The Tidal Area covers all tidal flats (the littoral)
and subtidal areas (the sublittoral). The seaward
delimitation of the Tidal Area is formed by lines
connecting the tips of the outer Wadden Sea is-
lands. The landward delimitation is the pioneer
zone of the salt marshes in front of the main-
land, or, where salt marshes are not present, the
mean high water level at spring tides. In estuar-
ies, the upper limit is formed by the mean 10 psu
isohaline at high water in the winter situation.
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Tidal Area

(Photo: K. Janke)
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North Frisian islands,
Halligen and sand banks
(Satellite image:
Brockmann Consult).
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Geomorphology

8.1.1 Introduction

The Tidal Area and the Offshore Area form a co-
herent system. There is intensive water exchange
through the tidal inlets between the islands. Sea
level rise causes sand to be transported from the
foreshore of the islands and the seabed in the Off-
shore Area to the Wadden Sea (see chapter 3 'Cli-
mate'). Since historic times this has caused the
islands to migrate in the direction of the main-
land. Before the mainland coast was fixed by dikes,
the coastline reacted to such sea level rise by re-
ceding. Since dike building started, the Wadden
Sea was progressively squeezed between these
fixed sea dikes and the landward migrating islands
(e.g., Flemming and Davis, 1994; Mai and Bartho-
lom3, 2000).

Target
An increased area of geomorphologically and
biologically undisturbed tidal flats and subtidal
areas.

In the 1999 QSR the effects of this coastal
squeeze on the geomorphology of the Wadden Sea
were not described, notwithstanding two directly
related Targets. Furthermore, continued deepen-
ing of shipping channels in estuaries may lead to
hydrological and geomorphological changes. Lit-
tle has been documented so far for the estuaries
in the Wadden Sea.

8.1.2 Coastal squeeze

The most important cause of coastal squeeze in
the Wadden Sea, undoubtedly, is the long-term

land reclamation by successive endikement of salt
marshes and embayments. The historic loss of salt
marshes since 1600 in the Dutch Wadden Sea was
documented by Dijkema (1987). Reconstructions
of historic coastlines of the Niedersachsen Wad-
den Sea show that 58% of potentially available
tidal mud flats have disappeared (Delafontaine et
al,, 2000). Along the Dutch coast of the Wadden
Sea even larger areas have been lost, compared to
hardly any loss along the Danish coast because of
the elevated Pleistocene grounds directly border-
ing the Wadden Sea (cf. Mai and Bartholom3,
2000). As the Wadden Sea between the mainland
and the islands narrowed, concomitant changes
occurred in sediment type distribution typically
showing lower grain size close to the mainland
coast as a consequence of settling velocity gradi-
ents over the tidal flats between island and main-
land (Figure 9 in Mai and Bartholom, 2000). In
the course of sea level rise, especially after dike
building and land reclamation had begun, these
settling velocity gradients have changed, allow-
ing less mud to be deposited near the mainland
coast, resulting a general depletion of fine-grained
material (Dellwig et al., 2000). Continued sea lev-
el rise will lead to a further depletion of fine-
grained sediment and organic matter, and may
eventually lead to the complete disappearance of
tidal flats (see the model in Flemming and Nyand-
wi, 1994).

These fine-grained, organically rich sediments
are assumed to play an important role in the re-
cruitment success of bivalves (see chapter 8.2).

As a combined result of sea level rise and man-
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made fixing of the mainland coast by dikes and
successive endikements and land reclamations,
the space between the islands and the mainland
coast has become narrower (coastal squeeze).This
has resulted in loss of mud flats along the main-
land coast, which are important as a settling hab-
itat for juvenile bivalves.

This loss of fine-grained sediment is consid-
ered a deviation from the natural dynamics in
geomorphology because it has been caused by
progressive endikement and land reclamation.
Moreover, there is a deviation from the targets
'natural dynamic situation' and 'increased area
of geomorphologically undisturbed tidal flats.

8.1.3 Tidal regime and geo-
morphology of estuaries

Deepening of tidal channels in estuaries to pro-
mote shipping to sea ports that are located at a
distance from the mouth of the estuary causes
hydraulic changes. High water levels tend to be-
come higher, and low water levels to become lower,
as shown for the Ems, Weser and Elbe by Jensen
et al. (2003). Hydraulic changes, however, do not
stand alone. Increased deepening of the shipping
channels to the port of Antwerp (Belgium) has
changed the geomorphology of the Western
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8.2.1 Introduction

In the 1999 QSR, an account was given of the
development of three immigrant bivalve species.
An update on these and other introduced species
is given in chapter 6 of this report.

