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ABSTRACT: Since 1950, two large-scale changes have taken place in the western Dutch Wadden
Sea, namely the eutrophication of the area and the introduction of an extensive mussel culture.
Although eutrophication in the fresh waters started already around 1950, nutrient concentrations in
the western Wadden Sea remained fairly constant until about 1970, due to the retention of nutrients
in Lake IJssel, the main source. From 1970-1980 concentrations increased strongly, and during the
last years the situation has stabilized. Mussel culture was introduced in 1950 and expanded during
the next decade to an area of 70 km?, all situated in the sublittoral area. From 1960 the area of mussel
culture remained about constant with fluctuating yields of between 35 and 120 millions of kg fresh
weight. Due to a lack of data for the period until 1970 the impact of eutrophication and mussel
culture on the ecosystem cannot be assessed. From 1970 onwards an increased biomass and
production of the macrofauna in the intertidal zone has been observed, which is attributed to
eutrophication. The hypothesis is postulated that the introduction of mussel culture between 1950
and 1960 has resulted in an increased food competition in the area, leading to a decreased stock of
the macrofauna in the intertidal. Eutrophication from about 1970 onwards has improved the food
conditions and as a result both the macrofauna in the intertidal and the mussel in the sublittoral area
would have increased in biomass, allowing higher maximum yields of the mussel culture. The
importance of monitoring programs is stressed to follow these trends in the near future and to check
the above hypothesis in areas where it is decided to introduce or intensify mussel culture.

INTRODUCTION

The Wadden Sea is an important area as nursery for a number of commercially
important fish species (Zijlstra, 1972) and as resting and breeding area for a number of
bird species (Smit & Wolff, 1983). To fulfill the food requirements of all these species, the
benthic macrofaunal assemblages in particular form an important component. Fluctua-
tions in these food items might directly affect growth and survival of the fish and bird
species.

Time series on the intertidal macrofaunal biomass are available from about 1970
onwards (i. e. Beukema & Cadée, 1986), indicating the naturally occurring variations in
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biomass due to fluctuations in the abiotic environment, such as the seasons and cold
winters (Beukema, 1974, 1979, 1985; Beukema & Essink, 1986). However, on a longer
time scale some gradual changes have taken place in the area. From 1950 onwards, the
nutrient input in the area has increased due to higher concentrations in the fresh water
run-off from the mainland (van Bennekom et al., 1975; van der Veer et al., 1989). An
extensive mussel culture has been introduced in the western Dutch Wadden Sea from
1950 onwards with annual yields of more than 100 millions kg fresh weight. Although an
eutrophication effect on the benthic intertidal community was suggested to occur from
about 1970 onwards (Beukema & Cadée, 1986), an overall hypothesis about the com-
bined effect of eutrophication and mussel culture is lacking at present, mainly due to the
absence of data over the period 1950-1970.

Since plans have been developed to intensify mussel culture both in the Dutch and
German Wadden Sea, an attempt is made in this paper to come to such a hypothesis for
the western Dutch Wadden Sea, although hardly any data are available for direct proof.
Support for this hypothesis might arise in the near future, if each extension of mussel
culture is properly accompanied by a monitoring program.

EUTROPHICATION

Eutrophication of the Wadden Sea, defined as an enrichment with nutrients and/or
organic matter, occurs by import of material from the mainland by fresh water discharges
and from the North Sea. The main nutrient load of the area results from fresh water
discharges from Lake IJssel, an artificial lake supplied by the river IJssel, a branch of the
river Rhine. Import from the North Sea is restricted to the exchange of water between the
Wadden Sea and the coastal zone of the North Sed through the tidal inlets. On the
average about 5-10 % of the water mass entering the Wadden Sea through the tidal inlets
consists of fresh water from the river Rhine (van Bennekom et al.,, 1974; Zimmerman,
1976), transported along the coast by the residual currents from Hook of Holland to the
Wadden Sea.

All data concerning eutrophication have been taken from van der Veer et al. (1989).
Eutrophication of the main source, the river Rhine, shows a consistent increasing trend
from 1955-1980, both for P and N. The same increase in nutrient load is present in the
inflow of river IJssel in Lake IJssel near Kampen for the period 1959-1985, although the
amount is reduced by an order of 5-6, caused by the lower water discharge of the river
LJssel.

