carried out during low tide from November 2004 until
December 2006 with a sampling interval of 6–8 weeks
depending on low water level. All together, 15 samplings
campaigns were carried out and 1,626 samples taken. The
sampling points were located using a diVerential GPS
receiver with submeter accuracy. A small sediment sample
(6–8 g) was collected from the surface of each sampling
location. The sampling interval for the subtidal zone was
every 4 weeks from August 2003 until July 2005. All
together, 22 samplings campaigns were carried out here and
1,058 samples taken. The sampling was conducted with a
small box corer from a research vessel. For grain size anal-
ysis a small sub-sample (6–8 g) was taken from the sedi-
ment surface of the box corer.

All sediment samples were treated with acetic acid and
hydrogen peroxide to destroy non-siliclastic materials. The
grain size composition was analysed in the lab with a
CILAS 1180 Laser particle analyzer. This instrument pro-
vides a measuring range of 14.6 to ¡1.4 Phi (0.04–
2,500 �m) with a class resolution of 0.1 Phi. The resulting
data sets were edited and further analysed using “Gradi-
stat”, a grain size distribution and statistics package for the
analysis of unconsolidated sediments (Blott and Pye 2001).
The grain size statistics were georeferenced in the Geo-
graphic Information System (GIS) ArcGIS 9.1.

Two classiWcation systems were determined regarding
the type of the sediments and the trend of their develop-
ment. In order to respond to the speciWc sediments in the
Königshafen and to show even subtle developments and
changes in their composition, an own classiWcation was
determined for the sampling period 2003–2006. The classi-
Wcation of the sediment types is given in Table 1. It was
designed following the classiWcation DIN 4022 (mud
>4 Phi, sand 4 to ¡1 Phi and gravel <¡1 Phi; these classes
are further subdivided, for more information see Austen
1990). But in order to increase resolution, mud (according
to DIN 4022 >4 Phi) was divided into mud and coarse mud.

Unlike to the DIN 4022, coarse sand had to be determined
<1 Phi according to the output of the already classiWed data
by the CILAS 1180 Laser particle analyzer.

For the trend of the sediments the average grain size
(Mean) and the most frequent grain size (Wrst Mode) were
regarded. The diVerences between Mean and Wrst Mode are
illustrated in Fig. 2. Even though we focus on these two
values it should be kept in mind that a sediment sample is
composed of a broad range of grain size classes as shown
exemplarily in Fig. 2. The trend shows if there is a steady
development in the grain size composition at a certain loca-
tion. For each sampling location the development of the
Mean value and Wrst Mode value, expressed in �m, were
plotted over the entire sampling period. Then, each sam-
pling location was classiWed according to the incline or
decline of the trend line. The classiWcation system is given
in Table 2.

On the basis of the dense sampling grid area-wide maps
were interpolated in ArcGIS 9.1 using the geostatistical
analyst tool. The deterministic interpolation “Radial Basis
Functions” was chosen because the results Wt best to our
own Weld observations and compared to other interpolation
methods like “Kriging” it did not generalise too much. A
Digital Elevation Model (DEM) based on 4046 data points
was also calculated in ArcGIS 9.1. The elevation data was
surveyed in October 2004 whereby Weld measurements
were supplemented by data derived from aerial photo-
graphs which were taken at the same time.

We compared our current study with surveys by Woh-
lenberg (1937), Felix (1981) and Austen (1990). The old
sediment maps were scanned with a resolution of 400 dpi,
georeferenced and digitised in ArcGIS 9.1. As the former
surveys used a coarser sediment classiWcation system our

Table 1 The classiWcation of the sediment types in the Königshafen

Sediment First mode (Phi)

Mud (S 1) >6

Coarse mud (S 2) 6–4

Fine sand (S 3) 4–2.5

Medium sand (S 4) 2.5–1

Coarse sand (S 5) <1

Fig. 2 The grain size composition of an exemplary sediment sample

Table 2 The classiWcation of the development trends of the sediments

Trend Incline/decline of trend line

Finer (T 1) <¡0.1

Slightly Wner (T 2) ¡0.02 to ¡0.1

No trend (T 3) ¡0.02 to +0.02

Slightly coarser (T 4) 0.02 to 0.1

Coarser (T 5) >0.1
123



6 Helgol Mar Res (2008) 62:3–11
data had to be reclassiWed and interpolated again in order to
make the results comparable to the earlier studies.