Also in the 1999 QSR, an attempt was made to
clarify the possible causes of long-term changes
in total biomass of the intertidal macrozoobenth-
ic community as measured at selected monitor-
ing locations within the Wadden Sea. Severity of
winter and eutrophic conditions were mentioned
as major regulating factors. In addition, the pos-
sible negative effects of mechanized shellfish fish-
eries were briefly introduced. The present chapter
presents an update based on TMAP monitoring
data and recently published information. New data
on immigrant species (e.g. Ensis americanus,
Marenzelleria cf. viridis, Crassostrea gigas) is pre-
sented in chapter 6 ‘Introduced species.

Target
An increased area of geomorphologically and bi-
ologically undisturbed tidal flats and subtidal
areas.

No trilateral Target was developed with respect
to macrozoobenthos of soft sediments in the Tid-
al Area of the Wadden Sea. However, the general
Target of ‘an increased area of geomorphological-
ly and biologically undisturbed tidal flats and sub-
tidal areas' applies.

8.2.2 Recruitment, distribution and
winter character
During cold winters, higher proportions of young
(~5 mm shell length) bivalve Macoma balthica mi-
grate from high coastal flats to low and/or off-
shore areas than in mild winters. This phenome-
non, documented as early as the 1980s, was re-
affirmed by new evidence obtained in different
parts of the Dutch Wadden Sea (Beukema and De-
kker, 2003; Hiddink and Wolff, 2002). This causes
a redistribution of Macoma balthica over the dif-
ferent depth zones of the Wadden Sea and the
offshore area, and needs to be taken into account
when analyzing long-term data sets of macrozo-
obenthos from stations either in the littoral or the
sublittoral parts of the Wadden Sea.

Another effect of cold winters is that the re-
production success of bivalves in the subsequent
summer is usually better than after mild winters.
This already known phenomenon was further in-
vestigated, both experimentally and through an-
alyzing long-term data sets (Beukema et al., 2001;
Philippart et al., 2003; Strasser et al., 2001, 2002).
In Macoma balthica, mild winters cause low egg
production. Survival of post-larvae during the first
few months of benthic life, however, plays a more
prominent role in the recruitment process (Beu-
kema et al, 1998). At the tidal flats of the Wad-
den Sea and other shallow coastal waters bivalve
spat is eaten by both shrimps and shore crabs. This
predation pressure substantially reduces numbers
of bivalve spat (Flach, 2003; Hiddink et al., 2002;
Strasser, 2002). After a severe winter, predators
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such as the shore crab may return to the Wadden
Sea too late to effectively prey upon bivalve spat,
thus enabling a good recruitment (Strasser and
Giinther, 2001). Recruitment failures in the cock-
le (Cerastoderma edule), sandgaper (Mya arenar-
ia) and Baltic tellin (Macoma balthica) were more
frequent during the last approximately 15 years,
especially at lower intertidal levels, and were neg-
atively correlated to the quantities of shrimps
present at the time of settlement of bivalve post-
larvae (Beukema and Dekker, 2005). Such a rela-
tionship was not found for recruitment at higher
intertidal levels, where shrimp abundance is low.

This difference in recruitment success between
lower and higher intertidal flats is explained mainly
by differential predation pressure on post-larvae
with these high flats serving as a refuge in years
of high predator abundances, although at the same
time the sediment at the lower flats tended to
become coarser (Beukema and Dekker, 2004). As
a consequence, the centers of distribution of the
three bivalve species were found to shift to high-
er intertidal levels with muddier sediments. Such
a change in distribution at a local scale (Balgzand,
Groninger Wad) was found for cockle beds also on
the scale of the entire Dutch Wadden Sea (Anon.,
2003; Zwarts et al,, 2003). Changes in sediment
composition may have been caused by the large
scale disappearance of blue mussel beds (Mytilus
edulis) from the intertidal flats of the Dutch Wad-
den Sea in 1990 due to a combination of pro-
longed recruitment failure and intensive shellfish
fishery (Dankers et al., 2003). Mussel beds cause
increased contents of mud and organic matter in
the surrounding sediments up to a distance of
about one km (Kréncke, 1996; Zwarts, 2003). In-
tertidal mussel beds started to reappear in 1995,
but are still largely absent from the western part
of the Dutch Wadden Sea (Anon., 2003; Dankers
et al., 2003) making the most sandy sediments
unsuitable for successful recruitment of cockles
(Beukema and Dekker, 2004).

