
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 259: 173–183, 2003 Published September 12

INTRODUCTION

The need to determine the effects of human activi-
ties within the coastal zone has grown due to an
increase in environmental awareness and the resulting
legislation. This is of particular importance to the mus-
sel Mytilus edulis growing industry because areas that
are used for seabed cultivation, such as intertidal mud-
flats and sandflats, are specifically covered under
European Habitat Conservation Regulations (Council
Directive 92/43/EEC, Annex 1). Furthermore, many

coastal localities in which mussel cultivation occurs are
also designated under one or other (and often both) of
(1) the EC Directive on the Conservation of Wild Birds
(Directive 79/409) and (2) The Convention on wetlands
of international importance, especially as waterfowl
habitat (Ramsar Convention) (Stroud et al. 1990,
Davidson et al. 1991). The mussel cultivation industry
is currently the fastest growing and most valuable sec-
tor of the bivalve aquaculture industry in the United
Kingdom. Therefore, it is important to establish the
impact of expanding the areas of subtidal and inter-
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tidal mudflats on which mussels are laid. In this study
we examine whether the cultivation of mussels on
intertidal mudflats, and the density at which they are
grown, has any effect on the assemblage of shorebirds
that feed in such areas.

The bottom-cultivation of mussels creates very
high densities of suspension-feeding bivalves that
are capable of filtering large volumes of water
(Smaal et al. 1986). They increase the sedimentation
of particulate material (Prins & Smaal 1994, Smaal
1994), which becomes bound with their pseudofaeces
and entrapped within the mussel matrix. As a result,
‘mussel mud’ builds up beneath the growing mussels
and the level of the whole area can become elevated.
In addition, beds of bottom-grown mussels increase
the topographic complexity of the environment.
Thus, as the scale of cultivation increases, a larger
area will be changed from being dominated by soft
mineral sediments to one composed of a biogenic
structure.

Several studies have demonstrated differences in
the invertebrate community associated with mussel
beds, compared to that of the surrounding sediments
(Dittmann 1990, Guenther 1996, Commito 1997, Rag-
narsson & Raffaelli 1999, S. Durell et al. unpubl.).
Asmus (1987) noted that mussel beds can be charac-
terised by an impoverished infauna due to oxygen
deficiency. Mussel beds can also support their own
‘typical’, highly diverse community (Dankers &
Beukema 1981, Tsuchiya & Nishihira 1985, 1986,
Ragnarsson & Raffaelli 1999, S. Durell et al. unpubl.).
In our complementary study of the effects of intertidal
mussel cultivation on invertebrate communities, both
the species composition and abundance of individual
species were altered by the presence of mussels (H.
Beadman et al. unpubl.). Furthermore, species rich-
ness and  abundance of individuals per unit area
were lower where the area of mussel cover was
higher (H. Beadman et al. unpubl.). Thus, both the
presence of mussels, and the density at which they
are grown, influence the associated invertebrate com-
munity.

Here we test the hypotheses that arise from these
results. Given that laying beds of mussels on mudflats
affects the invertebrate community, we test (1) that
mussel cultivation will affect the shorebird assem-
blage; given that the effect on the invertebrate com-
munity varies with mussel density, we test (2) that lay-
ing mussels at differing densities will have different
effects on the shorebird assemblage; given that oys-
tercatchers respond positively to the laying of artifi-
cial mussel beds (Ens & Alting 1996), we test (3) that
their tendency to do so can be understood in terms of
the relative profitability of feeding on such areas, as
opposed to alternative feeding areas nearby. 

MATERIALS AND METHODS

Study site. The study was undertaken in the Menai
Strait, North Wales. The commercial mussel lays and
‘wild’ mussel beds lie immediately to the west of
Traeth Lafan (53° 15’ 18’’ N, 04° 02’ 31’’ W) (Fig. 1a).
This is a large intertidal area of sand- and mud-flats
that qualifies as a Special Protection Area (SPA) under
Article 4.2 of the EC Directive on the Conservation of
Wild Birds (Directive 79/409), by supporting an over-
wintering population of oystercatchers of European
importance (available at www.jncc.gov.uk/ukspa/
sites/Wales/UK9013031.htm). The study area was situ-
ated on the intertidal mudflats immediately to the east
of Bangor pier and covered an area of 4.32 ha. At the
centre of this area was a plot of 180 × 80 m (Fig. 1b), in
which mussels were laid. This plot comprised 2
squares, each 80 × 80 m and divided into 16 cells mea-
suring 20 × 20 m each; the arrangement of each square
was that of a Latin square, i. e. each treatment occured
only once per row and once per column, to allow for
any systematic differences. The 2 squares were sepa-
rated by a strip of 4 further cells. This central plot was
bounded by both upshore and downshore plots of the
same dimensions (Fig. 1b) that were intended to act as
control plots. To minimise the risk that human activity
on the pier would disturb the birds, the whole study
area was set 100 m away from the pier (Fig. 1b). This
provided another pierside area that could act as a con-
trol plot. The plots were marked out with 1.5 m bam-
boo canes in September 1999.