The nutrient load of the fresh water discharge from Lake IJssel into the Wadden Sea
showed a different pattern compared with the trends in the river Rhine and IJssel. In
contrast to the increase in the river IJssel from 1959 onwards, values of the discharge of
Lake IJssel remained fairly constant from 1950 until 1970. After 1970 both total-P and
total-N increased 2-3 times until 1985. Compared with the inflow, the concentrations in
the outflow show a time lag of about 20 years with respect to the start of the eutrophica-
tion of Lake 1Jssel. A large part of particulate P and N settled in the basin of Lake 1Jssel at
the river inflow near Kampen and was adsorbed by the bottom (de Wit et al., 1982;
Postma, 1985). With increasing eutrophication the adsorbtion capacity of the lake was
reached and increasing concentrations near the sluices were found. As a result, during
the last few years the retention of total-P and total-N by the lake will have decreased.
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In the western Wadden Sea the increase of P components seemed to be much larger
than that of N components. A main part of the increase in nutrient concentrations took
place between about 1970 and 1980. During the last few years concentrations seemed to
drop somewhat. Between 1950 and 1980 total-P increased by a factor of 3-6, depending
on the season. For total-N, the increase was much less. The same trends could be
observed in the Vliestroom basin. For more details and data, see van der Veer et al., 1989.

MUSSEL CULTURE

Life history of the mussel

The blue mussel (Mytilus edulis L.) is one of the most common invertebrates in the
Wadden Sea (Beukema, 1974; Dekker, 1987). Spawning occurs from March onwards, and
after fertilization of the eggs in the water, it takes about one month before the hatched
larvae settle for the first time at a length of 200 u on all kinds of hydroids and sand tubes
of the worm Lanice (Maas Geesteranus, 1942).

During their whole life cycle, redistribution by pelagic transport remains an impoz-
tant mechanism, although its importance decreases with increasing size. This detaching,
transport and attaching is passed through at least a few times in succession. Even mussels
of 5§ cm with an age of at least one year have been found transported by currents
(Kuenen, 1942; Maas Geesteranus, 1942).

Growth of young mussels depends on temperature and on amount and availability of
food. Under optimal conditions, mussels can attain a size of about 7 cm during their first
year, as was observed in former times in the open harbour of Den Helder (Swennen, pers.
comm.). Normally, mussels of this size will differ in age up to and over 6-7 years.

Although mussels can be found in the whole Wadden Sea area, their distribution is
very patchy, in small or large beds in which animals accumulate. Mussels are numerous
in the intertidal zone, mainly in patches along the borders of creeks and across the
drainage channels of large shallows (Verweij, 1952). The highest part of the intertidal
zone is generally hardly inhabited mainly because of shortage of food (Kuenen, 1942).
Mussels are also found in the sublittoral area or even in deeper tidal channels (Dankers,
1986; Dekker, 1987), although in these areas they are heavily predated, by crabs and
starfish in particular.

The large filtering activity of mussels results in an enormous production of faeces and
pseudofaeces. A great amount of this material settles between the mussels and after some
time they may be covered by their own faecal products. In the course of a season, mussel
beds grow on their own faeces and an elevation of some tens of cm can be reached during
a season. Mussel beds form an excellent hard substrate for new settlement of mussel
brood, which can suffocate the older ones. In a mussel bed, large variations in food
availability are present between the individual mussels, depending on their position, and
as a result large differences in growth rate can be found.

Most of the mussel beds are at least partly destroyed by wave action in autumn or by
ice during severe winters. In old mussel beds individual mussels with an age of 6-7 years
can occur, but it is thought that normally most mussel beds have disappeared in the
Wadden Sea within 3—4 years (Verweij, 1952).

Two main groups of predators on mussels are birds and starfish, whereby predation
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by the starfish Asterias rubens will be mainly restricted to the deeper subtidal parts of the
Wadden Sea. Another important mortality factor is fisheries by man on wild musselbanks,
either as food for human consumption, for-seeding on culture plots, or as food for
duckfarms, as occurred in the Dutch Wadden Sea until about 1950.

