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ABSTRACT

Investigations on size selection of blue mussels, Mylilus
edulis, and exploitation competition by ventral hammer-
ing oystercatchers, Haematopus ostralegus, herring gulls,
Larus argentatus, and common eiders, Somateria maollissi-
ma, were carried out on various blue mussel beds on the
tidal flats of Spiekeroog (Niedersachsen/Germany).
The size-class was considered to be the ideal one, which
would be selected if all size-classes were available. On
one mussel bed the mussel sizes selected by oystercatch-
ers were the most abundant mussel sizes, the median
being 51 mm. It was concluded that the most abundant
size-class corresponded to the ideal size-class which was
much bigger than predicted for ventral hammering oys-
tercatchers. If all mussels available were smaller than the
ideal size, they selected the largest ones. Unlike oyster-
catchers, eiders did not select the largest mussels pres-
ent when they were all smaller than the ideal size. In-
stead, they selected mussels that were only slightly
longer than the median of the available mussels. As
eiders dive for several mussels when they are feeding on
small mussels, they are time-restricted and less selective
than if diving for single large mussels. For herring gulls,
the ideal mussel size seemed to be 20 mm. Mussel sizes
selected by different bird species on the same mussel
bed differed significantly. Each species chose other size-
classes if the ideal size was not available. The species
never competed for the same size-class on a mussel bed.

Keywords: size selection, competition, blue mussel
(Mytilus edulis), eider (Somateria mollissima), oystercatch-
er (Haematopus ostralegus), herring gull (Larus argenta-
tus).

INTRODUCTION

On the tidal flats of the Wadden Sea (southern
North Sea), the most significant avian preda-
tors on blue mussels are oystercatchers (Hae-
matopus ostralegus), herring gulls (Larus argenta-

tus) and common eiders (Somateria mollissima)
(Hilgerloh 1997). Responding to different con-
straints, each species differ in the most taken
size-class. Herring gulls, which are studied
here, and eiders swallow the whole mussel
while oystercatchers open the mussel and eat
only the flesh. Thus, the gape of the bill and
the diameter of the oesophagus could limit the
size of mussels that could be swallowed by her-
ring gulls and eiders. The thickness of the shell
and the energetic value can be critical for all
three species.

Mussel populations may show a large varia-
tion of size structure and abundance within
and between years, which has consequences for
their exploitation by different predators. Birds
are known to feed on prey yielding the highest
benefit for them which thus is the optimal prey
(Krebs & Kacelnik 1991). The optimal size can
vary very much between sites depending on the
available mussels. There is, however, an ideal
size that would be taken, if all mussel sizes were
available at a site. Since mussel sizes and char-
acteristics correlate with the size variation
between the sites, the ideal size is not always
available. At any given situation the birds feed
on the optimal size.

The ideal size is expected to differ between
the species according to the species specific
constraints. If the ideal size is not available or
too scarce, the bird predator can cope with
smaller sizes. There is, however, a minimum
size for each predator species. They would
hardly derive any benefit from the prey below
the minimum size, which accordingly they
would not take (Krebs & Kacelnik 1991).



Oystercatchers use one of three different
methods to open the mussels (Sutherland &
Ens 1987, Hulscher 1996). Mussels are opened
(1) by hammering dorsally, (ii) by hammering
ventrally and (iii) by “stabbing” whilst the mus-
sel is filtering. All mussels encountered in this
study were opened ventrally. Ventrally ham-
mering birds are known to select intermediate
sizes, with a median of ideal sizes between 35
and 45 mm (Drinnan 1958, Norton-Griffith
1967, Zwarts & Drent 1981, Ens 1982, Meire &
Ervynck 1986, Cayford & Goss-Custard 1990,
Ens & Alting 1996). If the ideal size is not avail-
able, they try to feed on mussel sizes that are as
close as possible to the ideal size (as long as
costs or time restrictions are not too high)
(Drinnan 1958, Northon-Griffith 1967, Zwarts
et al. 1996a, Leopold et al. 1996). In general,
they do not take mussels with barnacles
attached (e.g. Meire & Ervynck 1986, Ens &
Alting 1996). Even though mussels with a bar-
nacle cover do not have thicker shells or less
flesh content than other mussels of the same
size (Ens & Alting 1996). It will be tested
whether the selectivity of oystercatchers can be
confirmed for the study sites.