Bird counts. All counts were made from Bangor Pier.
As far as was possible, given the constraints of tides
and daylight, the number of each species of bird in
each plot, and within each cell of the central plot (n =
36 count units), was counted only when the study area
was fully exposed. At least 1 count, but often 2 counts,
were conducted per tide. All plots were counted in
quick succession on each occasion. At least 30 min
were allowed to elapse between successive counts. 

Between September 1999 and March 2000, 33 counts
were made on 15 d. This data served to characterise
the pre-cultivation pattern of bird usage. Following the
laying of mussels in April 2000 (see below), 39 counts
were made on 27 d between September 2000 and
March 2001. After a further year of mussel growth, 34
counts were conducted on 21 d between September
2001 and March 2002. In each season, counts were
conducted in each of the 7 mo on a regular basis dic-
tated by the tidal cycle, although due to the constraints
of daylight, there were less counts in each season in
the months of November to January than in the other
months. 

Experimental mussels. In April 2000, each cell
within each Latin square was seeded with mussels at 1
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of 4 densities (7.5, 5, 3, 2 kg live weight m–2) as shown
in Fig. 1b. A normal seeding density within this com-
mercial system would be approximately 5 kg live
weight m–2. The Latin squares were marked with
buoys and the mussels scattered from a boat. Due to

the effects of tidal currents and boat positioning, it was
not possible to lay the mussels in precise squares.
Nonetheless, an a posteriori examination revealed a
relatively even distribution of mussels at the desig-
nated densities. The strip of 4 cells that separated the 2

Latin squares also received some mussel
cover. In addition, for commercial reasons,
the downshore plot, which should have
been a control plot, was also seeded with
mussels in April 2000. Thus, in the final
design there were 2 ‘experimental’ plots;
the central plot (CP) comprising 36 con-
tiguous mussel-covered cells, the down-
shore plot (DP), and 2 control plots; the
upshore plot (UP) and the pierside plot
(PP). 

As part of a detailed study of mussel
growth and mortality, samples of mussels
were gathered from each cell of the 2
Latin squares on a regular basis between
June 2000 and April 2001 (Beadman
2003). On each occasion, 4 samples of
mussels (quadrat of 25 × 25 cm) were col-
lected from random locations within each
cell. All mussels within each sample were
counted and measured to the nearest mil-
limetre. The results of the surveys con-
ducted in September 2000 and April 2001
(the last sampling date) were used to
define mussel densities in the second and
third study seasons, respectively. 

Oystercatcher foraging. Throughout
the winter of 2000/2001, observations
were made of birds feeding on (1) the
newly laid CP, (2) one of the patches of
‘wild’ mussels and (3) 2 areas of commer-
cial mussel lay, one immediately down-
shore of the study area, and the other fur-
ther downshore, adjacent to the low-water
springs mark. Foraging individuals were
selected at random, and were watched for
between 5 and 30 min, during which the
bird’s feeding method (stabber or ventral
hammerer, Hulscher 1996) was deter-
mined and the size of each mussel con-
sumed was assessed. Field estimates of
prey size were corrected for observer bias
by a standard correction procedure (Goss-
Custard et al. 1987). Using standard pro-
cedures (West et al. 2003), ash-free dry
mass (AFDM)-length relationships for
mussels were derived from samples of 40
to 50 mussels collected from each location
at regular intervals throughout the winter.
These relationships were used to convert
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Fig. 1. (a) Map of the study site showing the 3 patches of ‘wild’ mussels
Mytilus edulis (light shading), the 5 principal commercial mussel lays (dark
shading) and the study area (boxed). (b) A schematic representation of the
layout of the study area showing the pier, the 4 main plots and the 32 exper-
imental cells of the 2 Latin squares in which mussels were laid at densities of

7.5 (black), 5 (dark grey), 3 (grey) and 2 (light grey) kg live weight m–2
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mussel sizes into mg AFDM, and hence to derive the
intake rates (mg AFDM 5 min–1) achieved by birds
feeding in each location. 

