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Predation by birds on blue mussel
Mytilus edulis beds of the tidal flats of Spiekeroog
(southern North Sea)
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ABSTRACT: Predation by birds on mussel beds was evaluated in the tidal flats of the East Frisian island
Spiekeroog (Lower Saxony, Germany) based on measurements in 1991 and 1994. In May 1991,32 locations with blue mussels Mytilus edulis covered an area of 5.2 km2, 311 t AFDLV blue mussels being
available in the whole study area. Areal extent decreased thereafter. In May 1994, there were 20 locations covering a n area of only 2.3 km2, a total biomass of 48 t AFDW being available. After the strong
spatfalls in the summers of both years, 1290 t biomass were available in the study area in 1991, and 550
t in 1994. Herring gulls Larus argentatus, oystercatchers Haematopus ostralegus and eiders Somateria
rnollissjma are the main predators on blue mussels. During one year (1992), oystercatchers were present on 3.7 million bird days, eiders on 1.1 million bird days and herring gulls on 0.7 million bird days.
The annual consumption of blue mussels by birds In the intertidal flats was e s t ~ m a t e dat 165 t AFDW.
The highest proportion of total consumption was by oystercatchers (54 'Yo)),
while eiders consumed 39%
and herring gulls 7 % . Consumption by all 3 species amounted to 32 g AFDW per m' of mussel bed in
1991 and to 71 g AFDW per m2 in 1994. Predation could be compensated by 1 2 % of production in 1991
and by 29% in 1994. In order to evaluate the relevance of predation for the mussel stocks, the share of
the total biomass eliminated annually by predation was assessed on the basis of standing stock and
annual production. Predation was responsible for 7 % of total elimination in 1991 and for 15% in 1994.
Thus, factors other than predation were responsible for 85 to 93 % of eliminat~onof mussel biomass
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INTRODUCTION

The stocks of blue mussels Mytilus edulis on the tidal
flats of Lower Saxony (Germany) have decreased dramatically since the 1980s (Michaelis et al. 1995, Herlyn
1996), whereas the number of birds feeding mainly on
mussels, such as herring gulls Larus argentatus, oystercatchers Haernatopus ostralegus and eiders Somateria
rnollissima, have increased (Swennen et al. 1989, Exo
1994). It is not known whether the mussel beds have
diminished because of bird predation or because of
other factors such as pollution and commercial flshery.
It is possible that the mussel stocks have been damaged so much by fishery and other factors that stress by
predation can no longer b e compensated. The question
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is how much consumption by birds can be sustained
by a mussel population. The significant role of bird
predation on mussel beds has been shown by several
authors (Milne & Dunnet 1971, Baird & Milne 1981,
Zwarts & Drent 1981, Worral & Widdows 1984, Craeymeersch et al. 1986, Egerrup & Hoegh Laursen 1992,
Faldborg et al. 1994, Nehls 1995).The influence of predation by birds was studied both on single mussel beds
and in areas with many beds. Studies on single mussel
beds a r e based on exclosure experiments, or on observations of the number of feeding birds, their feeding
rate, the mean size of mussels eaten and their energy
content, the duration of feeding time, and on biomass
a n d production of the mussels. The evaluation of predation effects in a n area including many mussel beds is
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generally based on several assumptions concerning
mean daily consumption of a bird, number of birds,
proportion of blue mussels in the food, extent of mussel
stocks and average biomass per m2, and production of
the mussels. Apart from the average daily consumption, which is determined by laboratory studies, most
assumptions are based on local investigations.
In order to know whether predation effects can be
compensated by production, the loss of biomass caused
by predation is compared with the gain of biomass
through production. If it is to be evaluated whether
birds play a significant role [n the development of the
mussel beds, predation effects are assessed in relation
to total elimination of biomass. Total elimination includes elimination by drift (current action), predation
by birds, fishes, crabs and starfishes, and fisheries and
other mortality factors.
The present study is based on the biomass of the
mussel stocks in 2 different years, and on the annual
consumption by birds (eiders, oystercatchers and herring gulls) on the tidal flats of the island of Spiekeroog.
Consumption was related to biomass, production and
total elimination of blue mussels according to a simple
model.