After a severe winter, recruitment success in
three bivalve species was found to be different
between the northern (north of Eiderstedt) and
southern (west of the Jade Bay) Wadden Sea
(Strasser et al., 2002). These regional differences
may be related to the different topography (ori-
entation of islands and tidal inlets) and related
differential effects of wind induced currents on
bivalve recruitment, and/or to differences in par-
ent stocks, larval supply or epibenthic predation.

In the shallow subtidal (10-20 m depth) of the
offshore area of the Wadden Sea synchronous
winter effects have already been described by Beu-

kema et al. (1988). For the Norderney area Krdncke
etal. (2001) report significant effects of cold win-
ters on benthic community structure. Moreover, a
clear shift has become noticeable since 1988,
when climatic conditions were different as indi-
cated by higher values of the North Atlantic Os-
cillation Index (NAOI). High NAOI values are ac-
companied by effects including higher seawater
temperatures, particularly in winter and spring. For
the Sylt area, Armonies et al. (2001) suggest that
the slow recovery after severe winters, which are
often characterized by long spells of easterly winds,
may also be caused by loss of larvae and juveniles
drifting away to deeper North Sea waters.

A more extensive overview of the effects of cli-
mate change is given in chapter 3 ‘Climate.

8.2.3 Effects of shellfish fisheries

The apparently decreased suitability of lower and
sandy flats in the Dutch Wadden Sea to support
bivalve recruitment described above could not
unequivocally be attributed to bottom disturbing
activities of fisheries for cockles, blue mussels or
lugworms (Beukema and Dekker, 2004; Zwarts et
al., 2003). A long-term experimental study to verify
or disprove the assumed negative impact of cock-
le fisheries through changes in sediment compo-
sition on bivalve recruitment (see Piersma et al.,
2001) was not undertaken as part of the EVA-II
project evaluating the effects of shellfish fisher-
ies. A longer lasting negative effect of cockle
dredging on bivalve recruitment was only found
in sediments with low mud contents (Piersma et
al, 2001) and was absent in an area with higher
mud contents (Hiddink, 2003). In the final scien-
tific report on the effects of Dutch shellfish fish-
ery the results described below are presented (Ens
et al., 2004)

During the past ten years, cockle dredges
touched each year on average 25% of the surface
area of the cockle beds present in areas open to
cockle fishery. This resulted in an ever-increasing
proportion of the adult cockle stock being found
in the areas closed for shellfish fishing. Cockle fish-
ery caused considerable direct mortality (up to tens
of percent) of shallow living non-target benthic
fauna and also removed dispersed blue mussels
from the tidal flats.

On a small spatial scale, cockle fishery caused
a decrease in recruitment success of blue mus-
sels. On the scale of the Dutch Wadden Sea, how-
ever, there is no evidence of such an effect. In the
areas open to cockle fishery, fewer cockle spat per
m? recruited than in the closed areas. This differ-
ence had disappeared by 2000; since then mean

Wadden Sea Ecosystem No. 19 - 2005
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Figure 8.2.1:

Development of annual
mean biomass (gram ash-
free dry weight m-2) of
polychaetous worms at
intertidal flats in different
parts of the Wadden Sea.
Note: Danish data (Remg)
refers to 4 species only, viz.
Arenicola marina,
Heteromastus filiformis,
Nereis diversicolor and
Scoloplos armiger.

Wadden Sea Ecosystem No. 19 - 2005

recruitment density of cockles has even been
slightly higher in the open than in the closed ar-
eas. This may be explained by a negative effect of
high adult cockle densities on recruitment (cf.
Beukema and Cadée, 1999) and by the fact that
high densities of adult cockles increasingly oc-
curred in the areas closed for fishing.

Effects of shellfish fishery on mussel beds will
be treated in chapters 8.3 ‘Intertidal blue mussel
beds' and 8.5.2 ‘Subtidal blue mussel beds.