Analysis. Hypothesis 1: The count data were used to
calculate an average over-winter density for each spe-
cies for each season in each of the 4 plots. The PRIMER
ecological statistical software package (Clarke & War-
wick 1994) was used to perform multivariate analyses
of the bird assemblage data. Dissimilarities in the bird
assemblages between each pair of plot × year combi-
nations (n = 66) were derived using the Bray-Curtis
index of dissimilarity. Non-metric multi-dimensional
scaling (MDS) was then used to produce ordination
axes that best represented the differences between the
plot × year combinations in their bird assemblages (as
represented by their Bray-Curtis dissimilarities). The
average percentage contribution made by each bird
species to the pairwise dissimilarities was then
assessed by means of the SIMPER routine. 

Because of the lack of replicates of either experimen-
tal or control plots at this scale (n = 2 in each case), it
was not possible to use the ANOSIM routine to con-
duct either a 1-way analysis of dissimilarities to test for
overall differences between all the plot × year combi-
nations, or pairwise ANOSIM tests between each plot
× year combination. In order to conduct such tests, the
count data from the CP were re-analysed to generate
an average over-winter density for each species for
each season in each of the 36 experimental units (i.e.
cells) within it. These data were considered in a second
set of tests in which there were 37 experimental units
(36 cells of the CP plus the DP) and 2 control units (UP
and PP) as before. 

With the data configured in this way, the MDS analy-
sis described above was repeated, and then 1-way
analysis of dissimilarities (using ANOSIM routine) was
used to test for overall differences between all treatment
× year combinations. Pair-wise ANOSIM tests were then
conducted between each treatment × year combination.
The overall percentage contribution made by each bird
species to the dissimilarities that occurred within each of
the pair-wise comparisons (n = 15) was again analysed
by means of the SIMPER routine. 

All these analyses were conducted on untransformed
bird densities, so that the results reflected the response
of the more abundant species, rather than being biased
by minor changes in the numbers of infrequently sighted
species whose presence may have been incidental.

For each of the key species identified in the preced-
ing analyses, the following regression model was fitted
to the untransformed, average over-winter densities of
birds in plot i in season j (Densi,j) using the Generalised
Linear Model (GLM) procedure of MINITAB: 

Densi,j = a + bi + tj +q(mi,j) (1)

This was used to test for differences between plots
{bi}, between seasons{tj} and, after controlling for both
of these, the effect (q) of the presence of mussels in the
CP and DP in Seasons 2 and 3. The final variable mi,j

has a value of 1 if mussels were present on plot i in
year j (and 0 otherwise).

Hypothesis 2: The average over-winter density of
each of the key species (identified in the previous
analyses) in each of the cells of the Latin squares in
each season was used to test this hypothesis. For each
species, count data from the second and third seasons
were analysed separately in relation to the mean den-
sity of mussels in each cell in that season, and the mean
over-winter density of that species in the first season.
This latter co-variate controlled for any intrinsic differ-
ences in the attractiveness of the cells evident prior to
the laying of the mussels due, for example, to their
proximity to the pier or their tidal exposure pattern.
Analyses were conducted in this way in order to (1)
avoid the possible confounding effects of differences
between Seasons 2 and 3 in the birds’ local population
sizes, and the precise dates, times of day and heights of
tides on which counts were conducted, and (2) deter-
mine whether the patterns detected in the 2 seasons
were the same. Data from the 4 cells that separated the
2 Latin squares were excluded from these analyses
because no data on the density or size of mussels were
collected in these cells.

Hypothesis 3: The intake rates achieved by oyster-
catchers on the CP and those achieved in each of the
other locations were compared by means of Wilcoxon
Rank Sum tests in Minitab. The data for stabbers and
hammerers were analysed separately.

RESULTS

Hypothesis 1

Over the course of the study, 23 bird species
occurred within the study area (Table 1). All species
seen in the 2 experimental plots in the first season,
before they were laid with mussels, were seen at least
once in those areas in the 2 following years. Thus,
purely in terms of species’ presence/absence from the
experimental plots, the laying of mussels had no effect
on the bird assemblage. 