blue mussels was carried out using a simple model,
making assumptions mostly based on investigations in
the study area. The following variables were involved.
(1) Area1 extent of blue mussel beds. This was surveyed in May 1991 by Michaelis et al. (1995) and in
May 1994 by Zens et al. (1996).Blue mussels growing
sublittorally or on groynes were not included (for
methods see below).
(2) Proportion of mussel beds with young mussels.
Blue mussels spawn from March to October; the main
spawning periods are in March, June and August/
September (Meyer-Waarden 1957). In 1994, 2 spatfalls
took place, the first in April/May and the second and
more intense one in June/July (M. Herlyn & H.
Michaelis unpubl.). Areas containing young mussels
were estimated in August 1994 by photos taken on
black and white panchromatic films (G. Millat unpubl.).
The total extent of blue mussel beds was the same as in
May. !n years with strong spatfalls (as in 1994) young
mussels also settled in areas which did not contain
mussels, so mature mussel beds must have decreased
in summer. Since with this method areas which also
included mature mussels could not be distinguished
from areas which contained only young mussels, the
summer decrease of mature mussel beds could not be
determined. Methodological differences may have
MATERIAL AND METHODS
influenced the results. Of the total extent of mussel
beds 70% was covered by young mussels from the
The investigation was carried out on the tidal flats
same year. The same proportion was assumed for 1991,
of Spiekeroog between the tidal watersheds of the
as in both years recruitment was very strong. The model
neglected that in in some areas with young mussels
islands of Wangerooge and Langeoog in the Wadden
there must also have been mature mussels.
Sea of Lower Saxony (Fig. 1) The study area had an
extent of 134 km2, composed of 110 km2 of intertidal
(3) Biomass per m2. For mature mussel beds the bioand 24 km2 of sublittoral area.
mass was determined during the surveys of May 1991
and May 1994 (Michaelis et al. 1995, Zens et al. 1996)
The model. Evaluation of the influence of predation
by herring gull, oystercatcher and eider on the stock of
(for methods see below). For a mussel bed covered by
young mussels, the biomass per m2 was
determined In 1994 (Hilgerloh & Herlyn
1996). Results were taken as represen?65
tative for areas with young mussels in
1991 and 1994.
(4) Production per m'. The productivity of a mussel bed depends on the age
of the mussels and reflects changes of
a.bundance and of individual biomass.
The productivity-biomass relationship
(PIB)of the mature mussel beds was estimated according to the frequency distribution of the mussel sizes and according
to P/B data evaluated for mussel beds of
known frequency distributions of mussel
size (Asmus 1987). For 1991, a PIB-ratio
of 1.5 was assumed and for 1994 a ratio
52
of 2. Production of young mussels was
Fig. 1. Study area with mussel beds in 1994. (Data from Zens et al. 19961
measured in 1994 on a young mussel
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bed (Hilgerloh & Herlyn 1996) and taken as representative for production of young mussels. P/B ratio was
assumed to amount to 1, based on the biomass in
August.
(5) Bird days. Numbers of herring gulls and oystercatchers were counted on the ground (K. M. Exo
unpubl.),and numbers of eiders from a n aeroplane (for
methods see below).
(6) Proportion of blue mussels in the food. The share
of blue mussels in the food of eiders was assumed to
amount to 8 0 % in a year with high predation on blue
mussels and to 68% in a year with low predation on
blue mussels, following a 2 yr study performed on Langeoog a n d Spiekeroog in 1993 and 1994 (Hilgerloh in
press a ) . The other most important prey item is the
cockle Cerastoderma edule (Hilgerloh in press b).
Based on the distribution of sublittoral mussel stocks
and the concentration of eiders at groynes, it was
assumed that 40% of the eiders fed on mussels growing on groynes, that 1 0 % fed on mussels growing sublittorally, a n d that 50% fed on intertidally growing
mussels. Herring gulls are omnivorous; they feed e.g.
on fish, crabs, cockles and mussels in tidal flats but also
on terrestrial prey items and garbage (Vauk & Priiter
1987). For herring gulls, a share of 30 and 10% blue
mussels in the food respectively for years with high
and low predation on blue mussels was assumed in
accordance with the literature (Meijcring 1954, Focke
1959, Ehlert 1961, Spaans 1971, Wietfeld 1977, Priiter
et al. 1988, Noordhuis & Spaans 1992, Dernedde 1993)
During some weeks, the share of blue mussels may be
much higher, a s was demonstrated by a study on
Spiekeroog in the breeding period (Hilgerloh unpubl.).
As in years with strong spatfall, the proportion of blue
mussels in the food of eiders is higher than in years
with less recruitment; for 1991 and 1994 a high proportion of blue mussels in the food of bird predators was
assumed. On the tidal flats, oystercatchers mainly feed
on molluscs, principally on mussels, cockles and
Macoma balthica (Hulscher 1982). No studies are
known about the proportion of the population which
feeds on blue mussels. It was assumed that 50% of the
population specialized on blue mussels.
(7) Daily food consumption. The daily consumption
by oystercatchers, herring gulls and eiders was calculated according to literature sources (see below).
The budget presented here is a preliminary estimation; e.g. elimination by eiders is probably underestimated (Raffaelli et al. 1990) while that of herring gulls
may b e overestimated (they also feed on blue mussels
growing on groynes).
Sampling of blue mussels. Samples of blue mussels
were taken on 5 mature mussel beds. A mature mussel
bed includes the seedling beds, which are characterized by distinct elevations formed by biodeposits like
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faeces and pseudofaeces of mussels as well as by
mussel-free areas in between. Samples with a surface
of 177 cm2 were taken in the most densely covered
parts of the seedling beds (3 in 1991 and 12 in 1994),
arbitrarily selected within the mussel bed. For calculation of biomass per m2 for the whole mussel bed, in
1991, coverage of the seedling beds by mussels as well
a s the coverage of the whole mussel bed by seedling
beds was estimated. In 1994, the coverage of the
seedling beds by mussels was measured along 5 transects running parallel over 12 seedling beds. Areas not
covered by mussels were excluded if they were smaller
than 177 cm2. The coverage of the mussel bed by
seedling beds was measured along 3 to 5 parallel transects running over the whole mussel bed. The following variables were determined in May 1991 and 1994:
coverage of the seedling beds by mussels, coverage of
the mussel bed by seedling beds, frequency distribution of mussel sizes, abundance, fresh weight a n d ash
free dry weight (AFDW) per m'.
On the young mussel bed 6 samples with a surface of
38.5 cm2 were taken at regular intervals along a transect running over the entire mussel bed (Hilgerloh &
Herlyn 1996).
Determination of biomass. The following formula was
used to estimate the average biomass per m' of the
mussel bed (B, g AFDW m-'):
B = ( B , . S . S')/10 000
where Bp is the biomass per m2 in dense mussel parts of
the seedling beds, S is the coverage ( % ) of the whole
mussel bed by seedling beds, and S' is the coverage
( % ) of seedling beds by mussels.
In order to evaluate the exact extent of the mussel
beds in the research area, observations were made by
aeroplane and available aerial photographs were used.
In some parts of the research area measurements on the
bed (Hertweck 1992) were available for comparison.
Total biomass of the study area was calculated according to the following formula:

