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7 Long-term ecosystem changes and future developments in
the Wadden Sea

7.1 Carrying capacity for shellfish and eutrophication

7.1.1 Introduction

In the years before 1980, an increasing eutrophication of the Dutch coastal waters
and the Wadden Sea was reported many times (Postma & Rommets, 1970; van
Bennekom et al., 1975; de Jonge & Postma, 1974). Van Beusekom et al. (2001)
mentioned that concentrations of phosphorus and nitrogen compounds increased
roughly fivefold since the beginning of the 20th century. In other publications (de
Vries et al., 1998; Zevenboom et al., 2003; Cadée, 1986; Cadée & Hegeman, 1993;
Cadée & Hegeman, 2002; Cadée & Hegeman, 2002; Laane et al., 1999) it was
mentioned that increased concentrations of N and P led to an increasing algae
biomass and an increased primary production. De Jonge (1990) was among the first
to show a strong positive correlation between phosphate loads from Lake IJssel and
the primary production in the Marsdiep This stirred a discussion in the policy making
arena on source, cause and effect of the eutrophication of the Wadden Sea (see e.g.
de Vries et al., 1998; Zevenboom et al., 2003). Laane (1992) reported on the
background concentrations of nutrients in the main rivers and gave an estimate of
these background concentrations for the North Sea coastal zone. This was followed
by an extensive hindcasting operation by van Raaphorst et al. (2000) leading to
estimates of natural background concentrations. From all these publications, mainly
based on the monitoring data collected by Rijkswaterstaat, it is clear that the
concentrations of N and P have increased manifold compared to the natural
background concentrations. Total inorganic phosphorus concentrations reached their
maximum winter values around 1982 (de Jonge, 1997) to 1986 (Laane et al., 1999) of
4 to 5 times (Laane et al., 1999), perhaps even 8 times (de Jonge, 1997) their natural
background values. For total inorganic nitrogen content, this ratio was about 3
(Laane et al., 1999) to 4-6 (van Raaphorst et al., 2000) during the whole period 1980-
1990. (Beukema et al., 2002) mentioned an increased macrobenthic biomass on the
Balgzand area (south-western Wadden Sea) from the beginning of his investigations
in the early 1970s to the beginning of the 1980s.

From the mid 1980s, phosphorus loads and to a lesser extend also nitrogen loads
began to decrease. The OSPAR Commission (2003) reported a reduction of N-
discharges from the Netherlands alone with 30% for the period 1985 to 2000, almost
completely due to industrial reduction and better treatment of household discharges.
According to OSPAR Commission (2003), a 70% reduction of P-discharges was
achieved in that same period: industry and households reached a 82% reduction and
agricultural discharges were reduced with 13%. Measurements in the Dutch coastal
zone show about 50-60% reduction in total-P, and about 15% reduction of total-N
concentrations.
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However, in the literature an effect on the ecosystem in terms of decreasing primary
or secondary production or biomass (algae or benthic macrofauna) was not reported.
Moreover, for example Cadée & Hegeman (1993) wrote that despite lower P-loads,
primary production remained high. Later, they concluded (Cadée & Hegeman, 2002)
that Phaeocystis content, as well as primary production, decreased since around 1995.
Although de Jonge (1990) stressed the importance of nutrients for primary
production, others often conclude that light is of overriding importance, e.g. Colijn
& Cadée (2003), and that nutrient concentrations are not low enough to become
limiting. However, these studies are based on measured data of chlorophyll, nutrients
and light (mostly Secchi depths), plus certain values for light and nutrient half
saturation constants. Mass budgets of nutrients are never considered in such
analyses. Based on a model study for the North Sea coastal zone, de Vries et al.
(1998) concluded that there was no reduction in primary production in the period
1985-1995, despite the reduction in phosphorus loads. The model, however, did not
contain descriptions of secondary producers nor adsorption processes. Also, the
presented figures did show a drastic decrease of primary production for the region
near Terschelling with about 60% (for the period 1985-1995).

With the insight that there are hardly any system wide data of the Wadden Sea that
may help us to analyse the possible effects of the reduction of P- and N-loads, we
decided to apply the integral ecosystem model EcoWasp (Brinkman, 1993; Brinkman
& Smit, 1993; Brinkman, 1993). The model is based on mass budgets for all
components, and we feel that the model best covers the crucial processes of the
system, and therefore, is suitable to estimate the expected effects of changing
nutrient inputs on primary and secondary producers, and on the nutrient dynamics in
sediment and water. This was done for the 24 year period 1976-1999. A previous
version of the model was applied to the western Wadden Sea (Brinkman & Smit,
2001), and to the Sylt-Rømø bight (Fast et al., 1999).
A short description of some data and forcings will be given first and then the model
results are summarised. A brief description of the model is given in paragraph 1.5.8
of this report.