Non-metric MDS indicated, however, that although
they were not identical to begin with, the bird assem-
blages in the 4 plots diverged over time (Fig. 2a).
SIMPER analyses revealed that the top 5 species, in
terms of % contribution to the dissimilarities within
each of the pair-wise comparisons, were: redshank
Tringa totanus (29%), herring gull (21%), curlew
Numenius arquata (20%), oystercatcher (18%), and
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black-headed gull Larus ridibundus (10%). These spe-
cies were the most abundant and frequently sighted
species in the study area (Table 1).

The results of ANOSIM analyses, in which the data
from the CP were represented by average over-win-
ter densities of each species in each of the 36 cells,
are presented in Table 2. There was an overall signif-
icant difference between the treatment × year combi-
nations in the bird assemblage (ANOSIM R = 0.122, p
< 0.001), as can be seen in the MDS ordination plot
(Fig. 2b). There were no differences between seasons
in the bird assemblages in the control units, but those
in the experimental units differed significantly
between the 2 seasons in which they had mussels,
and the first one in which they did not. Within the

first season, when none of the units had mussels,
there was no difference between the assemblage in
the experimental and control units. This may partly
reflect the lack of statistical power due to the low
number of control replicates in these analyses. How-
ever, in both the second and, to a lesser extent, third
season in which the experimental units had mussels,
there were more obvious differences between the
control and experimental units. Moreover, even given
the lack of control replicates, across-season compar-
isons between the experimental units in Seasons 2
and 3 and the control units, i.e. between areas with
and without mussels, tended to show differences that
were in some cases statistically significant. This was
not true of the across-season comparisons between
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Season 1 Season 2 Season 3
1999/2000 2000/2001 2001/2002

Exp Control Exp Control Exp Control

Oystercatcher Haematopus ostralegus 5.63 2.27 6.35 1.09 9.5 1.78
Curlew Numenius arquata 4.07 1.56 5.73 2.46 5.88 2.08
Redshank Tringa totanus 5.69 4.19 5.59 2.31 6.74 3.1
Black-headed gull Larus ridibundus 1.51 1.03 4.1 1.47 3.1 1.49
Herring gull Larus argentatus 3.5 3.09 2.7 2.34 3.39 3.43
Little grebe Tachybaptus ruficollis +
Great-crested grebe Podiceps cristatus +
Cormorant Phalacrocorax carbo +
Little egret Egretta garzetta +
Grey heron Ardea cinerea + + + + + +
Mute swan Cygnus olor + + + + +
Shelduck Tadorna tadorna + + + +
Wigeon Anas penelope + + +
Mallard Anas platyrhynchos + + + + + +
Goldeneye Bucephala clangula +
Red-breasted merganser Mergus serrator + + + + +
Dunlin Calidris alpina + + + + +
Bar-tailed godwit Limosa lapponica +
Greenshank Tringa nebularia + + +
Turnstone Arenaria interpres + + +
Common gull Larus canus + + + + +
Greater black-backed gull Larus marinus + + + + +
Carrion crow Corvus corone + + + + + +

Number of species 14 16 15 17 15 15

Table 1. Species of birds recorded within the experimental (exp; central plot and downshore plot) and control plots (upshore plot
and pierside plot) in the 3 seasons. For the 5 key species, the mean over-winter density (birds ha–1) across the 2 experimental 

plots and the 2 control plots is given for each season. For all other species, presence is indicated by +

C2 0.500 (0.333)
C3 –0.500 (1.000) –0.500 (1.000)
E1 –0.263 (0.874) 0.035 (0.406) –0.156 (0.722)
E2 0.236 (0.120) 0.494 (0.019) 0.355 (0.050) 0.146 (0.001)
E3 0.301 (0.094) 0.544 (0.011) 0.380 (0.051) 0.180 (0.001) 0.001 (0.420)

C1 C2 C3 E1 E2

Table 2. Pair-wise ANOSIM tests for each of the 15 pair-wise comparisons between experimental (n = 37) and control (n = 2)
units. For each comparison, the values given are the R-statistic, and its p-value in parentheses. Values given in bold are 

statistically significant. E1, E2 and E3: experimental units; C1, C2 and C3: control units, in Seasons 1, 2 and 3



Mar Ecol Prog Ser 259: 173–183, 2003

the control units in Seasons 2 and 3 and the experi-
mental units in the first season, i.e. between areas
without mussels. 