According to the differences on the mussel
beds between the sites a prediction will be
made for ventral hammerers at each site. It will
be based on the following model (Fig. 1).

In eiders, optimal mussel sizes ranged be-
tween 10 and 53 mm (Madsen 1954, Player
1971, Dunthorn 1971, Milne & Dunnet 1972,
Swennen 1976, Kirchhoff 1979, Bustnes 1998,
Raffaelli et al. 1990, Meissner & Brager 1990,
Nehls 1991, 1995, Guillemette et al. 1992,
Meire 1993, Kallenborn et al. 1994, Hamilton
et al. 1999, Hilgerloh 2000, Leopold et al
2001). Sizes selected by eiders change in the
course of a year, being larger in winter than in
summer (Ketzenberg 1991, Nehls 1995,
Hamilton et al. 1999, Hilgerloh 2000). From
cases in which the frequency distribution of the
mussels present on the mussel bed was known
one could conclude that the ideal size they dive
for in winter occurred in the range of 35 to 55
mm length (Nehls 1995). These also have the
best energy output (Nehls 1995). For eiders,
the hypothesis needs to be tested that they take
mussels that are as close as possible to the ideal
size. The model on which the prediction will be
based is as follows (Fig. 2).

Herring gulls that swallow mussels are known
to take small ones. The ideal size-class is not yet
known (Spaans 1971, Milne & Dunnet 1972,
Meire 1993). In the following, selectivity is stud-

ied of predators faced with a variety of prey-size
distributions.

If several bird species feed on one mussel
bed, they might select the same mussel size-
class; and so their cumulative effect could
decrease the abundance of this size-class. Com-
petition through the exploitation of a common
resource is indirect competition.

Competition for size-classes of a single
species of prey was studied by descriptive meth-
ods. However, the problem of quantitative com-
parisons between prey-size distributions select-
ed by different predator species has not been
addressed. In view of the different constraints
mentioned above we anticipate that different
predator species on the same mussel bed will
not compete for the same mussel size but select
differently. This hypothesis will be tested by
quantitative comparisons.

RESULTS

Size selection and competition by oystercatchers and
herring gulls on a newly settled mussel bed on the
Neuharlingersieler Nacken in 1994. — Young mus-
sels settled in 1994 on the Neuharlingersieler
Nacken (Hilgerloh & Herlyn 1996). It was pre-
dicted that oystercatchers select the largest
mussels. The mussels selected differed from
the mussels available (Tables 1-2, Fig. 3). Since
oystercatchers selected the largest mussels the
prediction was confirmed.

Selection by herring gulls was only proven

through differences in the frequency distribu-
tion of mussel size (Tables 1-2, Fig. 3). The
median of available mussels seemed to repre-
sent the ideal mussel size for herring gulls.
It was predicted that different predator species
take different sizes on one mussel bed. As selec-
tion by both oystercatchers and by herring gulls
differed from each other (Tables 1-3) the pre-
diction was confirmed.

Size selection by oystercatchers on a mature mussel bed
with newly seitled young mussels on the fanssand in
1993, — The frequency distribution of mussels
on the mussel bed located on the Janssand was
characterised by mature mussels of sizes
between 47 and 70 mm, which were encrusted
by barnacles and by young mussels to a size of
37 mm with a gap between both cohorts (Fig. 4,
Table 1).

It was predicted that oystercatchers would
choose the largest of the young mussels. Since
oystercatchers took the less abundant mussel
sizes, located between two peaks of the fre-
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quency distribution of size (Tables 1-3, Fig. 4)
the hypothesis was confirmed.