Culture

Although exploitation of shellfish by fishing of wild banks is as old as the Wadden
Sea itself, commercial mussel culture on selected plots in the Dutch Wadden Sea started
during the second world war as a reaction to the shortage of food. However, before most
culture plots had become productive, the war had ended and the demand for mussels
stopped (Havinga, 1960).

Reintroduction of mussel culture in the Dutch Wadden Sea took place in the tidal
basin of the Lauwers after a disaster among the cultured mussels in the estuarine delta
area in 1949 caused by infection by a parasite, the copepod Mytilicola intestinalis. In the
eastern Wadden Sea this parasite was absent and as a consequence mussel culture was
started. These mussel plots were transferred to the western part some years later, when
the parasite also appeared in the German and eastern part of the Dutch Wadden Sea. As
a consequence of a flood in the Delta area in 1953, it was decided to close a number of
tidal inlets in the Delta area by dams. The resulting loss of area for mussel culture was
compensated for by the introduction of new beds in the Wadden Sea (Havinga, 1960).
From the fifties onwards, the total area of culture lots steadily increased from 10 km? in
1951 up to about 70 km? in 1960. No further extension has occurred since 1960 (Fig. 1).
The same holds for the number of plots (Fig. 2).

Mussel culture shows a strong seasonal pattern of‘activity. During a short period in
spring, farmers are allowed to collect mussel seed — spat at a size of a few cm —, from wild
banks. Between 1984 and 1987, this fishery varied between 74 and 113 millions of kg per
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Fig. 1. Total area of mussel culture plots (km?) in the western Dutch Wadden Sea from 1950 onwards,
based on information from “Direktie van de Visserijen"
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Fig. 2. Number of mussel culture plots in the western Dutch Wadden Sea from 1950 onwards, based
on information from “Direktie van de Visserijen"

year (Dankers et al., 1986, 1988). Most of this mussel seed is spread out on the
musselbeds, which are situated in the sublittoral zone of the Wadden Sea (Fig. 3). A small
part of the seed is used for musselbeds in the Delta area. After introduction, the mussels
grow to medium size during their first year. The culture plots are regularly cleaned of
starfish by the farmers by fishing and redistribution of mussels on the beds. During the
next year, mussels reach consumption size and most of them are harvested and trans-
ported to the Delta area, where cleaning of the mussels occurs in special areas. As a
result, the culture plots can be divided into plots where seed is stored, areas where
middle size mussels are cultured and plots with consumption mussels. This subdivision
largely depends on the quality of the plots which is the result of variation in abiotic and
biotic conditions.

Due to the introduction of mussel culture in the western Wadden Sea, Mytilus edulis
is nowadays one of the most abundant species in the subtidal area, both in and outside
the culture plots (Dekker, 1987). Outside plots the biomass of mussels amounts to about
8.3 g.m~2 AFDW (ash free dry weight), which is about 38 % of the total biomass present.
On culture lots, the number and biomass of mussels is significantly higher; as a mean,
about 250 g AFDW m™2 can be found. The total yield of consumption mussels shows large
fluctuations over the years and is strongly influenced by environmental circumstances
(storms etc.) and by the market price. At present, the annual yield amounts to a mean of
about 80 millions of kg fresh weight (Fig. 4).

Mean production of the mussel culture can be estimated for the years 1981-1982,
based on the benthic survey carried out by Dekker (1987). In 1981-1982 the yield of
consumption mussels amounted to some 90 millions of kg (Fig.4). Assuming a mean
AFDW of 5% of the fresh weight, including shells (Dankers, 1986), this means a
production of 4.5 millions of kg AFDW. Related to the total biomass on the plots in
1981-1982 of 250 g m™~? (Dekker, 1987) or in total 17.5 millions of kg AFDW (assuming a



522 Henk W. van der Veer

_Terschelling

& o ‘g

North Sea

Fig. 3. Location of culture plots (m) in the sublittoral area of the western Dutch Wadden Sea in 1985,
based on information from “Direktie van de Visserijen”
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Fig. 4. Yield (X 108 kg fresh weight) of mussels from the plots in the western Dutch Wadden Sea
(data from: Mosselkantoor, Bergen op Zoom)
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total area of 70 km?), this means a P/B ratio of about 0.25. Although predation by starfish
and birds will form a significant loss of production, it is doubtful whether the total
production of musselmeat on a plot during a season will be larger than the actual present
biomass. Normally, the yield of a mussel bed is thought to be about the same as the
biomass of the initial mussel seed (Dankers, 1986).