Results

Figure 3 shows the present distribution of Wve sediment
classes in the Königshafen ranging from mud (S 1) to
coarse sand (S 5). The muddy sediments (S 1) cover the
innermost western part of the intertidal area which is 1.5%
of the entire intertidal area. A strip of coarse mud (S 2;
5.5%) adjoins it and stretches southwards, bordering a zone
of Wne sand (S 3). The Wne sand forms a belt following the
course of the tidal creek and covers 10.5% of the intertidal.
Medium sand (S 4) can be found most in the inner König-
shafen (80%). In the sheltered location of a sandy hook in
the south-eastern corner another zone of coarse mud (S 2;
1.5%) established. Coarse sand (S 5) occurs just in the outer
Königshafen, in vicinity to the subtidal. It appears close to

the shoreline and covers 1% of the intertidal area. It can be
summarised that the Wnest sediments in the intertidal
Königshafen occur in the inner part while the coarsest sedi-
ments occur close to the opening in the east. Compared to
the intertidal, the subtidal sediments are dominated by Wne
sand (S 3; 84%). Only the south of the Uthörner Aussen-
watt is characterised by coarse mud (S 2; 16%).

The temporal trend in the sediment composition at each
sampling location was classiWed into Wve groups ranging
from a clear Wner trend to a clear coarsening. Considering
the “trend” of the sediments one has to be aware that this
applies to the sampling period of 3 years. The average grain
size (Mean) in the intertidal is becoming Wner in the inner-
most part of the Königshafen (Tme 1; Fig. 4a). This area is
almost congruent with the mud and coarse mud deposits
and covers 8% of the intertidal area. Adjoining is a zone
located where the mean grain size of the sediments is
becoming slightly Wner during the sampling period (Tme 2,
covering 23% of the area). This zone also follows the
course of the tidal creek similar to the occurrence of Wne
sands. Most sediments show no trend (Tme 3; 65%), espe-
cially in the centre. In the north-eastern corner near inter-
tidal mussel beds, the sediments are becoming slightly Wner
(Tme 2) and in the centre of the mussel beds even clearly
Wner (Tme 1) while they are getting slightly coarser (Tme
4) outside of them at the border to the subtidal. In the south-
eastern corner at the transition to the subtidal zone the mean
grain size also tends to become slightly coarser (Tme 4).
This continues in the subtidal area where the sediments are
mainly getting slightly coarser (Tme 4; 55%). In the north-
eastern part of the subtidal the sediments are becoming
even clearly coarser (Tme 5; 17%), while 28% of the sub-
tidal area show no trend (Tme 3).

Compared to the Mean value the Wrst Mode remains rel-
atively stable and shows only few and weak trends
(Fig. 4b). In the intertidal zone there is mainly no trend in

Fig. 3 Average surface sediment distribution in the Königshafen from
2003 to 2006

Fig. 4 Spatial distribution of the development trend in the grain size composition of the sediments from 2003 to 2006, Mean (a) and Wrst Mode (b)
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the Wrst Mode (Tmo 3, coverage: 89%). It is getting slightly
Wner (Tmo 2; 8%) in two areas in the innermost part of the
Königshafen and in the centre near the tidal creek. Similar
to the Mean, the Wrst Mode also becomes slightly coarser
(Tmo 4; 3%) in few areas in the outer intertidal. This trend
continues into the subtidal but applies only for two small
areas in the northern part (Tmo 4; 5%), yet 95% of the sub-
tidal show no trend in the Wrst Mode (Tmo 3).

Discussion and conclusions

In order to detect trends in the development of the König-
shafen sediments, a long-term view is necessary. Therefore,
we compared our survey with former studies by Wohlen-
berg (1937), Felix (1981) and Austen (1990). Due to diVer-
ent sampling and analysis methods it is not possible to
precisely account the changes. Nevertheless, a more gen-
eral comparison is allowed and gives a good idea how the

former sediment situation in the Königshafen was like and
how the sediments developed.

Sediment development from 1932/1933 to 2003/2006

In 1932/1933 sand already dominated the intertidal, cover-
ing 68% of the area, but the large share of Wner sediments is
remarkable: 21% mud and 11% mixed sediments (Fig. 5a).
Coarse sand is not recorded. In 1981 coarse sand makes up
to 3% while medium sand covers 64%, mixed sediments
(including Wne sand) 30% and mud 3% of the intertidal area
(Fig. 5b). Between 1932/1933 and 1981 most of the mudX-
ats already disappeared. The sediment map from 1981 is
the only former survey that also takes the subtidal into
account. Fine sands and mixed sediments are dominant in
the subtidal with some embedded muddy areas.