where BC;is the biomass of all mussel beds, and F is the
total area1 extent of all mussel beds.
Determination of elimination of mussels. Elimination of biomass was determined according to the following function:

E = (B, + P,)- B2
where B , is the biomass at date 1 a n d P, its annual production, and B2 is the biomass at date 2.
Determination of bird days. In the study area, subdivided into 6 counting areas, the numbers of roosting
oystercatchers and herring gulls were estimated twice
a month at spring tide between January and December
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1992 (Wangerooge January to April once a month,
May a n d August 3 times per month) (for methods see
Rosner 1992) Eider ducks had to be estimated from the
air, as they often stay on the water durlng high tide
Hernng gulls and oystercatchers were counted from
the ground Numbers of elders were estimated from
March to May 1993 once a month, and from June to
October at least t w ~ c ea month Eider ducks were
counted on 17 d , mostly at low tide from a n aeroplane
flying along the channels, creeks and sandflats where
they prefer to roost In January 1993 and February
1994, numbers of elders were estimated from other
sources ( N a t ~ o n a lPark Admlnistratlon unpubl , estlmates by G Nehls) Number of eiders during February,
November, and December were interpolated linearly
Calculation of blrd days (Laursen 1987) was based on
the average number of birds per month Ten birds seen
on 1 d or 1 bird seen on 10 d correspond to 10 bird
days
Determination of daily food consumption. For a
rough est~mationof the daily food consumption, methods were used slmilar to those of Meire et a1 (1994)for
the11 estlmatlon of consumption in the Oosterschelde
(Netherlands) The resulting estimates may differ
depending on the exact method used (Lasiewskl &
Dawson 1967, Hulscher 1974, Huppop 1987, Goede
1993) In this study, basal metabolic rate (BMR in
watts) IS determined according to the foimula
BMR = 5.06 . Weight (kg)' ' "
(Kersten & Piersma 1987) for waders, a n d according to
the formula
BMR