The main effect of mussel culture is the prolongation of the mean life span of the
mussels, especially in the sublittoral areas. Normally, most mussel seed on wild beds is
destroyed by storms in autumn or by predation. Instead, the mussel farmers collect this
spat and they introduce it on the culture plots in shallow and sheltered sublittoral areas
and, as a result, they positively influence its survival rate. This reduction of the mortality
rate by mussel culture is illustrated by the increase of the numbers and biomass of
Mytilus edulis in the western Wadden Sea between 1950 and 1980, both have enorm-
ously increased since the fifties (Table 1).

Table 1. Total biomass of mussels (tons AFDW) present in the western Wadden Sea in 1952 and 1986

1950 1986
(Verweij, 1952) (Dankers, 1986)
Spat 90
Middle size 250
Consumption size 150
Total biomass (tons AFDW) 490 26408
DISCUSSION

Quantitative measurements regarding primary production and benthic fauna in the
western Wadden Sea started around 1970, so no long-term data are available on the state
of the ecosystem in the period before and during the introduction of commercial mussel
culture in the area. The only data-set available on the period 1950-1985 concerns the
biomass of epi- and macrofauna on a tidal flat area near the isle of Vlieland collected by
Swennen (unpubl.). However, the surface areas sampled were small < 1 m?. Both the epi-
and macrofauna biomass showed a similar trend over the period (Fig.5), with a strong
decrease in the sixties, low values until the mid seventies, followed by again higher
values during recent years. However, this is the only long-term set available. Therefore,
any reflection about the impact of mussel culture is hampered by the absence of sufficient
data from the past. In this paper, the following starting points are adopted:

(1) Primary production in the western Wadden Sea showed no consistent trend between
1950 and 1960.

(2) The introduction of mussel culture between 1950 and 1960 has resulted in an increase
of the mean life span of the mussel in the sublittoral area and, as a result, in larger
numbers, a bigger mean size and, consequently, an increased biomass.

(3) The macrobenthic community is food-limited.

Nutrient data in the western Wadden Sea showed no trend between 1950 and 1960 and

the same holds true for the loadings in the discharges of Lake IJssel. Since primary

production seems to be nutrient-limited (Cadée & Hegeman, 1974), it seems realistic to
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Fig. 5. Mean biomass of epi- and macrobenthos (g AFDW m™?) at the Posthuiswad, a tidal flat area
near Vlieland during the period 1958-1988 (after Swennen, unpubl.); sampling methods similar to
Beukema (1974)
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assume that this will also have been reflected in the primary production in the area. This
would mean that the available amount of food for the intertidal and sublittoral benthic
community did not show a clear trend during the period.

Farming of mussels in the sublittoral zone by a continuous removal of natural
predators, i.e. starfish and crabs, reduces the natural mortality rate. Furthermore,
mussels are introduced in the subtidal zone, which normally would have died rapidly in
the intertidal zone. The overall effect is a considerable additional amount of biomass
introduced in the sublittoral zone with a life-span of about 2-3 years.

Food limitation of the macrobenthic community is hard to prove. However, the
response of the intertidal zoobenthos to eutrophication, as has been found by Beukema &
Cadée (1986), could indicate that at least in 1970, after the introduction of the mussel
culture, the macrobenthos was food limited. The macrobenthos seems to react to its food
supply by alterations in both growth and reproduction. Before the closure of the harbour
of Den Helder, large size one-year-old mussels were only found in the harbour. On the
tidal flats and in the sublittoral zone such large animals were never found. This suggests
also a food limitation for the period before 1970.