8.2.4 Eutrophication
In the 1999 QSR it was concluded that differenc-
es in eutrophic states within the Wadden Sea are
not clearly reflected in differences in biomass of
intertidal macrozoobenthos. A consistently in-
creasing trend in biomass of polychaetes could not
be related to nutrient input data (Essink et al.,
1998). This may partly be due to limitations of the
data sets.
In a recent analysis of their long-term data sets
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on phytoplankton, chlorophyll and intertidal macro-
zoobenthos in the Marsdiep-Balgzand area, Beu-
kema et al. (2002) made comparisons between
three decades, viz. the 1970s, 1980s and 1990s. It
was around 1980 that a sudden and persistent
increase occurred of phytoplankton cells, chloro-
phyll and of densities and biomass of zoobenthos,
showing, however, considerable year-to-year vari-
ability. Their analyses show a significant positive
correlation between chlorophyll concentration and
density and biomass of zoobenthos, especially at
places with already high biomass values. Appar-
ently, here food supply was strongly limiting. In
addition, the response to changes in phytoplank-
ton food supply was strong only in suspension and
deposit feeders, i.e. functional groups directly de-
pendent on algal food, not in carnivorous species.
Smaller polychaetes in particular became very
abundant during the 1980s and 1990s. These de-
velopments indicate that not only the western
Dutch Wadden Sea, but probably the entire Wad-
den Sea has been in an early stage of eutrophica-
tion (cf. Gray, 1992) during the last two decades.
Any further development of eutrophication was
probably prevented by environmental conditions
such as strong tidal mixing preventing anoxia (e.g.
‘black spots'), and severe winters as overriding reg-
ulators of zoobenthos abundance and biomass. In
the Danish Wadden Sea no zoobenthos mass kills
due to eutrophication related oxygen depletion
were observed (Artebjerg et al, 2003). In other
parts of the Wadden Sea, such large-scale kills
have been rare.

8.2.5 Are polychaetous worms
taking over?
In the 1999 QSR, a consistently increasing trend
in biomass of polychaetes in part of the Wadden
Sea could not be related to nutrient input data.
Data collected within the TMAP shows that the
increasing trend in biomass of polychaetous worms
for intertidal flat locations in the Dutch (Balgzand)
and Niedersachsen (Norderney) Wadden Sea con-
tinued until 2004 (Fig 8.2.1) and also on parts of
the locations monitored at Groningen intertidal
flats. In the 1999 QSR, no such increasing trend
was observed in the Danish Wadden Sea. After an
update with recent data, there is still no signifi-
cant trend (Figure 8.2.1). It must be noted that
the Danish data refers to four polychaete species
only, and not to all polychaetes present in the sam-
ples, which explains the low biomass values as
compared with those present in other parts of the
Wadden Sea.
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Reise (1982) was the first to signal this increas-
ing trend of polychaetes. He argued that the trend
might have started even before the onset of eu-
trophication in the Wadden Sea, but could not give
a clue as to the cause. Beukema et al. (2002) re-
ported that at Balgzand intertidal flats (western
Dutch Wadden Sea) small-sized worms became
very abundant during the 1980s and 1990s. In the
Dutch EVA-II project evaluating the effects of
shellfish fisheries, it was hypothesized that bot-
tom disturbance by cockle dredging favors the
development of polychaetes. Extensive data col-
lected provided indications that the densities of
the ragworm Nereis diversicolor may have in-
creased as a result of cockle fishery, but did not
allow for clear conclusions (Anon., 2003). Finally,
one might think of a process in which worms, gen-
erally having a r-type life strategy (relatively short-
lived, reqular reproduction), are developing where-
as the K-type strategist bivalves (long-lived, ir-
regular reproduction) are declining. Whether there
is a causal or even a feedback relationship remains
to be resolved. Perhaps we are facing a change of
alternate stable states within the benthic system
of the Wadden Sea (cf. van de Koppel et al., 2001).

An explanation of the difference in trend of
polychaete biomass between the northern (Den-
mark) and southern (Niedersachen, The Nether-
lands) Wadden Sea cannot be easily presented. A
difference in organic matter cycling processes
between these major regions of the Wadden Sea,
as suggested in chapter 5 ‘Eutrophication’, might
be a possibility. Further research into the possibil-
ity of having two sub-systems within the Wadden
Sea is needed.