=

3 . 5 6 . Weight (kg)0734

(Aschoff & Pohl 1970) for non-waders. The BMR value
obtained was converted to KJ d-l. Total dally energy
expenditure (DEE) was assumed to amount to 3 times
BMR (Smith 1975, Drent et al. 1978, Kersten & Piersma
1987, Castro et al. 1992). For benthic invertebrates a
digestibility of Q = 0.85 was assumed (Kersten &
Piersma 1987, Zwarts & Blomert 1992). Accordingly,
the daily consumption was calculated by the formula
C = 3 . BMR . (!./Q)
Weights of herring gulls are known from the breeding period on the nearby island of Mellum (Goethe
1961.);for oystercatchers monthly mean weights were
available from The Netherlands (Swennen in Cramp &
Simmons 1977), so average daily consumption could
be calculated for each month.
For eiders, monthly consumption estimates are based
on the relation between consumption and feeding time
per day measured by Nehls (1995).In winter (January
to March), eiders consumed 187 g AFDW d-', and spent
22 6%) of the day feeding. In summer (June/July),they

consumed 130 g AFDW d-', and spent 11.6% of the day
feeding (Nehls 1995). The relationship between consumption and feeding time is best represented by a
hyperbola. It has the following function:

where y is the consumption in g AFDW, and X is the
daily feeding time expressed as percent of the day.
This function was used to calculate the average daily
consumption for each month.
The evaluation of AFDW was calculated in accordance with Jansson & Wulff (1977)and H. Asmus (pers.
comm.).Thus, 1 g AFDW of Mytilus edulis corresponds
to 20.77 kJ. Average daily consumption of blue mussels
amounted to 51 g AFDW for a herring gull, 43 to 52 g
AFDW for a n oystercatcher, and 92 to 183 g AFDW for
an eider in the different months.

RESULTS

Biomass on blue mussel beds
In May 1991, there were 32 locations with blue
mussels in the study area. Together they covered an
area of 5.2 km2, that is, 3.9% of the study area or
4.7% of its intertidal area. O n average there were
225 individuals or 60 g AFDW on 1 m2 of mature mussel bed (Table 1). There was a total of 311 t AFDW
blue mussels in the study area at the time of the survey. The distribution of mussel sizes was b~modal.
mussels were concentrated between 1 and 10 mm and
between 45 and 70 mm (Fig. 2). The conspicuous gap
from 10 to 45 mm was found on all mussel beds investigated.
In May 1994, 20 locations with blue mussels existed
in the study area. Together they covered a n area of
2.3 km2. This corresponded to 1 . 7 % of the study area
or 2.1 % of the intertidal part. The coverage by mussel
beds had diminished by 55 % within 3 yr. The average
abundance for mature beds amounted to 586 blue mussels m-2 and the biomass to 21 g AFDW m-' (Table 1).
In 1994, there were 48 t AFDW blue mussels in the
study area at the time of the survey. The distribution of
mussel sizes had a maximum between l and 15 mm
(Fig. 3 ) . The second maximum found in 1991 (between
45 and 70 mm) had nearly disappeared. Almost no
mussels from the spatfalls of the years 1991 to 1993
were left.
O n mussel beds covered by young mussels, 33390
mussels or 328 g AFDW m-' occurred (Hilgerloh & Herlyn 1996).Totalling both young and mature mussel beds
(1994 data assumed to apply also to 1991; see 'Material
and methods'),there were 1290 t AFDW mussels in the
study area in 1991 and 550 t In 1994 (Table 1).
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Table 1. Biomass, abundance, production and area1 extent of mussel stocks in the backbarrier tidal flats of Spiekeroog; data on mature mussel beds from Michaelis et al. (1995) and Zens et al (1996);data on young mussel bed from Herlyn & Michaehs (unpubl )
g AFDW m-2

Abundance m-2

AFDW
(t)

Area1 extent
(km2)

Production
(1)