In 1989 sandy tidal Xats cover 90% (including 5% coarse
sand) of the intertidal, while mixed sediments make up 7%
and mud 3% (Fig. 5c). Today (2003/2006) the situation is

Fig. 5 a Sediment distribution in the Königshafen in 1932–1933
(Wohlenberg 1937). b Sediment distribution in the Königshafen in
1981 (Felix 1981). The white line indicates the border between inter-

tidal and subtidal. c Sediment distribution in the Königshafen in 1989
(Austen 1990). d Sediment distribution in the Königshafen from 2003
to 2006
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very similar as the spatial share in the Königshafen is com-
posed as follows: sandXats are covering 90% while mixed
sediments and mud are covering 8 and 2% (Fig. 5d).
According to this coarser classiWcation system, coarse sand
does not appear. Not many changes can be observed in the
intertidal since 1989 because most of the mud has already
been depleted. Comparing the sediment situation in the
subtidal with the survey results from 1981 it becomes obvi-
ous that no more mud cores can be found and the share of
mixed sediments also declined.

Not only the spatial extent but also the spatial distribu-
tion of the sediments in the Königshafen changed. In 1932/
1933 the mudXats occur mainly in the outer Königshafen at
the transition to the subtidal and still in 1981 larger extents
of mixed sediments and Wne sands can be found here and
along the entire course of the tidal creek. Whereas in 1989
and today the muddy and mixed sediments vanished from
the outer Königshafen except from the sheltered location of
the sandy hook.

Altogether, a steady shift in the sediment composition
and in the spatial extent of the diVerent sediments can be
observed over the years: Sandy tidal Xats are becoming
more and more dominant at the cost of areas with Wner sed-
iments. This general coarsening is so distinct that it aVects
the Mean and Wrst Mode. The reason for this is not reduced
supply of Wne-grained sediments but the depletion of Wnes.
Pejrup et al. (1997) conclude that the net deposition of Wne-
grained sediment in a tidal basin is mainly a function of
physiographical and hydrodynamical parameters and to a
lesser degree of sediment availability. Since the “Wlter” rate
of Wne-grained sediment out of the sea water is very low in
the List tidal basin compared to other tidal basins in the
Wadden Sea, it can be assumed that the supply is not a lim-
iting factor (Pejrup et al. 1997).

Causes for mud depletion

The depletion of mud has two main causes: biological and
hydrodynamic factors. The loss of Wner sediments goes along
with a decline in the vegetation cover. Wohlenberg (1937)
described that mudXats were very often associated with
growing or decaying vegetation of Fucus—associated with
mussels—and seagrass (Zostera), especially in the outer
Königshafen. The vegetation provided sheltered areas where
mudXats could establish. Especially seagrass is known to sta-
bilise sediments and enhance deposition of Wne-grained sedi-
ments (Ward et al. 1984; Fonseca and Fisher 1986; Heiss
et al. 2000). According to aerial photographs from 1936 the
vegetation covered about 31% of the intertidal while today’s
coverage is just about 9%. Similar phenomena and possible
reasons for this development are reported from other tidal Xat
areas. Cardoso et al. (2004) observed that after a decline of
seagrass, the former vegetated area was replacement by

coarser unvegetated sediments. Preceding changes in the
physical forcings might have lead to the decline of seagrass.
Da Silva et al. (2004) found out that increasing tidal wave
penetration has induced transport of coarser sandy sediment
into a lagoon and caused coverage of seagrass beds with sand
and a reduction in sediment stability. In response seagrasses
decreased substantially.

Wohlenberg (1937) also described that in 1932/1933 the
muddy areas in the Königshafen were hardly walkable
because of their extreme softness (sinking up to 1.2 m). The
vegetation retained water which led to slight water cover-
age in large parts of the tidal Xats during low tide and to an
oversaturation of the sediment with water. The sediments
density was also broken up by decaying seagrass and Fucus
that was included into the sediment and also made it soft.
This situation has totally changed. Today, the maximum
penetration into the mud is about 0.4 m, the sediment is
well drained and consolidated and the content of large
organic particles is low (own observations). Obviously, the
sediment characteristics changed from organic-rich, muddy
tidal Xat sediments to sandy siliclastic tidal deposits in less
than 100 years.

