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INTRODUCTION

The global exchange of species has increased with
accelerating speed due to human-mediated transport,
and is now considered to be one of the main threats to
terrestrial and aquatic ecosystem function and biodi-
versity (Lodge 1993, Cohen & Carlton 1998, Grosholz
2002, Pimentel 2002, Olden et al. 2004). However,
knowledge on the actual impacts of a specific intro-
duced species on native biota is often anecdotal and
detailed evidence is rare (Lodge et al. 1998, Parker et
al. 1999, Ruiz et al. 1999, Grosholz et al. 2000). 

This also applies to the American slipper limpet
Crepidula fornicata (L.), which was unintentionally
introduced to Europe in the 1870s with oysters
imported for farming purposes from the Atlantic coast
of North America (Blanchard 1997). Today, its Euro-
pean distribution ranges from southern Norway to
Spain, with recent records also from the Mediter-
ranean (Blanchard 1997). The slipper limpet can form
dense carpets with up to several thousand individuals
m–2. Individuals attach to each other, forming stacks of
up to 14 individuals, with the bottommost individual
attached to other molluscs like oysters or the blue
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mussel Mytilus edulis (Fig. 1). Since C.
fornicata is a filterfeeder, trophic com-
petition has been assumed to be the
major impact on native bivalves, with
many authors regarding the species
as an ‘oyster pest’ (e.g. Orton 1927,
Ankel 1935, Werner 1948, Korringa
1951, Blanchard 1997). Hence, the slip-
per limpet is mentioned as a poten-
tially serious pest in many introduced
species compendia and management
guidelines (e.g. Jansson 1994, Eno
et al. 1997, Nehring & Leuchs 1999,
Hayes et al. 2002).

However, empirical evidence for
trophic competition with other filter-
feeding molluscs and concomitant neg-
ative effects of Crepidula fornicata on its
basibiont is absent. A critical evaluation
of the actual impact of this introduced
species is still not possible. In addition,

the few published data on the effects of epizootic Crepi-
dula spp. on their basibionts are contradictory (Peterson
1983, Montaudouin et al. 1999). For the main basibiont of
C. fornicata in the northern part of its European range,
the blue mussel Mytilus edulis (Thieltges et al. 2003),
no data exist at all. Hence, this study was designed to
experimentally test the effects of epizootic C. fornicata
on survival and growth on blue mussels in the field.

MATERIALS AND METHODS

Study area. Experiments were conducted on 2 mus-
sel (Mytilus edulis) beds in the List tidal basin in the
northern Wadden Sea (North Sea, Germany) (Fig. 2).
The basin of 407 km2 is barred from the open sea by
the islands of Sylt and Rømø. Causeways connect the
islands with the mainland. Tides enter the basin via a
2.8 km wide tidal inlet and are semidiurnal with a
mean range of 2 m. Salinity remains close to 30‰.
Mean water temperature is 15°C in summer and 4°C
in winter. Mussel beds cover approximately 2.7% of
the intertidal (Nehls 2000), while subtidal mussel beds
occur mainly as culture plots from the commercial
mussel fishery of unreported area. Besides Crepidula
fornicata, the epifauna of mussels consist mainly of
barnacles. For further information on the area see
Gätje & Reise (1998).

Mussel mortality and growth. Mussels Mytilus
edulis with and without epizootic Crepidula fornicata
were collected in the shallow subtidal from mean low
water (MLW) to 0.5 m below MLW on a mussel bed in
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Fig. 1. Stack of 4 American slipper limpets Crepidula fornicata attached to blue 
mussel Mytilus edulis used in experiments

Fig. 2. Study area showing site of collection of Mytilus edulis
specimens used in experiments (A) and sites where the field
experiments were conducted (A and B; d). Light grey shaded
areas: intertidal; dashed lines: 10 m depth contour 

along channels
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the south of the basin (Fig. 2, Site A). Small mussels of
35 to 40 mm length were used, since their shell growth
rates were expected to be higher than those of larger
mussels. The size of individual C. fornicata ranged
from 10 to 30 mm. Two experiments were conducted in
different years on different mussel beds.