1991
Mature mussel bed
Young mussel bed
Total
Average m-'
1994
Mature mussel bed
Young mussel bed
Total
Average m-2

Bird days

Average numbers of oystercatchers varied between
3200 a n d 15000 birds per month. Most of them were
present from August to October 1992. Lowest numbers
were observed from May to July (Fig. 4 ) .
Average numbers of herring gulls varled among
months between 700 a n d 4400. Highest numbers occurred between May and December, lowest between
January and April (Fig. 4 ) . Average number of eiders
varied between 1200 and 5800. Highest numbers occurred in January. Between July and September,
numbers reached a peak (Fig. 4). On an annual level,
oystercatchers were present on the highest number
of bird days (3.7 million). Eiders were present on 1.1
million bird days and herring gulls on 744000 bird

Fig. 2. Mytilus edulis. Size distribution of
blue mussels in Mav 1991. (Data from
Michaelis et al. 1995)

days. Thus oystercatchers had a share of 66.42%.
herring gulls of 13.37 % a n d eiders of 20.21 % of total
bird days for these species in the study area in one
year.

Consumption of blue mussels by birds
Overall, 165 t AFDW blue mussels were consumed
within 1 yr by oystercatchers, herring gulls and eiders
(Table 2). Oystercatchers consumed the largest amount
of blue mussels; they ate 54 % while eiders accounted
for 39 % and herring gulls for 7 % of total mussel consumption by these birds.
Highest predation pressure on mussel beds occurred
in autumn a n d in winter (Fig. 5 ) , mainly caused by
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Mussel length (mm)

oystercatchers and eiders. For most of the year,
oystercatchers had the highest share of total consumption, but in January and in JuneIJuly, it was eiders.
During MayIJune, the absolute amount of consumption
by all species was lowest.
Considering all food consumed by birds in 1992 in
the study area, annual consumption by eiders amounted
to 1.2 g AFDW m-2, by oystercatchers to 1.33 g AFDW
m-2 and by herring gulls to 0.28 g AFDW m-'. Oystercatchers and herring gulls feed only in the intertidal

'
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herringgulls
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Month
Fig. 4. Total number of bird days of oystercatchers, herring gulls.
(Data from Exo unpubl.) and eiders in the course of 1 yr

Fig. 3 . Mytilus edulis. Size disttibution of blue mussels in May 1994.
(Data from Zens et al. 1996)

area where oystercatchers consumed 1.62 g AFDW m-2
and herring gulls 0.35 g AFDW m-2.

Influence of predation on mussel biomass
Because in 1994 the area1 extent of mussel beds was
55% lower than in 1991, predation pressure by birds
was higher in 1994. In 1991, 32 g AFDW were consumed on 1 m2 of mussel bed with 248 g ava~lable