SIMPER analyses of the percentage contribution of
each species to the dissimilarities within each of the 15
pair-wise comparisons revealed that the same 5 spe-
cies identified previously consistently explained more
than 10% of the dissimilarity. Thus, all further analyses
are restricted to these 5 species.

Controlling for any between-season and between-
plot differences, only the densities of curlew and red-
shank were significantly affected by the presence of
mussels (Table 3). In both cases, densities were signif-
icantly higher where mussels were present. 

In September 2000, only 11% of the mussels on the
CP were longer than 40 mm (Fig. 3a). By April 2001
this had increased to 27% (Fig. 3b). Assuming further
growth over summer 2001, the percentage of ‘large’
mussels would have been greater in the third season.
Thus, the count data for oystercatchers were re-
examined in an analysis that scored mussels as being
present on the experimental plots (CP and DP) only
when a substantial percentage of them would have
been ‘large’ i.e. in only the third season. The density of
oystercatchers then differed significantly between
plots (highest in the 2 experimental plots), and exhib-
ited a more positive, though still non-significant, re-
sponse to the presence or absence of mussels (Table 3).

Hypothesis 2

Controlling for any effects of variation between cells in
each species’ distribution in the first season (a significant
effect in the case of curlew), the variation in the distrib-
ution of birds between cells in the second season showed
no association with the density of mussels (Table 4a).
Again, controlling for the birds’ distribution in the first
season, only the variation in the density of redshank in
the third season was associated with variation in the den-
sity of mussels between cells (Table 4a). 

Given the lack of consistent, significant associations
between the birds’ distributions in the first season and
those in the second and third seasons, the latter were
re-analysed in relation to mussel density alone (Table
4b). Again, the variation in the distribution of all spe-
cies between cells in the second season was not associ-
ated with variation in mussel density (Table 4b). In the
third season, both redshank and oystercatcher densi-
ties showed negative associations with the density of
mussels (Table 4b, Fig. 4).

Hypothesis 3

The median intake rate of ‘stabbers’ did not differ
between those feeding on the CP and those feeding on
either the ‘wild’ mussel bed (Wilcoxon's W = 10709,
p = 0.51) or on the area of commercial lay immediately
downshore of the study area (W = 5137, p = 0.26). How-
ever, ‘stabbers’ on the CP faired significantly worse
than those on the very lowest edge of a commercial lay
(W = 1768, p < 0.001) (Table 5). The median intake rate
of oystercatchers that fed by hammering mussels on
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Fig. 2. (a) Two-dimensional MDS ordination of bird assem-
blage data in the 4 plots (central plot: circles; downshore plot:
squares; upshore plot: diamonds; pierside plot: triangles) in
Seasons 1 (black), 2 (grey) and 3 (open). Stress = 0.04. (b) Two-
dimensional MDS ordination of bird assemblage data in the 2
control units (large symbols) and the 37 experimental units
(small symbols) in Seasons 1 (circles), 2 (squares) and 

3 (triangles). Stress = 0.19
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the CP was significantly greater than that achieved by
birds on the ‘wild’ bed (W = 6574, p < 0.01), did not dif-
fer from that achieved by birds on the commercial lay
immediately downshore of the study area (W = 1179, p
= 0.07), and was significantly lower than that achieved
by hammerers on the very lowest edge of a commercial
lay (W = 1169, p = 0.01) (Table 5). 

DISCUSSION

Hypothesis 1

Many previous studies (Asmus 1987,
Dittmann 1990, Guenther 1996, Com-
mito 1997, Rangarsson & Rafaelli 1999,
H. Beadman et al. unpubl.) have
demonstrated that mussels affect the
benthic invertebrate community of the
sediment on which they grow. The
results of the present study are consis-
tent with the hypothesis that such
effects give rise to changes in the asso-
ciated bird assemblage. 

In the first season, the assemblage
in the future experimental plots was
more similar to that on the adjacent

control plots than subsequently. In the following 2
seasons, the bird assemblage within the 2 control
plots remained relatively similar to one another, and
similar to that in the first year, while that in the
experimental plots, and within the CP in particular,
became different from that in the first year and from
that in the control plots. However, all species seen on
the experimental plots in the first winter, prior to
these being covered with mussels, were also seen
there in the following 2 winters. The shifts in the
bird assemblage reflected variation in the distribu-
tion of the 5 species most commonly found feeding
on the mudflats around Bangor pier. None of these
species was, however, significantly negatively
affected by the laying of mussels. Indeed, the density
of curlew and redshank increased significantly where
mussels had been laid. 