Size selection and competition by oystercatchers, her-
ring gulls and eiders on a mature mussel bed with
newly settled young mussels on the Janssand in 1994.
— Young mussels settled in spring 1994. In No-
vember 1994, there were hardly any of the ma-
ture mussels left which had been present in
September 1993 (Figs 4-5). It is predicted that
oystercatchers select the largest of the available
mussels. Selected mussels differed from those
available (Tables 1-2, Fig. 5). These results and
the sizes selected confirmed the prediction.
Herring gulls selected mussels that differed
from the available and were on median 3 mm
longer than the mussels available (Tables 1-2).
It was predicted that eiders select the biggest
mussels. The median size of the available mus-
sels was 5 mm less than the size preferred by
eiders (Tables 1-2). While the median size on

the mussel bed amounted to 17 mm, eiders fed
on mussels with a median size of 22 mm
and oystercatchers of 31 mm. Although eiders
selected larger mussels than the most frequent
ones, the prediction was not confirmed.

The hypothesis was tested that all three
species select on average different sizes. The
mussel selections of oystercatchers, herring
gulls and eiders ditfered statistically from each
other (Kruskal-Wallis test p < 0.00001) (Fig. 5).
Since the pair-wise comparisons showed that
mussel selections of all species differed from
each other (Tables 1-3) the prediction was con-
firmed.

Comparison of size selection by herring gulls on mus-
sels on Neuharlingersieler Nacken and on Janssand
in 1994. — Selectivity of herring gulls with
respect to the median size could be proven on
the mussel bed of the Janssand, but not on that
of the Neuharlingersieler Nacken where the
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Table 1. Sizes (median, lower and upper quartile) of mussels present on the mussel beds and of mussels eaten by
eiders, herring gulls and oystercatchers on the different mussel beds

Site Mussels Median Lower quar- Upper quar- n
(mm) tile (mm) tile (mm)
Neuharlingersi-eler On the mussel bed 20 18 22 263
Nacken 1994 Eaten by oystercatchers 25.8 23.6 275 308
Eaten by herring gulls 19.6 17.6 21.5 1398
Janssand 1993 On the mussel bed 20 8 52 232
Eaten by oystercatchers 33 29.8 36.3 78
Janssand 1994 On the mussel bed 17 12 22 934
Eaten by oystercatchers 30.8 28.4 33.3 425
Eaten by herring gulls 19.6 18.5 21.5 218
Eaten by eiders 21.5 18.6 245 553
Swinnplate 1993 On the mussel bed 50.7 47.3 53.9 113
Eaten by oystercatchers 51.3 48.5 55.6 224
mussels had settled a bit earlier than on the DISCUSSION

Janssand. (Tables 1-2). No difference in size
choice was observed between the two sites
(Tables 1- 2). It would appear that the selected
size-class corresponded to the ideal size-class
for herring gulls at both sites.

Size selection by oystercatchers on a mature mussel bed
on the Swinnplate. — It was predicted that oyster-
catchers select the smallest of the most abun-
dant sizes. As mussels selected by oystercatchers
did not differ from the available mussels, selec-
tivity could not be proven (Tables 1-2, Fig. 6)
and the prediction had to be rejected.

Size selection by oystercatchers. — Only on the
Swinnplate the did mussels selected by oyster-
catchers not differ from those available on the
mussel bed. This suggests that the selected size-
class of 51 mm was the ideal size-class on this
mussel bed. On the basis of published data only
size-classes up to 45 mm would be predicted to
belong to the ideal size-class of ventral ham-
mering oystercatchers (Drinnan 1958, Norton-
Griffith 1967, Ens 1982, Meire & Ervynck 1986,
Cayford & Goss-Custard 1990, Ens & Alting
1996). The variation of ideal mussel size is
thought to be due to differences in parameters

Table 2. Selectivity: statistical values from comparisons between mussels available on the mussel beds and those eaten

by the bird species.