The amount of biomass additionally introduced on the mussel lots varies consider-
ably throughout the year as a result of farming activities. Dankers et al. (1988) estimated
the biomass present on the lots between 25 and 90 millions kg wet weight, which
corresponds with 1.25 and 4.5 millions kg AFDW. These subtidal mussels are in a
favourable position compared with animals in the intertidal zone, because they can filter
continuously. In case of food competition they have an advantage and the amount of food
consumed by the mussels in the sublittoral zone will reduce the remaining part of the
pelagic production left for the other groups of organisms in the inter- and sublittoral. To
what extent the at least partly nutrient-limited primary production will be positively
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affected by an increased nutrient regeneration from the increased pseudofaeces produc-
tion is unclear. However, it is unlikely that it will balance the increased food demand of
the mussels. The other food source, the benthic primary production, mainly occurring on
the tidal flats, might not be affected. This is supported by the inverse relationship
between vield per ha and extension of the culture during the introduction in the 1950s
(Fig. 6). From the beginning onwards, this yield decreased with increasing culture area.
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Fig. 6. Yield of consumption mussels (kg fresh weight m~?) from the culture lots between 1950 and
1960 (data from Mosselkantoor, Bergen op Zoom) in relation to the total area of mussel culture (data
from “Direktie van de Visserijen")

——

Such food competition will only be important when food demand is large compared
with the total amount available. Due to the uncertainties in the biomass and production
estimates on the lots, every calculation will depend on the basic assumptions and must be
taken with caution. Instead of a calculation based on individual growth and biomass
throughout the year, as has been done by Dankers (1986), it seems safer to compare
overall production with the initial biomass introduced. As stated before, the P/B ratio
hardly seems to exceed 1 (Dankers et al., 1988). This production amounts to maximally
100 million kg fresh weight corresponding with 5 million kg AFDW. Assuming a food
conversion efficiency of 20 %, this means a food intake of 25 million kg AFDW per year.
Mussel culture takes place in an area of maximally 70 km?, compared with a surface area
of the whole western Wadden Sea of 1059 km?. This means that the food supply on the
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remaining area is reduced by at least 26 g AFDW m ™% This value is an underestimation
because the loss of biomass by predation between spat and consumption mussel is not
taken into account. Moreover, large year-to-year fluctuations might be expected regard-
ing the fluctuating yield of mussel biomass.

Intertidal biomass values in the beginning of the 1970s amounted to about 25 g
AFDW m~? (Beukema, 1976). With a mean P/B ratio of 1 and a food conversion efficiency
of 20 %, this means an annual food demand of 100 g AFDW m™2, Related to the 26 g
AFDW m™? withdrawn by the mussel culture, this suggests that mussel culture might
have an impact and can be considered as a serious foocd competitor.

The hypothesis is postulated that after the introduction of mussel culture, which has
resulted in a strong increase in biomass in the subtidal and an increased competition for
food, a reduction of the intertidal macrofaunal community has occurred. Although this
enlarged stock of benthic filter-feeders might have affected the primary production
positively by increasing the nutrient cycling in the system, even the mussels in the
sublittoral zone on the plots will be food-limited. Between 1950 and 1960, the food
situation will have remained about the same. Hereafter, eutrophication started. As a
result, primary production in the area increased considerably (Beukema & Cadée, 1986;
Cadée, 1986) and therefore also the available amount of food will have increased. For the
intertidal macrobenthic community, a response has been observed in at least some
species with higher growth rates and recruitment (Beukema & Cadée, 1986). Less
information is available on the situation in the sublittoral zone. An indication can be
obtained from the annual yields of the mussel culture. These values showed enormous
fluctuations due to the influence of weather conditions, market price, amount of seed
available etc., apparently without any trend. However, when maximum productions are
taken into consideration, which give an indication of the potential capacity, then another
picture arises with increasing yields from 1970 to 1980 and thereafter a stabilization.

A second hypothesis is postulated that the eutrophication of the area has affected
both the intertidal and subtidal benthic community by increasing their biomass and
production. However, in the present situation food limitation still seems to occur.

One can doubt the importance of such a hypothesis if it cannot be disproven. Firstly,
it stresses the importance of long-term monitoring programs. Such gradual changes in the
system can only be traced after a long period. Secondly, when commercial mussel culture
is introduced into other parts of the Wadden Sea, this will provide the opportunity for an
independent check of this hypothesis. However, this means that every extension should
be accompanied by monitering programs already started in advance. Thirdly, it draws
attention to the potentially great impact of mussel culture on the ecosystem and its
potential conflict with other important functions of the system, such as being a breeding
area for birds (Smit & Wolff, 1983) and a nursery area for fish species (Zijlstra, 1972).
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