The fact that curlew and redshank, rather than oys-
tercatchers, responded positively to the creation of the
new mussel bed was surprising. However, although
some species of invertebrates disappeared (e.g. Poly-
dora antennata) and others declined in abundance
once mussels had been laid (e.g. Cirratulidae,
Corophium spp., Nepthys hombergii, and Notomastus
latericeus), other species only appeared (e.g. Carcinus
maenas and Scololepis squamata) or increased in
abundance (e.g. Melita palmata, and Tubificoides
benedini) on areas where mussels had been laid (H.
Beadman et al. unpubl.). Curlew and redshank may
have responded to the increase in the abundance of
these potential prey species, e.g. small worms (T.
benedini and S. squamata) and the crab C. maenas, re-
spectively (Cramp & Simmons 1983). Another explana-
tion is that the mussel matrix provides a refuge from
water movement and desiccation (Dittmann 1990, Rag-
narsson & Raffaelli 1999), so that invertebrates that
would retreat into the sediment or otherwise become
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Season Plot Mussels (0/1)

Curlew Numenius arquata 0.111 <0.001 0.044  (1.029)
Oystercatcher Haematopus ostralegus 0.231 0.124 0.137  (3.128)
Redshank Tringa totanus 0.035 0.053 0.041  (1.956)
Herring gull Larus argentatus 0.483 0.622 0.849   (-0.242)
Black-headed gull Larus ridibundus 0.852 0.121 0.418  (1.639)
Oystercatchera Haematopus ostralegus 0.969 0.022 0.095   (3.409)
aIn this case, only the central and downshore plots in Season 3 were given a 
ascore of 1 for the presence/absence of mussels in order to examine oyster-
acatchers’ response to the presence of ‘larger’ mussels

Table 3. Generalised Linear Model (GLM) analyses of differences between sea-
sons and plots, and controlling for these, of the presence of mussels Mytilus
edulis, on the average over-winter density of the 5 principal species of shore-
bird. Values given for season and plot are the p-values associated with each fac-
tor, and the values given for mussels (0/1) are the p-values associated with that
co-variate and, in parentheses, the value of the coefficient. Values given in bold

are statistically significant

Fig. 3. Mytilus edulis. Size distribution on the central plot in 
(a) September 2000 (n = 14790) and (b) April 2001 (n = 14298)
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inactive may remain closer to the surface and more ac-
tive during low tide. The intake rate of redshank forag-
ing on Corophium volutator is reduced when the latter
retreat down their burrows (Selman & Goss-Custard
1988, Stillman et al. 2000, Yates et al. 2000). Thus, al-
though the absolute abundance of e.g. Corophium spp.
was reduced in areas with mussels, this may have been
offset by greater prey activity or proximity to the sur-
face, and resulted in the maintenance or even an in-
crease in the suitability of such areas for bird feeding. 

Hypothesis 2

The effect that laying mussels has on the benthic
invertebrate community depends upon the density of
mussels (H. Beadman et al. unpubl.). Both the number
of individuals per sample and the number of species

were lower where the density of mussels was greater.
The number of species was greater at low mussel den-
sities, however, than in control areas where no mussels
occurred (H. Beadman et al. unpubl.). These effects of
mussel density on the benthic invertebrates had no
apparent effect on the distribution of any of the 5 key
bird-species in the first winter after the mussels were
laid. However, in the second winter, the average over-
winter density of 2 of the species that exhibited a posi-
tive response to the creation of the mussel bed (i.e. red-
shank and, to a lesser extent, oystercatcher) was, at the
level of individual cells, negatively related to the den-
sity of mussels. These differing results, although
counter-intuitive, are consistent with the hypothesis
that laying mussels at differing densities has different
effects on the shorebird assemblage.