7.1.2 Data overview– forcings and Wadden Sea characteristics

Loads of nutrients showed a remarkable trend regarding phosphate. The fresh water
from Lake IJssel (merely reflecting water from the river Rhine, and thus also partly
representing the trend in the North Sea coastal zone) and the content of the Dutch
western Wadden Sea water both showed a total-P decrease from the end of the
eighties onward (Figure 81).

Whereas the reduction in P-load is roughly 50%, the nitrate+ammonium reduction is
not more than about 15% (OSPAR Commission, 2003). Since the increase of
nutrient loads in the period before 1980 was generally considered as a cause of the
increasing algae content and primary production, one might expect that decreasing
nutrient loads are followed by a decreasing primary production and algae biomass.
The extent depends among others on how crucial phosphate and/or nitrate are for
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algae growth. In Figure 82 chlorophyll-a measurements are shown. Chlorophyll-a
shows a slight decrease for the Marsdiep site, but hardly for the centre of the western
Wadden Sea, as was also noted by Luttikhuizen (pers. comm.). Here, a major
drawback is that the frequency of measurements must be considered insufficient
after 1995.

Figure 81: Yearly average total Phosphate (mg P/l) for two stations in the western Wadden Sea for the years
1975-2000. From Brinkman & Smaal (2003).

Figure 82: Chlorophyll-measurements in the Marsdiep tidal inlet, the North Sea coastal zone (Noordwijk-2), the
fresh water Lake IJssel (Vrouwenzand), and the centre of the western Wadden Sea (DooveBalg-West). From
Brinkman & Smaal (2003).
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7.1.3 Fine-tuning the model

Most model parameters were found using literature data. Primary production rate
constants of algae show a large range. Nutrient half-saturation constants were kept
low in order to reach nutrient limitation just at low concentrations for N, P and Si.
Low values were also chosen for the light half saturation. Filtration and respiration
rates by mussels are size dependent. We had to choose filtration rates that were
slightly below most of the laboratory data. Respiration rates were in agreement with
the lowest values reported in literature; see Brinkman & Smaal (2003) for more
details. Assimilation efficiencies were set to relatively high values, e.g. of 0.8 for non-
diatoms.

Resuspension parameters were tuned by fitting the long term suspended solid data
against the computed contents of suspended matter. All suspended particles (algae
and silt, etc) contribute to the extinction coefficient, and thus determine the under
water light climate. Exchange with the North Sea and the flows through the tidal
inlets of Vlie and Marsdiep were taken from (Ridderinkhof, 1988).

Adsorption characteristics were mainly based on data for Lake Veluwe (Brinkman &
van Raaphorst, 1986), but adapted somewhat in order to represent a marine system
rather than a fresh water system. Sediment characteristics were derived from the silt
map of Zwarts et al. (2004) that was slightly adapted.

7.1.4 Model results

The subsequent simulation with the input data for the period 1976-1999 revealed an
increase of primary and secondary production, and of the maximum possible mussel
biomass from 1976 to about 1982. From that moment, a decrease of these three
followed, with a lowest value around 1992. A slight increase followed, but on
average, maximum mussel biomass in the period 1990-1999 was about 52% of that in
the period 1980-1989. The real shellfish biomass is expected to be somewhere
between zero and this maximum, and depends among others, on spatfall success,
storms, ice and fisheries (Figure 83).

The results show a similar pattern as for example mussel landings do (Figure 69),
which might be regarded as the most complete data set on shellfish richness for the
whole period. An important implication of the results is that the maximum possible
amount of shellfish that can be extracted from the system nowadays is lower than
about 20 years ago.

Primary production, as simulated by the model, also decreased, but to a lesser extent.
This is a consequence of the existing feed-back mechanisms (see also the discussion
below). Because Colijn & Cadée (2003) stressed the importance of the light climate, it
is interesting to check whether this has changed as well. Unfortunately, the available
data are not consistent.. The Rijkswaterstaat monitoring data show a drastic decrease
of the suspended solid content since about 1987-1990 (see also de Jonge & de Jong,
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2002), but at the same time the Secchi-depths hardly changed. For the moment, this
part of the system behaviour remains unsolved.

Figure 83: Total stock of shellfish (cockles and mussels) in the western Wadden Sea for the years 1975-2000.
Also indicated the maximal stock according to calculations with the ecosystem model ECOWASP. From
Brinkman & Smaal (2003).