Site Compared samples Mann-Whitney U test Kolmogorov Smirnov test
Mussels Mussels U One-, P Z P
(sample 1) (sample 2) two-sided
Neuharlin-gersieler ~ On the mussel bed Eaten by 4838 One  <0.0001 9.44 <0.0001
Nacken 1994 oystercatchers
On the mussel bed Eaten by 180138 Two 0.60 1.35 0.05
herring gulls
Janssand 1993 On the mussel bed Eaten by 5638 Two  <0.0001 4.41 <0.0001
oystercatchers
Janssand 1994 On the mussel bed Eaten by 15176 One  <0.0001 14.24  <0.0001
oystercatchers
On the mussel bed Eaten by 71504 One  <0.0001 5.37 <0.0001
herring gulls
On the mussel bed Eaten by 147225 One <0.0001 8.03 <0.0001
eiders
Janssand 1994/ On the mussel bed On the 91692 One <0.0001 4.76 <0.0001
Neuharlingersieler mussel bed
Nacken 1994
Eaten by Eaten by 144400  One  0.21 0.60 0.87
herring gulls herring gulls
Swinnplate On the mussel bed Eaten by 17194 One  0.36 0.93 0.35
oystercatchers
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Fig.'3. Neuharlingersieler Nacken, winter 1994: lengths of available blue mussels (n = 263) (solid line) and of mus-
sels eaten by oystercatchers (n = 308) (dashed line) and by herring gulls (n = 1398) (dotted line).

other than size that influence the profitability
(e.g. shell thicknesss, flesh content), and on
seasonal differences of the ideal size (e.g.
Durell & Goss-Custard 1984, Krebs & Kacelnik
1991, Zwarts & Wanink 1993, Goss-Custard et
al. 1993, Goss-Custard et al. 1996¢). If oyster-
catchers had the choice between mussels larger
than the ideal size with barnacle cover and

smaller mussels (see Fig. 4), they selected the
largest of the smaller mussels. Factors such as
shell thickness and barnacle cover are thought
to influence the profitability of the mussels and
the selectivity of the oystercatchers (Durell and
Goss-Custard 1984, Meire & Ervynck 1986,
Zwarts & Wanink 1993, Ens & Alting 1996). If
most mussels were smaller than the ideal size-

Table 3. Competition: statistical values from comparisons between mussels eaten by different hird species.

Site Compared samples Mann-Whitney U test Kolmogorov Smirnov test
Mussels Mussels U One-, P Z P
(sample 1) (sample 2) two-sided

Neuharlin- Eaten by Eaten by 33407 One <0.00001 11.96 <0.0001

gersieler oystercatchers herring gulls

Nacken 1994

Janssand 1994 Eaten by Eaten by 14689 One <0.0001 12.22 <0.0001
oystercatchers eiders )
Eaten by Eaten by 1633 One <0.00001 1081  <0.00001
oystercatchers herring gulls
Eaten by Eaten by 45672 One <0.00001  2.66 <0.00001
eiders herring gulls
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Fig. 4. Janssand, autumn 1993: lengths of available blue mussels (n = 227) (solid line) and of mussels eaten by

oystercatchers (n = 78) (dashed line).

class, oystercatchers selected mussels from the
upper cnd of the available mussel sizes (Figs. 3,
5). They preferred the largest mussels, although
they were rarely encountered. Similar obser-
vations have been made by other authors (Cay-
ford & Goss-Custard 1990, Norton-Griffiths
1967).

If oystercatchers feed mainly on mussels
from the upper end of the range of mussel
sizes, in years with a small spatfall, they may
restrict the size-class composition of the mussel
population to smaller sizes. The predator-prey-
system would be top-down controlled. Only in
years with heavy spatfalls would mussels get a
chance to grow to sizes larger than those select-
ed by oystercatchers. But, in general, the influ-
ence of predation by oystercatchers was not sig-
nificant for the development of the mussel
populations in Niedersachsen as revealed in
the studies on the tidal flats of Spickeroog
(Hilgerloh 1997, Hilgerloh et al. 1997, Hil-
gerloh & Siemoneit 1999).

Size selection by herring gulls.- The studies on the
mussel beds on the Neuharlingersieler Nacken
and on the Janssand established that 20 mm is
the ideal mussel length for herring gulls. Very
few data are available from other areas: a range
of mussel sizes between 2 and 10 mm eaten by
herring gulls is known from a Scottish study
(Milne & Dunnet 1972). According to a Dutch
study (Spaans 1971) cockles of a median size of
21 mm were taken by herring gulls. One would
have expected that they swallow larger mussels,
as they are elongated compared with the
sphaerical cockles.