Expt 1: The first experiment at Site A (Fig. 2) in 2000
consisted of 3 different treatments: (1) unfouled: natu-
rally unfouled mussels (bearing neither Crepidula for-
nicata nor other epifauna); (2) with C. fornicata: mus-
sels with naturally attached stacks of 3 to 5 C. fornicata
(Fig. 1); (3) fake: naturally unfouled mussels with 3 to
5 empty C. fornicata shells glued to their shells with
cement (in preliminary experiments the cement had
been shown not to affect growth and survival). This
experimental set-up was designed to test for effects of
C. fornicata as a physical structure (Treatment 1 versus
Treatments 2 and 3), as well as for trophic competition
(2 versus 3) on mussel survival and growth. For each
treatment, 30 replicates were used. Since some fakes
fell off during the experiment, the number of replicates
was reduced to 22 in this treatment. Each mussel was
placed in a small cage 10 cm in diameter and 10 cm in
height, made of polypropylene with a mesh size of
5 mm and mounted on a wooden board. The cages
were fixed with rods in the shallow subtidal (–0.5 m
MLW) on the mussel bed on the top layer of mussels
in a completely randomised design. The experiment
started in July and was terminated 12 wk later in
October. At the end of the experiment, survival of
mussels was determined. The length of each mussel
(maximum anterior–posterior axis) was measured with
a calliper to the nearest 0.1 mm at the beginning and
end of the experiment. Only mussels that were still
alive at the termination of the experiment were used
to calculate mean growth increments.

Expt 2: The second experiment was conducted at
Site B (Fig. 2) in 2002 with the same treatments as
above (1 to 3), but with the addition of a fourth treat-
ment (‘cleaned’), comprising mussels whose naturally
attached stacks of Crepidula fornicata had been care-
fully removed with a knife. This experimental set-up
allowed testing Treatment 1 versus Treatment 4 to
determine if any potential effect of Treatment 2 was
due to epizootic C. fornicata and not to another corre-
lating factor. For each treatment, 29 replicates were
used. Since some fakes fell off during the experiment,
the number of replicates was only 25 in this treatment.
Each mussel was placed in a bag of polypropylene-
netting (20 × 20 cm) with a mesh size of 10 mm. The
bags were very spacious to prevent any constraints to
the experimental units. Installation on the mussel bed
and measuring procedures were as for Expt 1. The
experiment was started in July and was terminated
after 12 wk in October. 

Statistical analysis. The graphs and results show
arithmetic means and standard errors. Mortality rates
were compared with multiple chi-square tests (2 × 2
frequency tables), and Bonferroni corrections were
applied (Rice 1999). Growth increments were com-
pared with analysis of variance (1-way ANOVA). Post-
hoc calculations were done with Tukey’s HSD test for
unbalanced data sets (Spjotvoll/Stoline) (Day & Quinn
1989). Data were tested for homogeneity of variance
with Cochran’s C-test and log-transformed in the first
experiment to result in homogenous data sets with nor-
mal distributions. Since the mussels used were within
the same size range with no significant difference in
size at the beginning of the experiment, growth rates
were not corrected for initial size differences (Kauf-
mann 1981). 

RESULTS

In both experiments, mortality of mussels with epi-
zootic Crepidula fornicata was 4 to 8 times higher than
in unfouled mussels (Fig. 3). At Site A, mortality in
mussels with natural C. fornicata epigrowth was 4
times higher than in unfouled mussels and similar to
that of mussels with fakes. However, the difference
between mortality in unfouled mussels and the other
2 treatments was only significant before but not after
applying Bonferroni corrections (chi-square, α after
Bonferroni correction = 0.017). In the second experi-
ment at Site B, mortality in mussels with natural C. for-
nicata epigrowth was 3 to 8 times higher than in all
other treatments. However, a statistical significance
was only detected between naturally unfouled mussels
and mussels with C. fornicata epigrowth before but not
after applying Bonferroni corrections (chi-square, α
after Bonferroni correction = 0.0083). 

Growth of mussels was reduced 3- to 5-fold by
Crepidula fornicata epigrowth in both experiments
(Fig. 3). At Site A, growth was significantly different
between the 3 treatments (1-way ANOVA; F = 3.62;
df = 2; dfresidual = 62; p < 0.05) (Table 1). This was due to
an almost 3 times higher growth of unfouled mussels
(0.39 ± 0.08 mm) compared to mussels with C. fornicata
epigrowth (0.15 ± 0.06 mm) (Tukey’s HSD test; p <
0.05). Unfouled mussels grew more than twice as much
as mussels with fakes (0.19 ± 0.05 mm) but with no
statistical significance. In the second experiment at
Site B, growth was again significantly different be-
tween the 4 treatments (1-way ANOVA; F = 5.94;
df = 3; dfresidual = 94; p < 0.001) (Table 1). This was due
to a 3- to 5-fold reduction in growth of fouled (natural
C. fornicata epigrowth 0.26 ± 0.15 mm; fake 0.55 ±
0.14 mm) compared to naturally unfouled (1.34 ±
0.22 mm) mussels (Tukey’s HSD test; p < 0.01 and
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p < 0.05, respectively). There was no statistical differ-
ence between naturally unfouled mussels and mussels
from which C. fornicata stacks had been removed
(0.80 ± 0.2 mm).