biomass. In 1994, the consumption on 1 m2 of mussel
bed was twice as high as in 1991; it amounted to 71 g
AFDW m-2, while 236 g biomass was available
(Table 3). (Biomass per m2 mussel bed was extremely
low in May 1991 and 1994. In both years it was compensated for by a strong spatfall later in the year.)
The question whether the loss of biomass due to predation by birds could be compensated for by production was studied in both years of the survey. While
12 % of the production on the mussel beds was needed
in 1991 to compensate for bird predation, 29% of the
production was needed in 1994.
If we were to assume that predation by birds was the
only elimination factor, the biomass per m' would be
extremely high at the end of the year (Table 5).In view
of the actual development of the mussel populations on
the tidal flats of Lower Saxony, it is more reasonable
that at the end of a year, the biomass would be similar
to that of May of that year. The elimination would
amount to 88 % of the available biomass in 1991 and to
96% in 1994. In order to evaluate the relevance of predation for the development of the mussels, the share
that pred.ation represents in proportion to total elimination must be calculated. This proportion amounted
to 7 O/o in 1991 and to 15% in 1994 (Table 6).
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(Craeynleersch et al. 1986). However, it
amounted to only 15 to 20 yo
the biomass
on mussel beds in some other areas (Dare
1976, Asmus 1987, Faldborg et al. 1994).
Species
Mussel demand
Bird days
Consumption yr.'
In 1991, 1290 t biomass of blue mussels was
(t AFDW)
available in the study area, which measured
134 km2; a similar amount of biomass was
43-51
1848 139
Oystercatchers
Hernng gulls
744 148
found in the mussel stocks growing on hard
Elders
74-151
56 266
65
bottoms at the Swedish coast, 1500 t being
available in a n area of 160 km2 (Kautsky
1981).
DISCUSSION
On the basis of the frequency distribution of mussel
size, it seems that not each spatfall can have been
Development of the mussel stocks
established successfully in a mussel bed. Failure may
occur more often in the tidal flats of the East Frisian
The surveys of the mussel beds in the study area
islands than in other areas of the southern North Sea
demonstrate a decrease in the area covered by mussel
such as the Konigshafen on the island of Sylt or the
beds by 55% between 1991 and 1994. There has been
Jadebusen which are more protected from westerly
a strong decrease of area1 extent throughout the tidal
winds (see Asmus 1987, Obert & Michaelis 1991,
flats of Lower Saxony since the mid 1980s (Michaelis et
Michaelis et al. 1995, Zens et al. 1996). The effects of
different eliminating factors may result in a population
al. 1995, Zens et al. 1996).
structure missing size classes in a n otherwise continDuring the 2 years studied, biomass per m2 was
characterized by strong fluctuations which will have
uous size spectrum representing several years (Obert
& Michaelis 1991, Michaelis pers. comm.) Apparently
an effect on the availability of mussels for predators. At
the beginning of a year, biomass was very low; later
the current situation is that even years with extremely
on, intensive spatfalls occurred and biomass increased
strong spatfalls such as 1991 cannot contribute to a
l o n g - l ~ v ~ ncohort
g
of mussels. Sites exist where young
by a factor of at least 4 . Biomass per m' of the mussel
beds was similar to that found in a Dutch study
mussels failed to settle over a period of 10 yr (Zwarts &
Drent 1981) As mussels escape predation by growing
out of the size range exploited by predators, it is quite
possible that recruitment can be guaranteed by large
oystercatchers
nlussels which will not be eaten (Paine 1974, 1976,
1985). The phenomenon of the dominance of one a g e
herr~nggulls
class in a population is found in various forms of life
such as fishes, frogs and trees (Ebenmann & Pei-sson
1988, Remmert 1991, Mertens & Remmert 1992). Although the reasons for this may differ between species,
the result is however the same (Mertens & Remmert
1992).
In accordance wlth the low number of mature mussels on the tidal flats of Lower Saxony a n d the strong
spatfalls in both years of study, the mussel populations
Table 2. Per-day demands of mussel blomass and ~ t monthly
s
variation,
annual bird days and total consumption according to the model. Data on
blrd days of oystercatchers and herrlng gulls from Exo (unpubl.)

Table 3 . Consumption of blue mussels by oystercatchers,
herring gulls a n d elders in relation to m' of the mussel beds

1

2

3

4

5

6

7

Oystercatcher

Herring
gull

Elder

Total

1991
g AFDW m-2 yr-l
mussel bed

17 10

2.11

1249

31 70

g AFDW m-' yr-'
mussel bed

38 25

470

27.93

1091

8 9 1 0 1 1 1 2

Month
Fig 5. M y t ~ l u sedulis. Consumptlon of blue mussels by blrds

1
1
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Table 4. Comparison of the gain of biomass by production
wlth the loss of biomass by predation

Biornass (g AFDW)
Production (g AFDW) m-2 yr-'
Predation (g AFDW) m-2yr-1
Predation as % of production

247.81
256.76
3 1.69
12.34

236.17
242.76
70.91
29.21

Table 5. Development of mussel beds, if predation were the
only elimination factor

Biornass at the beginning (t AFDW)
Production yr-' (t AFDW)
Predation yr-' (t AFDW)
Biomass at the end (t AFDW)

1290.08
1336.70

549.56
564.90

2461.78

949.46

Table 6. Share of predation out of total elimination

Biomass (t AFDW)
Production (g AFDW)
Elimination (g AFDW)
Elimination a s O/o of
biomass and production
Predation as % of elimination
Biomass at the end (t AFDW)

were dominated by first year mussels during summer
and autumn. Production was high, a s can be expected
in young mussel populations, but lower than on the
mussel bed of Morecambe Bay, NW England (Dare
19?6), where mortality during the first year was exceptionally low. However, in this study, elimination in the
course of the first year seems to have been extremely
high, so that after the first winter the mussel population
reverted to its initial size.