8.2.6 Are isolated populations
endangered?

Most species occurring in the Wadden Sea belong
to populations with a large geographical expan-
sion along the western European coasts, e.g. Myti-
lus edulis, Macoma balthica and Arenicola mari-
na. These populations have low genetic differen-
tiation, typical of the absence of any kind of geo-
graphical isolation (Hummel, 2003). There are,
however, several species with a disjunct distribu-
tion. One example is the lagoon cockle (Cerasto-
derma lamarcki) of which small populations have
been observed in salt-marsh habitats at the is-
land of Texel and Schiermonnikoog (The Nether-
lands) (Kuiper, 2000) and in salt-marsh creeks,
ditches and brackish ponds in the northern Wad-
den Sea (Germany/Denmark) (Reise, 2003). The
lagoon cockle has apparently disappeared from the
intertidal zone of the northern Wadden Sea around

1980, whereas it occurred at several sites in the
1960s and 1970s; it survived the severe winter of
1978/79 which killed almost all intertidal cockles
(Cerastoderma edule). Seagrass beds in the upper
intertidal were the preferred habitat, also connect-
ing scattered occurrences in salt marsh ditches,
creeks and ponds. The disappearance of these sea-
grass occurrences after 1980, together with in-
creased storm surge frequencies (Hofstede, 1999)
may have caused the lagoon cockle to vanish from
the upper intertidal, leaving refuge only in shel-
tered salt marsh habitats (Reise, 2003).

Several species, such as the gastropods Phytia
myosotis, Alderia modesta and Hydrobia ventro-
sa, the bivalve Abra tenuisand the isopod Cyathura
carinata (see Reise, 2003), have disjunct distribu-
tion patterns, with isolated populations occurring
in estuaries and lagoons. Little is known about the
dispersal potential of these species and, therefore,
of the risk of extinction of these populations. Pres-
ence or absence of these populations may play an
important role in the assessment of ecological
quality of coastal and transitional waters under
the Water Framework Directive.

Eroded sediment showing
tubes of Lanice conchilega
(Photo: K. Reise).

Nereis diversicolor
(Photo: K.-E. Heers).
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8.2.7 Conclusions
The observed decline in bivalve recruitment suc-
cess over the last approximately 15 years, which
is accompanied by a shoreward shift of their cen-
tres of distribution, may be explained largely by
increasing predation pressure on the newly set-
tled post-larvae by shrimps and shore crabs. This
effect is clearest at lower intertidal levels, has been
observed in different parts of the Wadden Sea and
coincides with the occurrence of mild winters. This
indicates the power of climatic factors in govern-
ing recruitment, and therefore population sizes of
bivalves in the Wadden Sea. Continued global
warming will therefore cause a declining trend of
bivalve stocks.

On a more regional scale, however, deteriora-
tion of sedimentary conditions may play a role,
especially on the more sandy lower tidal flats. Pos-
sible causes are the removal of mussel beds by
fishery and sediment disturbance by cockle dredg-
ing. Mechanised fishery for cockles in the Dutch
Wadden Sea had negative effects on recruitment
of cockles and non-target species living in inter-
tidal flats. There is an indication that the ragworm
Nereis diversicolor and other small worms have
increased in abundance.

Itis concluded that during the last two decades
the Wadden Sea has been in an early stage of
eutrophication, almost without the occurrence of
harmful anoxia except under patches of green al-
gae. In the intertidal flats in The Netherlands and

Niedersachsen, biomass of polychaetous worms has
continued to increase. Such a trend was not ob-
served in the Danish Wadden Sea, with this re-
striction, however, that biomass data was not
available for all worm species. Trends in polychaete
biomass cannot be related to nutrient input data.
The difference in trends between southern and
Danish Wadden Sea may be related to supposed
differences in organic matter cycling processes.

Isolated populations of benthic invertebrates in
estuarine and brackish habitats may be endan-
gered. These populations need further attention
in order to elucidate their status.

8.2.8 Target evaluation

There is evidence of a loss of undisturbed tidal

flat areas as a settling habitat for juvenile bivalves

due to, for example, coarsening of the sediment.

Estuarine and brackish habitats, currently giv-

ing refuge to isolated invertebrate populations,
seem too small to safequard these populations.

8.2.9 Recommendations

e Further research into shifting centres of bi-
valve recruitment and their causes;

e FElucidation of the status of isolated estuarine
and brackish invertebrate populations;

® Find an explanation for observed trends in
polychaete biomass, and the differences in
these trends within the Wadden Sea.
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