The other factor that plays an important role in the
depletion of Wne-grained sediments is the increase of
hydrodynamics caused by a rising sea level and the reduc-
tion of the tidal catchment area. According to the CPSL
(2005) the annual mean high water level rose by 0.25 cm/
year in the Wadden Sea from 1890 to 1989 and even by
0.67 cm/year for the period 1971–1989. A rising water
level is associated with stronger currents that cause removal
of Wne-grained sediments. Furthermore, the reduction of the
tidal catchment area leads to less accommodation space
which results in increased energy levels within the basin
(Flemming and Nyandwi 1994). The catchment area of the
List tidal basin was mainly reduced by the construction of
two causeways which connect the islands Sylt and Rømø
with the mainland (see Fig. 1a). The construction of the
Hindenburg causeway in the south in 1927 had a direct
eVect and caused immediate changes in the sedimentary
system (Wohlenberg 1953). In 1948 the construction of the
Rømø causeway was Wnished and geomorphological
changes as a immediate response were also observed (Jes-
persen and Rasmussen 1984). Furthermore, the catchment
area was reduced by land reclamation measures, which
were undertaken along the Danish mainland shore from
1954 to 1972, and by the construction of a new dike in
1979–1982 whereby the Margrethe–Koog was formed (Jes-
persen and Rasmussen 1989).

Mud depletion as a result of the reasons mentioned
above can be observed in the entire Wadden Sea. Flemming
and Nyandwi (1994) and Mai and Bartholomä (2000)
report it from the back-barrier tidal basin at the East Frisian
Islands. Van Bernem (personal communication) found a
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coarsening trend in the Hörnum tidal basin south of the
island of Sylt. In the Dutch Wadden Sea a landward-
directed shift of mud resulting in less mud in the more
oVshore tidal Xats but also in more mud in the sheltered
coastal areas is detected (Zwarts 2003).

Average spatial pattern of sediments from 2003 to 2006

The distribution of the diVerent sediment types shows a dis-
tinct spatial pattern with Wne sediments in the inner part and
coarse sediments towards the outer parts of the intertidal
Königshafen (see Fig. 3). Two factors contribute to the
accumulation of the Wne-grained sediments in the inner-
most part of the Königshafen: (1) low current velocities
(Behrens et al. 1997; Backhaus et al. 1998) due to the shel-
tered position and (2) the morphology. The latter factor
becomes apparent when draping in GIS the sediment layer
over a Digital Terrain Model. The areas of mud, coarse
mud and Wne sand are almost congruent with a morphologi-
cal depression at the head of the tidal creek. This depres-
sion has a predominant elevation of ¡0.8 to ¡0.7 m while
the sandy areas are considerably higher with mainly ¡0.3
to 0.2 m. As a consequence, the water residence time in this
small basin is extended which enhances the settlement of
Wnes. Fine-grained sediments are easily kept in suspension
and they need time and calm conditions to settle from the
water column to the tidal Xat. Furthermore, the sheltered
position at the inner Königshafen allows the establishment
of these Wne-grained sediments whereby a gradient of
increasing coarseness can be noticed towards the east.
Another zone of coarse mud established in the sheltered lee
side of the sandy hook in the south-east corner of the inter-
tidal Königshafen where current velocities are usually low
(Behrens et al. 1997).

The entire Königshafen is inherently in a sheltered posi-
tion. It exists as a sheltered almost enclosed bay since the
forming of the large sandy spit (Ellenbogen, see Fig. 1b) at
its north between the middle of the seventeenth century and
the end of the eighteenth century (Bayerl and Higelke
1994). It can be assumed that the currents were also in
former times rather slow since this sand spit formation. So
it is remarkably that there is a strong dominance of sandy
tidal Xats in the Königshafen which cannot be explained by
the currents. According to the correlation between the grain
settling velocities and the maximum Xow velocities (Flem-
ming and Nyandwi 1994), the current velocities are not
high enough to transport a signiWcant amount of sand into
the bay. Austen (1994) found evidence for an aeolian input
of sand into the Königshafen from surrounding dunes.
Wohlenberg (1937) assumed that the high amount of sand
can only be explained by migrating dunes. He presumes
that the dunes originally migrated to the Königshafen and
gushed and eroded into it. However, Bayerl and Higelke

(1994) proofed by analysis of sediment core data that beach
and dune ridge sediments form up to 6 m thick layers right
at the surface. Along a west–east proWle they found out that
the layer thickness is gradually decreasing westwards
towards the subtidal. This goes along with our observation
that the subtidal area is generally Wner as the intertidal. It
seems that input of medium sand is conWned to the inter-
tidal Königshafen.