According to the simulation results, limiting nutrients are subsequently silicon,
phosphorus and nitrate. Silicon is depleted early in the year, quickly followed by
phosphorus. Since we choose relatively low half-saturation values for phosphate
limitation (0.2 µM for non-diatoms and 0.17 µM for diatoms), and low Smith-values
for light limitation (Ik=20 W m-2 for non-diatoms, and 8 W m-2 for pelagic diatoms),
we found a relatively long period with low dissolved P values (ortho-P). Increasing
the half-saturation values would increase the summer values for [ortho-P], but would
also lengthen the period of P-limitation. The statement by van Beusekom et al. (2001)
that nitrate is the limiting nutrient cannot be confirmed by our study for the western
part of the Dutch Wadden Sea. The model computes that phosphorous is –together
with silicon- the major primary production limiting nutrient.

A second important conclusion from this EVA-II sub-study was that mussel beds
induce feedbacks in the system. The active mechanism is the storage of nutrient rich
compounds in the sediment of the system (especially by mussels present on mussel
beds), leading to an enhanced release of N and P during warmer periods in the
(following) years. Since in warmer (i.e. summer) periods nutrient concentrations tend
to be low, primary and thus secondary production benefit from such an extra release.
A first estimate was that 10-30% extra production might be possible (Figure 84). This
process may work over seasons and years, depending on the accumulation of
biodeposits. For mussels in wild beds the process continues over time as a function
of mussel activity, while on culture plots biodeposit accumulation will stop and be
resuspended during fishing, and will start again when new mussels are brought to the
culture plots. Therefore, mussel beds not only benefit the systems since they provide
food for birds or valuable habitat for other benthic organisms, but they also stimulate
production.
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Figure 84: (a) Computed maximum shellfish biomass (in mussel-equivalents) in case no sediment storage of
organic matter occurs (thin line) and in case storage is allowed in the model (thick line). Such a storage in and
subsequent release of nutrients from the sediment is especially important under the relatively poor nutrient
conditions present in the years 1990-1999. (b) The ratio of the maximum biomass with storage and without
storage. From Brinkman & Smaal (2003).
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7.1.5 Discussion

We assume, based on our own expertise, that the model covers most of the Wadden
Sea key processes. However, as with any model, it remains a simplification of ‘reality’.
The model results are strictly determined by the mathematical descriptions of key
processes and the chosen parameter values. The spatial schematisation and the
numerical algorithms will add some uncertainty, but we expect this to be minor
relative to the model sensitivity related to the process descriptions. The major model
limitation concerns the formulation of primary production, where we used a fixed
cell quota description (constant ratio C:N:P) and only three types of algae. This
makes it impossible for algae to adapt their internal nutrient storage to the external
conditions, nor for other algal species having different quota’s of and affinities for N,
P or Si to develop blooms.

A second limitation concerns the highest trophic level. We modelled benthic filter
feeders as the upper most level, and used blue mussels as our model organism. That
implies that all benthic biomass results have to be interpreted in terms of mussel
activities. In case other species become important (such as cockles or sand gapers
Mya arenaria), then a transformation to other maximum biomass values has to be
performed. Cockles and Mya arenaria are generally assumed to have lower filtering
rates, and therefore may reach higher stocks than mussels.

Coupled to this second limitation is that the model does not compute ‘real’ biomass
values, but theoretical maximum possible biomass values: the available food (i.e.
phytoplankton) is optimally consumed. Processes like predation on small mussels by
shrimps, etc., are not implemented and reproduction is only simply described. As a
result, the benthic fauna biomass values that are computed are expected to be higher
to much higher than those present in the field.

Yet, we feel that the model produces relevant results. The computations are all based
on mass budgets, and thus, the available nutrients for primary production are known
as good as possible, with all major processes (input, output, sediment storage,
adsorption, storage in living biomass and suspended detritus) accounted for.
Secondly, the benthic filter feeder activities are size-dependent activities and size and
numbers are modelled, which is a major improvement compared to almost any other
existing model. Third: the water column light climate is coupled to the alga biomass.
Thus, this relevant feed-back mechanism is fully accounted for. Finally, computed
primary production, growth rates of individual mussels, filtration and respiration
rates of mussels (very small to adult sized), field uptake of mussel beds of particulate
matter, oxygen, and release of e.g. ammonium all are in range with available
measurements.