The tendency for redshank to occur more fre-
quently in cells where mussel density was lower
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Table 4. Multiple regression analyses of the variation between experimental cells in the average over-winter density of each of
the 5 principal shorebird species in Seasons 2 and 3 in relation to (a) the variation in the density of these species in Season 1 and
in the density of mussels Mytilus edulis present in Seasons 2 and 3, and (b) solely in relation to the variation in the density of 

mussels present in Seasons 2 and 3. *p < 0.05, **p < 0.01, ***p < 0.001. Values of R2 in bold are statistically significant

Season 2 bird density Season 3 bird density
Constant Bird Mussel R2 Constant Bird Mussel R2

density density density density
Season 1 Season 1

(a) Curlew 0.111 0.574** 8.99 × 10–6 0.218* 0.147* 0.196 5.94 × 10–6 0.030
Oystercatcher 0.340* –0.291 –4.30 × 10–6 0.039 0.456** 0.264 –4.98 × 10–6 0.150
Redshank 0.336* 0.001 –20.3 × 10–6 0.011 0.553*** 0.033 –83.5 × 10–6* 0.187*
Herring gull 0.160** 0.024 –10.1 × 10–6 0.023 0.151* –0.074 –1.66 × 10–6 0.007
Black-headed gull 0.310 0.765 –11.2 × 10–6 0.029 0.153 0.952 4.38 × 10–6 0.073

(b) Curlew 0.246** –10.08 × 10–6 0.010 0.181** 2.35 × 10–6 0.001
Oystercatcher 0.255* 7.73 × 10–6 0.003 0.527*** –59.81 × 10–6*     0.126*
Redshank 0.336* –20.32 × 10–6 0.011 0.565***                  –84.76 × 10–6*     0.186*
Herring gull 0.163** –10.10 × 10–6 0.022 0.144*                        –2.53 × 10–6 0.001
Black-headed gull 0.364 –12.57 × 10–6 0.001 0.244                          –4.37 × 10–6 0.000

Fig. 4. Haematopus ostralegus, Tringa totanus and Mytilus edulis. Relationship between mean over-winter number of (a) oyster-
catchers and (b) redshank within each of 32 experimental cells in Season 3 and the density of mussels within those cells. Oyster-

catchers: y = 0.527 – 59.81 × 10–6x, r2 = 0.126, df = 31, p < 0.05; redshank y = 0.565 – 84.76 × 10–6x, r2 = 0.186, df = 31, p < 0.05
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probably reflects the negative effect of mussel den-
sity on the number of invertebrate species, and on
the numerical density of some species, e.g. Cirratuli-
dae, and in particular on Corophium volutator (H.
Beadman et al. unpubl.), a preferred prey species of
redshank (Goss-Custard 1977, Cramp & Simmons
1983). Cells in which mussel density was high were
covered in a solid mat of mussels that became ele-
vated over time due to the accumulation of sediment,
faeces and pseudofaces. Water draining off the
higher-level mudflats tended to flow around such
elevated areas, so that cells with lower densities of
mussels more often contained small pools and creeks
at low tide. As discussed above, it is possible that
these micro-habitats, allowed invertebrates to remain
active over low tide, thus enhancing the suitability of
areas of low mussel density as foraging areas for spe-
cies such as redshank.

Hypothesis 3

Smit et al. (1998) documented a close association over
time between the variation in the numbers of oyster-
catchers in various parts of the Dutch Wadden Sea and
the extent of intertidal mussel beds. Meire et al. (1994)
noted a similar positive association in space between
oystercatcher densities and the surface area of inter-
tidal mussel beds (and cockle biomass) in various sec-
tors of the Oosterschelde in the Netherlands. These re-
sults, and those of Ens & Alting (1996), led us to expect
that oystercatchers would exhibit the most positive re-
sponse to the creation of a new patch of resources. 

Oystercatchers’ weak response, and the difference
between this result and that of Ens & Alting (1996), is
almost certainly a function of the size of the mussels
used to seed the plot, and the availability of alternative
feeding grounds. In the study of Ens & Alting (1996),
mussels (of which ca. 60% were >40 mm in length)
were laid on an area where the staple foods for oyster-
catchers were Baltic tellins and ragworms Nereis

diversicolor, and other mussels were
rare. In contrast, our experimental mus-
sels (of which only ca. 10% were
>40 mm in length) were surrounded by
185 ha of other mussel beds. Further-
more, whereas in the study of Ens &
Alting (1996) the intake rate of the oys-
tercatchers that fed on the mussel bed
tended to exceed that of birds feeding
on other prey nearby, this was not the
case in our study. Thus, although our
results contrast with those of Ens & Alt-
ing (1996), they are consistent, in that in
both studies, oystercatchers’ response

to the laying of an experimental mussel bed was
dependent upon the availability and profitability of
alternative food resources.