Size selection by eiders. — Eiders did not select mus-
sels that are as close as possible to the ideal size-
class, if the latter was not available. While oys-
tercatchers selected the biggest mussels, with a
median 14 mm longer than the median of the
available mussels, the median of mussels select-
ed by eiders was only 5 mm longer. In the study

by Raffaelli et al. (1990) where the length of
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Fig. 5. Janssand, winter 1994: lengths of available blue mussels (n = 934) (solid line) and of mussels eaten by oys-
tercatchers (n =425) (dashed line), by herring gulls (n = 218) (dotted line) and by eiders (n = 553) (dash-dot line).

the available mussels was smaller than on the
Janssand, eider also selected mussels that were
slightly longer than the median of the available
mussels.

Normally, eiders select single mussels out of
a mussel clump. When feeding on small mus-
sels, they seem to adopt another feeding strate-
gy: they eat several mussels on one dive, as con-
cluded from diving time by Guillemette et al.
(1992) and from observations from diving by
Hoerschelmann (pers. comm.). Since time for
searching is limited during a single dive, and
the visibility is low in the tidal flats, median size
of selected mussels is close to the median size
of the available mussels. The advantage of
selecting small mussels is the fact that the shell
is very thin thus little effort is needed to crush
the mussels (Bustnes 1998). Although the dis-
tribution of mussel beds influences the food
composition of eiders (Hilgerloh 1999a), in
years with heavy spatfall the proportion of blue
mussels in the food of eiders is, in general,

higher than in other years (Hilgerloh 1999b,
2000). This suggests that they take advantage of
the spatfall of the year.

Competition for mussels between bird species. — On
the two mussel beds on which several bird
species were preying on blue mussels — on the
Neuharlingersieler Nacken and on the
Janssand - the sizes of the selected mussels dif-
fered significantly between the species. The
question arose whether competition could
occur in such a situation. According to Pianka
(1974), potential competitors would tolerate a
relatively high degree of overlap in resource
use without experiencing critical levels of com-
petition as long as the demand for resources is
low relative to the supply. On both mussel beds
studied here, abundant mussels were available
in the size-classes chosen by herring gulls and
ciders. Thus, no competition would occur be-
tween these species. However, sizes selected by
oystercatchers were scarce. Competition did
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Fig. 6. Swinnplate, winter 1993: lengths of available blue mussels (n = 113) (solid line) and of mussels eaten by

oystercatchers (n = 224) (dashed line).

not occur since the oystercatcher was the only
species searching for these uncommon sizes.
Before spring, the situation can change dra-
matically because mussels have a high winter
mortality (Nehls & Thiel 1993, Michaelis et al.
1995, Hilgerloh 1997), which was observed in
the tidal flats of Niedersachsen, thus competi-
tion is expected at the end of the winter.

The settlement of blue mussels is very unpre-
dictable, and heavy spatfalls do not occur at re-
gular time intervals. Most years, predators have
to cope with the situation of light spatfalls and
thus with limited resources. Therefore, compe-
tition for size-classes could occur in general.

The complexity of the phenomenon compe-
tition may be better appreciated if it is remem-
bered that the mussels grow, thus changing
size-class. Herring gulls, for example, could be
important competitors for oystercatchers. If
they deplete the stocks of small mussels to such
an extent that hardly any mussels will grow to
larger sizes, there will not be enough mussels
left for oystercatchers (Zwarts & Drent 1981).

MATERIALS AND METHODS

Mussel beds.- The studied mussel beds were situ-
ated on the tidal flats between the East Frisian
islands of Langeoog and Spiekeroog and the
mainland of Niedersachsen. A mature mussel
bed includes the seedling beds, which are char-
acterized by distinct elevations formed from
biodeposits of mussels and by mussel-free areas
in between. On the newly settled mussel beds
this distinction does not yet occur.