The conclusions on the maximum possible shellfish biomass and algae contents have
been criticised, mainly because field observations were said not to support the model
results. But, we have to deal with the problem that sufficient field data are hardly
available: most benthos data originate from a part of the western Wadden Sea
(Balgzand), or are only available for the period from 1992. Chlorophyll-data for the
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western Wadden Sea are almost absent from 1995, and the NIOZ primary
production data for the period 1976-1990 are only available in 1985 and 1986.
Regarding the observations, one must also realise that a direct effect of nutrient
reductions on phytoplankton and primary production could hardly be expected, since
the shellfish biomass greatly affects phytoplankton biomass and primary production.
This was explained in a working document (Brinkman, 2004). Such a feed-back also
implies that all model analyses where grazers are absent or not dynamically modelled,
by definition fail to produce results that can be used to study the effects of nutrient
reduction. In a filter feeder rich system, a reduction of nutrient loads (as dissolved
plus organic nutrients) leads to much less reduction of algae than in a system where
filter feeders are absent. Also, since the real filter feeder densities vary considerably
from year to year, the system response in terms of chlorophyll-a content is also
varying strongly and will reflect the changes in shellfish even more than the changes
in nutrient loads. In addition, there may be time lags in the response of the stock of
filter feeders to changes in food availability. Long-lived species like Mya arenaria will
respond on another time scale than species with a shorter generation time. For the
Balgzand area, Beukema et al. (2002) found no decrease in benthic biomass despite
lower primary production. According to Dekker (pers. comm.), the current high
benthic biomass on the Balgzand area is due to the dominance of adult Mya. In more
general terms, biomass may show no obvious response while production may
change, hence turnover changes. This was demonstrated in the Oosterschelde system
after completion of the coastal engineering project (Smaal et al., 2001) and this may
also be the case for the Wadden Sea as shown for the Balgzand area.

The observed nutrient concentrations from the RIKZ monitoring data are high
enough to contradict a nutrient limitation of primary production. On the basis of
these data, Colijn & Cadée (2003) concluded that primary production was limited by
light, not by nutrients. On the other hand, Philippart et al. (2000) concluded that a
changed N/P-ratio was very well correlated with a changing algae species
composition in the NIOZ-data series for the Marsdiep tidal inlet, thus suggesting an
important role for nutrients. Secondly, they stated that primary production and
phytoplankton abundance on that same site was highest in spring and not in summer
when light availability was maximal. Kromkamp (pers. comm.) mentioned that in the
Oosterschelde, primary production was not far from P-limitation. Since the
DIN/DIP-ratio in the Wadden Sea is much higher in the Wadden Sea (over 40, and
sometimes >150, (de Vries et al., 1998)), Kromkamp’s observation supports our
conclusion on the importance of phosphorus for the system response in the Wadden
Sea. Herman (pers. comm.) suggested that a) the real shellfish stock was probably
steered by the available phytoplankton in the preceding year, and b) phosphorus
likely has a major effect on the production of the system, being the limiting nutrient
in the 1990s, whereas N probably was the limiting nutrient in the 1980s. He also
showed that the ratio primary production/shellfish biomass was very well correlated
with the flesh content (or condition) of landed mussels. Van der Meer (pers. comm.)
showed an overview of the NIOZ- primary production data, illustrating a decline in
primary production in the 1990s, relative to the (few) data in the 1980s. Based on an
analysis were he filtered out effects of other factors like e.g. temperature, Van der
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Meer also showed that part of that decline is a result of lower Secchi-depth as
measured by the NIOZ on one location in the Marsdiep.

Here we encounter a contradiction already touched upon. The NIOZ-data set show
a slight decrease of Secchi-depth, while the RIKZ-monitoring data show a slight
increase. In case light is indeed the most determining factor, and not nutrients, one
might expect a further increase of the chl-a content and /or of the benthic biomass.
Such an increase of phytoplankton would increase the NIOZ primary production
data as well. This, however, is not the case, and this observation is therefore
consistent with our conclusion on the impact of nutrients.

Finally, it should be mentioned that any analysis (statistical or by a model simulation)
has to rely on the available data. It is almost always the case that there are too many
gaps in the time series. In our situation, the chlorophyll-monitoring in the Wadden
Sea was reduced to 4 measurements per year from 1995 onwards, or even completely
stopped at other sites. Such scarcity of data seriously affects the quality of the
analysis. In line with this observation is the remark that continuation of shellfish
biomass surveys is crucial for future system analysis.