Oystercatchers’ intake rates are independent of the
biomass density of mussels available, unless this falls
to an extremely low value (<2 g AFDM m–2) (Goss-
Custard et al. 2001). The lowest biomass density of 25
to 60 mm mussels in any of the experimental cells in
Year 3 was 370 g AFDM m–2. Thus, it is not surprising
that variation in the birds’ density between cells was
not positively associated with that of the mussels. The
negative relationship, however, arises from the nega-
tive relationship between the density and the average
length of mussels within the cells (Fig. 5). Thus, in the
second winter after mussels were laid, oystercatchers
spent more time where the mussels were larger (Fig.
6). Although handling time increases with prey size
(Zwarts et al. 1996, Beadman et al. 2003), the increase
in flesh weight with increasing size is larger, so that
large prey are more profitable than smaller ones
(Zwarts et al. 1996, Goss-Custard et al. 2001). Had the
experiment continued for another year, it is likely that
the over-winter density of oystercatchers in the exper-
imental plots would have increased substantially as
their suitability improved, both in absolute terms and
relative to the alternatives.

CONCLUSIONS

The curlew and the redshank, together with the oys-
tercatcher, are the only species of wader whose popu-
lations at Traeth Lafan have surpassed the qualifying
level necessary for the site to be considered of national
importance for that species (Musgrove et al. 2001).
Thus, in terms of the intertidal-feeding bird species of
importance within the Traeth Lafan SPA, the current
study suggests that the bottom cultivation of mussels
is, on balance, likely to be beneficial. However, exten-
sive bottom cultivation of mussels has occurred at this
site since at least the 1960s (Dare 1980) (although the
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Table 5. Haematopus ostralegus. Intake rate (mg AFDM 5 min–1) of stabbing
and ventral hammering birds on the experimental mussel plot in winter
2000/2001 and in 3 other nearby areas; a midshore ‘wild’ mussel bed (upshore of
the study area), a lowshore commercial lay (downshore of the study area) and at
the extreme downshore edge of a commercial lay (further downshore from the
study area). In each case the median intake rate is given along with the number

of 5 min periods from which this is derived, in parentheses

Experimental Wild bed Commercial lay Commercial lay

plot (midshore) (lowshore) (extreme lowshore)

Stabbers 384 (56) 380 (122) 425 (141) 1008 (15)

Hammerers 493 (34) 380 (103) 634 (45) 673 (50)
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study area had not been used for this purpose previ-
ously). The bird assemblage at Traeth Lafan might to
some extent have been ‘selected’ to be able to make
use of mussel beds. The results of this study cannot,
therefore, be taken as representative of the likely
effects of mussel cultivation at all sites. The physical
characteristics, flora and fauna at a site will influence
the effect of mussel cultivation. Therefore, considera-
tion of these features will be essential to an environ-
mental assessment of a proposed expansion or creation
of seabed cultivation plots at any other site.

This study has addressed one aspect of the environ-
mental impact of the commercial cultivation of mussels.
A full assessment of the environmental ‘footprint’ of an
industry requires all of the processes in the production
cycle to be studied. One process that, within the bivalve
mariculture industry, is unique to the cultivation of mus-
sels is the dredging of seed from wild stocks for transport
to culture lots (Kaiser et al. 1998). There is very little
quantitative data on which to base a scientific assess-
ment of the effect of this practice. However, Kaiser et al.
(1998) postulated that the mechanical harvesting of seed
mussels is unlikely to cause major environmental change
to the substratum or the associated benthic communities.
Nonetheless, where extensive fisheries occur, the de-
pletion of wild seed stocks has major effects on the
trophic interactions within the system (Kaiser et al. 1998).
The removal of the entire intertidal mussel stock by seed
dredging in the Wadden Sea in 1990 and 1991 resulted
(in association with other factors) in increased emigration
and mortality of eider ducks Somateria mollissima and
oystercatchers (Smit et al. 1998). 

In both the Dutch Wadden Sea and The Wash in
England, the (re-)establishment of intertidal mussel

beds is now a key conservation target to prevent future
mass mortality of these birds (Smit et al. 1998, Atkin-
son et al. in press). The results of the current study
indicate that commercial mussel cultivation may have
beneficial effects, not just for the birds that eat the
mussels, but also for some other species that take
advantage of the associated changes to the benthic
fauna and habitat complexity. However, a balanced
view must weigh any such beneficial effects against
potential detrimental effects due to the harvesting of
seed from wild stocks in the first place.
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