Influence of predation on mussel biomass
Predation pressure by birds on 1 m2 of mussel bed
differed in the 2 years studied according to differences
in the area1 extent of mussel beds. At 32 g and 71 g m-2
for 1991 and 1994 respectively, predation pressure by
oystercatchers, herring gulls and eiders was low compared to that on mussel beds in the Danish and Dutch
Wadden Sea (Craeymeersch et al. 1986, Egerrup &
Hoegh Laursen 1992, Faldborg et al. 1994). In a Danish
study on the mussel beds of the Hobo Dyb near the
island Langli, a similar approach as in the present
study was used (Faldborg et al. 1994). The potential

predation pressure was estimated at 300 g m-' assuming that 100% of the food of all 3 species consisted of
blue mussels living on the intertidal flats. Exclosure
experiments on a single mussel bed of the Danish
Wadden Sea revealed a consumption of 116 g AFDW
m-' by mainly oystercatchers and eiders (Egerrup &
Hoegh Laursen 1992) and, in the Dutch Wadden Sea, a
consumption of 48 g AFDW m-' by oystercatchers was
evaluated by observations (Craeymeersch et al. 1986).
Although the consumption varies between months,
there is much more evenness of demand than in mortality by physical factors. This is important a s the
impact on the mussels will be different if very large
numbers of birds were present for a short period
instead of moderate numbers for a long period.
According to an estimation of predation pressure by
eiders in the whole Wadden Sea area (Swennen et al.
1989), predation amounted to 1.3 g AFDW m-'. In the
present study area, predation pressure was the same
as the overall average for the whole Wadden Sea.
Consumption by birds could be compensated by 12
and 29% of production in the study area. As in my
study area only a few mature mussels were available
and 2 years with a strong spatfall were investigated,
the production was high and predation accounted for
a small proportion of production. Predation in relation
to production was low compared to other studies
(Table ?), although numbers of birds predating on
mussels had increased in the tidal flats of Lower
Saxony (Exo 1994, Meltofte et al. 1994). Apparently,
stable mussel populations sustaln a high yield to birds
which can amount to about 70% of total mussel production of a n area or even to 95% on a single mussel
bed without destabilizing the mussel population. It is
not known whether the maximal sustainable yield was
removed in the different study areas. Only if ice and
storms destroy mussel beds, as occurs in the tidal
flats of Lower Saxony (Flemming & Delafontaine 1994,
Hilgerloh & Herlyn 1996),can we be sure that physical
factors are controlling the mussel population.
In a n area with a strong decrease of blue mussel
beds like Lower Saxony the total loss of biomass exceeds the production. In order to recognize the significance of predation by birds for the development of
the mussel beds, it has to be known what proportion
of total elimination they consumed. In the study area,
predation by birds accounted for 7 % and for 15% of
total elimination in 1991 and 1994 respectively. These
are low values compared to the results in Denmark
(Egerrup & Hoegh Laursen 1992, Faldborg et al. 1994)
but similar to those for the Lynher estuary, SW England
(Worral & Widdows 1984). In Denmark, according to
Egerrup & Hoegh Laursen (1992) predation accounted
for 5 2 % of elimination and according to Faldborg et
al. (1994) for 64 %. From exclosure experiments in the
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Table 7 Annual consumption by birds compared to total production and standing stock on eulittoral natural mussel beds. Standing
stock is defined as the mean annual biomass (in parentheses: biomass in summer)
Area

Consumption
compared to the
production ("L)

Areas including several mussel beds
Tidal flats of
12
Spiekeroog
Tidal flats of Spiekeroog
29
71
Ythan estuary, Scotland
Ythan estuary. Scotland
67
Hobo Dyb. Denmark
45
?
Asko area, Sweden
Single mussel beds
81
Hobo Dyb, Denmark
Konigshafen, Germany
Eastern Scheldt estuary,
Netherlands

95
40

Consumption
compared to the
standing stock 1%)

Predating
species

Mussel
stock

(13)

Oystercatchers, eiders
a n d herring gulls

Decreasing

This study

Decreasing
Stable
Stable
Stable
Stable

This study
B a r d & Milne (1981)
Milne & Dunnet (1972)
Faldborg et al. (1994)
Kautsky (1981)

Stable

Egerrup &
Hoegh Laursen (1992)
Nehls (1995)
Craeymeersch et al.
(1986)