7.1.6 Expected future nutrient loads

The present nutrient load reduction is a result of merely industrial and household
sanitation measures. In future, a further reduction of P and even more N needs to be
achieved, according to the European Water Framework Directive (2000/60/EC).
Agricultural discharges, that remained almost unchanged since 1980, have to be
reduced as well. In 1991, the European Nitrates Directive (91/676/EEC) came into
effect which sets limits to these diffuse sources. According to the Water Framework
Directive, coastal waters should reach a ‘good ecological condition’, which definitely
will imply that primary and secondary production will be reduced more in the future.
This will in due course bring the carrying capacity in the Wadden Sea close to its
natural level. Mussel beds may partly compensate for this declining carrying capacity.
In this respect, undisturbed mussel beds will have a longer lasting effect than mussels
on culture lots.

7.2 Other factors: climate, tides and oysters

In addition to nutrient loads and eutrophication various other factors that have
impact on the Wadden Sea ecosystem are relevant in the framework of this report.
The occurrence of severe versus mild winters has great impact on recruitment
success of bivalves (Beukema, 1992), and it is apparent that average winter
temperatures have increased over the past decade (Verbeek, 2003). This change may
have hampered successful recruitment of mussels and cockles. On the other hand,
severe winters are detrimental for adult cockle stocks, and the survival of the strong
cohort of 1997 may be due to the absence of severe winters since. If climate change
continues, with the associated increase in temperature, the reproduction of cockles,
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mussels and Baltic clams could decline even further (Beukema, 1992; Beukema &
Dekker, 2004).

Winter storms are detrimental for the survival of unstable mussel beds in particular
(Seed, 1976; Nehls & Thiel, 1993). From meteorological data Brinkman & Smaal
(2003) show that the frequency of strong wind forces is lower in the nineties and was
high in the sixties. Yet, severe storms in 1990 (Jan and Feb), 1995 (Feb) and 2001
(Dec) are coupled to damage to mussel beds (Brinkman & Smaal, 2003).

Suspended matter concentrations have been relatively low in the last decade.
According to our analyses, there is a good correlation with flesh content of landed
mussels: condition is high in years with low concentrations of suspended matter
(Brinkman & Smaal, 2003). The concentration of suspended matter depends among
others on wind force and wind direction, dumping and dredging in the coastal zone,
coastal nourishment and long-term variations in the tidal range.

Observations show a rapid proliferation of Pacific oysters (Crassostrea gigas) in the
Wadden Sea (Dankers et al., 2004) and the Ems-Dollard (Tydeman, 1999). Since first
recorded in the 1980s, the species has proliferated all over the Wadden Sea, not only
in the Dutch part but also in Lower Saxony (Wehrmann et al., 2000) and Schleswig-
Holstein (Reise 1998b; Nehls & Ruth, 2004). Particularly on mussel beds locally high
densities are observed, but also on other parts of the tidal flats and along the shores,
oysters have settled. The distribution through larval phase and through wave driven
transport of small individuals occurs quite rapidly. An excessive spatfall after the
warm summer in 2003 has resulted in many new spots with oysters. Growth rates
can be quite high, filtration capacity is high as well. During the shellfish survey in the
spring of 2004, approximately 11.5 million kg oysters and a bed area of at least 400
ha was recorded (Smaal et al., 2004). It is quite likely that the rapid development of
the Pacific oyster in the Dutch Wadden Sea will continue. The development in the
Oosterschelde estuary (Kater & Baars 2003) illustrates the colonizing potential of the
species. The apparent absence of natural enemies and the resistance to extreme
climate conditions support the idea that the species will continue to colonize the
Wadden Sea. As a consequence, the formation of a new habitat type in the form of
oyster reefs is likely, but competition for food and space with other bivalves will
increase and as a result the stocks of these other bivalves may decline.

Thus, on the basis of our current knowledge, there are no reasons to expect stocks of
mussels and cockles to increase in the future. Instead, all evidence suggests stocks
will decline. This will negatively affect the birds and fishermen exploiting these
stocks.

7.3 Conclusions

• According to model calculations for the western Wadden Sea, maximal shellfish
populations were lower in the 1990s compared to the 1980s, as a result of lowered
nutrient loads.
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• In many years, actual shellfish stocks were below the maximal stocks as a result of
recruitment dynamics and losses due to storms, ice winters, predation and fishery.

• Mussel stocks, and to a lesser extent cockle stocks, can compensate in part for the
declining carrying capacity, because they accumulate organic matter. This gives
rise to extra local mineralization, which stimulates the productivity of the area.

• According to nutrient policies, the nutrient loads are expected to decline further,
which will lead to a further decline in maximal shellfish stocks.

• The expected changes in climate might reduce the likelihood of large spatfalls of
cockles and mussels.

• The expected increase of the Pacific oyster might go at the expense of other
shellfish stocks.

• The expected decline in stocks of mussels and cockles will negatively affect the
birds and fishermen exploiting these stocks.