Estimates of the sizes of mussels on the mussel beds.-
Six samples of mussels with a surface area of
38.5 cm? were taken at regular intervals along a
transect running over the entire mussel beds
on the Neuharlingersieler Nacken (53°43,25N,
7°44,00E) and on Janssand (53°44,00N, 7°42,
00E) in November 1994 (Herlyn & Michaelis
1996). In June 1993, twelve samples with a sur-
face of 177 cm® were taken in twelve seedling
beds located along transects running over the
entire mussel bed of the Janssand and of the
Swinnplate (53°44,75N, 7°44,00E) (Herlyn &



Michaelis 1996). In October and December,
when the mussel bed on the Swinnplate had a
dispersed settlement of mussels, randomly
selected mussel clumps within the study area
were taken as a basis for the frequency distri-
bution of mussel sizes. Only on the
Neuharlingersieler Nacken, numbers of birds
are known: on an average 33 oystercatchers
and 140 herring gulls per ha were observed
during low tide (Hilgerloh et al. 1997).

Estimates of the sizes of mussels taken by avian pred-
ators. — Faecal pellets of herring gulls, faeces of
eiders and mussels opened by ventral hammer-
ing oystercatchers were collected on the stud-
ied mussel beds. In order to make sure that pel-
lets of herring gulls and faeces of eiders were
not mixed, only pellets and faeces of birds were
collected immediately after observed roosting.
Eiders were seen feeding on the Janssand when
the mussel bed was still covered by water. They
roosted at the border when the mussel bed fell
dry.

From pellets and faeces, hinges of mussels
were extracted and their widths (mm) were
measured by calliper (e.g. Nehls 1995,
Hilgerloh et al. 1997). The relation between
mussel length and width of hinge is given in
the following equation, based on mussels sam-
pled on Janssand in September 1992 on tran-
sects: mussel length (mm) = 3.885 + 19.593 ¥
width of hinge (mm), (r*=0.874, p = 0.0001, n
=64). The equation is valid for hinges of widths
between 0.45 and 2 mm. All of the encoun-
tered hinges were within this size range. Only
the mussels eaten by oystercatchers which open
mussels by ventral hammering were investigat-
ed in this study.

Statistical evaluation. — In order to determine
whether the birds consumed a certain selection
of the available mussels or whether they ate all
present sizes in proportion to their abundance,
the non-parametric two-sample Mann-Whitney
U test and Komogorov-Smirnow test were used
to compare the sizes of available mussels and of
mussels selected (for a survey and discussion of
applications, see e.g. McBean & Rovers 1998).
By available mussels we meant all mussels pres-
ent on the mussel bed and not only those that
are harvestable by the birds (Ens et al. 1994).
The Mann-Whitney U test is a nonparametric
test based on joined rank sums. It is therefore
more sensitive with respect to differences of
the median size, or more generally, to differ-
ences in the location of the distributions when

their general shape is similar. In contrast, the
Kolmogorov-Smirnow test measures the devia-
tion between the cumulative distribution func-
tions of size and is hence more sensitive with
respect to general deviations of the frequency
distribution of size (Sachs 1992). Likewise the
two-sided Mann-Whitney U test is used to verify
whether mussels of two samples are dissimilar in
the sense of a deviation in the median, or more
generally, the centre of the distribution in either
direction. The one-sided test is used on the hy-
pothesis of a cline in the data, that is, if mussel
sizes are bigger in one sample than the other.

For each predator species, the assumption
was made that an ideal mussel size-class exists,
which would be selected if all size-classes were
available. If the differences between the mussel
sizes selected and those available were not sig-
nificant, selectivity could not be proved statisti-
cally.

In order to determine whether the different
species selected the same mussel size, the
Kruskal-Wallis test (also called nonparametric
ANOVA) was used to compare the size distri-
butions selected by different predator species.
For comparisons between two species only, the
U test and the Kolmogorov-Smirnov test were
applied. In conditions of limited food re-
sources, according to the U test, if the differ-
ences between the mussels selected by the two
species were not significant, it could be
inferred that both species competed for the
same sizes. If differences were not significant
according to the U test, yet significant on the
Kolmogorov-Smirnov test, it could be conclud-
ed that one species (B) experienced strong
competition from the other species (A), while
the species A also chose sizes not exploited by
species B. Two-sided tests were performed with
the SPSS-programme (Brosius & Brosius 1995)
and the corresponding one-sided p-values were
adjusted by hand.
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