The subtidal sediments consist mainly of Wne sand.
Coarse mud can only be found in the sheltered position
south of the higher situated Uthörner Aussenwatt where
mussel beds are located. Reise et al. (1994) stated that trap-
ping eYciency of Wne-grained material out of the water col-
umn is connected to benthic Wlter feeders forming faecal
pellets of the Wne-grained material and thereby enhancing
the settling velocity of the Wne sediment. Mussel beds aVect
the sediment composition by producing organic mud
(Kröncke 1994) which explains the occurrence of Wne-
grained material like coarse mud here in vicinity of the
Uthörner Aussenwatt.

Trends in the development of surface sediments 
from 2003 to 2006

The mean grain size of the sediments in the innermost part
of the Königshafen is becoming Wner or at least slightly
Wner from 2003 to 2006 (Fig. 4a). Even though the spatial
extent of the area of Wne-grained sediments did not
increase, the sediment composition in this area became
Wner over the sampling period. In contrast, a general coars-
ening characterises the sediments of the entire subtidal sur-
vey area and the outer, more exposed part of the intertidal.

In both cases the trend of the Wrst Mode follows this spa-
tial pattern but is far less pronounced (Fig. 4b). The Wrst
Mode is much more stable whereby the clearness as well as
the spatial extent of the trend is far less compared to the
Mean. Regarding the sediments grain size composition this
means that the bulk (Wrst Mode) remains the same and the
changes which are caused by the increased mud deposition
in the innermost part and the removal of mud in the outer
Königshafen can be seen in the varying Mean. These
opposed developments can be explained by the diVerent
impacts of waves and currents. As mentioned above a con-
siderable annual rise of the sea level is observed in the
Wadden Sea (CPSL 2005). This is associated with stronger
currents that may remove mud. This aVects the outer
Königshafen as it is located close to one of the main tidal
channels of the List tidal basin. Furthermore, it can be
assumed that a deposition of mud is hindered here due to
more turbulent conditions in the water column.

In contrast to this, waves are more responsible for
resuspension of Wne-grained sediments than tidal cur-
rents in shallow terrain (French et al. 2000, Janssen-Stelder
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2000)—like the inner Königshafen. Especially during
storm events a lot of resuspension and erosion happens
(Janssen-Stelder 2000; Bartholdy and Aagaard 2001)
whereby wind-induced waves play an important role.
Weisse and Plüß (2006) showed that storms decreased
along the North Sea coast since the mid 1990s. It can be
assumed that the innermost Königshafen is too shallow and
sheltered so that—unlike in the outer Königshafen—the
higher current velocities had no crucial impact yet. Further-
more, decreasing storm events lead to a reduced resuspen-
sion of the accumulated mud and to a positive net balance
in the innermost Königshafen. Even though a lot of mud
depletion has been detected over the last decades, these
calmer years apparently enabled mud deposition.

Erosion and accumulation are opposite developments
which are not only observed in the Königshafen but also in
the List tidal basin. Pejrup et al. (1997) found out that the
entire List tidal basin is a net sink for muddy sediments
(<4 Phi) with an annual deposit of about 49,000 tons on the
tidal Xats. A positive annual net deposition of 1.4 tons is
allotted to the Königshafen (Larsen et al. 1996). But in the
long-term view, the tidal Xats of the List tidal basin show a
negative mass balance since the loss or submersion of inter-
tidal areas was dominant in the last centuries (Higelke
1998; Reise 1998). This aVects mainly the tidal Xats in the
inner part of the bight which are more exposed. Therefore,
it can be assumed that the deposition of Wnes in the List
tidal basin is Wrst of all restricted to the areas of mixed and
muddy sediments which occur mainly in close vicinity to
the coastline. These Wne sediments form narrow stripes at
the margins of the List tidal basin and cover 25 and 3% of
the intertidal area, respectively. The phenomenon that
deposition of Wnes happens Wrst of all in sheltered marginal
areas coincides with our surveys in the Königshafen.

In summary, from 1932/1933 to 2003/2006 a severe
depletion of mud due to a reduced vegetation cover and
increased hydrodynamics was observed in the Königshafen.
Today, a distinct spatial pattern with a gradient of increas-
ing grain size coarseness from sheltered to exposed area
can be observed in the intertidal survey area. Furthermore,
an opposed development in the sheltered and the exposed
area becomes obvious with accumulation of Wnes in the
inner part and a coarsening in the outer. The reason is the
diVerent impact of waves and currents on these locations.
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