(30)
72
37
32
0.15
17

33
20

Lynher estuary, Worral & Widdows (1984) concluded
that birds accounted for 16% of total elimination. The
small proportion of total elimination accounted for by
consumption in the study area can be explained by the
high total elimination. A similar relationship was found
on a newly settled mussel bad of the tidal flats of
Spiekeroog, which disappeared during the first winter
(Hilgerloh & Herlyn 1996).Thus, in a n area of decreasing mussel stocks, predation is a n elimination factor of
minor importance, while on stable mussel beds predation accounts for a high proportion of biornass loss.
Other factors were responsible for 85 and 93 % of the
loss of biomass within a year and for the decrease in
area1 extent between the years. In particular, young
mussels suffer high mortality d u e to other factors (McGrorty et al. 1990, Gosling 1992),and the proportion of
young mussels was very high in the studied years. The
main invertebrate predator on small mussels is the
shore crab Carcjnus maenas (Davies et al. 1980). Their
predation is limited to spring and summer, as in winter
they leave the intertidal area (Reise 1985). While size
selection by crabs of different sizes has been studied
(Jubb et al. 1983), no quantitative data a r e available
about the impact of crab predation on mussel beds. It is
even not proven if the demand of young crabs for progressively bigger sizes of mussels can be satisfied by
the growing first-year mussels.
Fishes, especially flounders Platichthys flesus L. and
plaice Pleuronectes platessa, also predate on young
mussels (Dare 1976).The seasonal fluctuations and the
impact on mussels have not as yet been studied.
Man as a predator has become an important elimination factor, as the amount of mussels taken by fishery
has increased continuously during the last 40 yr, which
has surely damaged the mussel population (Herlyn
1996). In Lower Saxony seed mussels a r e taken from

Eiders
Oystercatchers
a n d elders
Oystercatchers

Stable
Stable

Source

natural mussel beds and brought to culture plots
where they grow to comn~ercialsize. Whether the
impact of fishery influences their vulnerability to other
mortality factors is as yet not known. However, the
decrease in those mussel beds used by fishery does not
exceed that in mussel beds left untouched (Herlyn
1996).
It is not known whether there is a n increase of parasitic infection in blue mussels, which would lead to a
higher mortality (Lauckner 1994).
Substantial overgrowth by macroalgae has a negative effect on mussels, as the flow in the boundary
layer decreases and sedimentation increases. As a result of eutrophica:ion, algal growth has increased since
the beginning of the 1980s (Reise et al. 1993) This factor will probably not be of importance for the decrease
of mussel stocks in Lower Saxony (Herlyn 1996).
Algal blooms of Phaeocystis ylobosa are suspected to
have a negative effect on mussels (e.g. Pieters et a1
1980). Although the clearailce rate decreased during
such blooms according to mesocosm experiments
(Prins e t al. 1995),feeding with P. globosa in laboratory
experiments led to a n increase of mussel biomass (Petri
& Vareschi in press).
Blue mussels a r e relatively highly contaminated by
polychlorinated biphenyls a n d heavy metals (Bakker
1994, Pfaffenberger e t al. 1994). It is striking that the
strongest decrease in the mussel population took place
in the extremely contaminated Weser river estuary.
Contaminated mussels could be more vulnerable to
physical factors.
The strong eliminating effect of physical factors
leaves the most easily recognizable traces on the mussel beds. Large patches without any mussels can be
seen after storms and young mussel beds often disappear completely after the tidal flats have been covered
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by ice. Physical factors show strong seasonal variations. The damaging effects of high temperatures, ice
crushing or scouring, storm-generated waves and
wave-driven logs, and excessive levels of silt and inorganic detritus, as well as biodeposits, are well documented (Gosling 1992, Nehls & Thiel 1993, Flemming
& Delafontaine 1994). However, as some factors are
density dependent (Gosling 1992), the timing and
extent of elimination by other factors may affect the
vulnerability of mussels to physical factors. The damaging effect will be much higher if the mussels have
become more vulnerable by the effects of other factors
(e.g. contamination). As storm surges in the tidal flats
of Lower Saxony were twice as frequent in the period
from 1970 to 1994 than in the period from 1946 to
1969 (Niemeyer et al. 1995),this, together with mussel
weakening effects by other factors, may be one of the
major reasons for the decrease of the mussel beds.
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