DISCUSSION

Mortality of mussels with natural Crepidula fornicata
epigrowth was 4 to 8 times higher than in unfouled
mussels. Since there was no statistical difference
between mortalities in mussels with C. fornicata re-
moved and naturally unfouled mussels in the second
experiment at Site B, C. fornicata can be considered to
be responsible for the increased mortality. There could
be 2 factors responsible for the high mortality ob-
served: (1) C. fornicata stacks reaching into the water
column possibly result in enhanced drag forces; this
in turn causes the investment of considerably more
energy into byssus thread production by mussels to
prevent dislodgment (Price 1983, Witman & Suchanek
1984, Okamura 1986); this extra investment may have
resulted in a lethal burden. (2) Alternatively, trophic
competition between C. fornicata and Mytilus edulis
may have resulted in increased mortality; however,
since there was no statistical difference in mortality
between mussels with C. fornicata epigrowth and
mussels with fakes, competition for food does not seem

to be important. Nevertheless, in the experiment at
Site B, mussels with fakes showed a non-significant
but apparent lower mortality than mussels with living
C. fornicata epigrowth, suggesting that trophic compe-
tition might be an additional factor. C. fornicata is pref-
erentially attached to mussel shells with its feeding-
opening close to the mussel siphon (D. W. Thieltges
unpubl. data), thus potentially enabling the snail to
participate in the feeding current generated by the
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Fig. 3. Mytilus edulis. Mortality and mean (+SE) growth increment in field experiments on effects of Crepidula fornicata epi-
growth at Site A in 2000 and Site B in 2002. ‘unfouled’: naturally unfouled mussels; ‘with Crepidula ’: mussels with natural C. for-
nicata epigrowth; ‘with fake’: mussels with empty C. fornicata shells glued to their shells; ‘cleaned’: mussels with natural C. forni-
cata epigrowth removed. Site A: for mortality, n = 22 for ‘fake’ and n = 30 for all other treatments; for growth, n = 28 for ‘unfouled’,
n = 21 for ‘with Crepidula ’ and n = 16 for ‘with fake’ treatments. Site B: for mortality, n = 23 for ‘fake’ and n = 29 for all other treat-
ments; for growth, n = 28 for ‘unfouled’, n = 21 for ‘with Crepidula’, n = 23 for ‘with fake’ and n = 26 for ‘cleaned’ treatments

Table 1. Mytilus edulis. Results of post-hoc tests (Spjotvoll/
Stoline-test for unbalanced data sets) of 1-way ANOVAs on
growth of mussels in 2 experiments with 3 (Site A) or 4
(Site B) different treatments (see ‘Materials and methods’).
Significant results are in bold. Site A: 1-way ANOVA; F =
3,62; df = 2; dfresidual = 62; p < 0.05. n unfouled = 28; n with
Crepidula fornicata = 21; n with fake = 16. Site B: 1-way
ANOVA; F = 5.94; df = 3; dfresidual = 94; p < 0.001.
n unfouled = 28; n with C. fornicata = 21; n with fake = 23; 

n cleaned = 26

Treatment With C. fornicata With fake Cleaned

Site A
Unfouled 0.049 0.276
With C. fornicata 0.847

Site B
Unfouled 0.002 0.029 0.178
With C. fornicata 0.744 0.253
With fake 0.811
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mussel. The spectra of food particles filtered by the 2
species overlap (Møhlenberg & Riisgård 1978, Jør-
gensen et al. 1984), and the clearance rate of 4 C. for-
nicata (a common size of a stack) is roughly equivalent
to that of a single mussel (Lesser et al. 1992). In addi-
tion, recent comparisons of δ13C and δ15N values in
molluscs suggest similar food sources for C. fornicata
and M. edulis (Riera et al. 2002). Hence, trophic com-
petition cannot be excluded, but seems to be of minor
importance compared to hydrodynamic effects at the
sites and time of investigation. 

The observed 3- to 5-fold reduction in growth in
mussels with Crepidula fornicata epigrowth compared
to unfouled mussels corresponds with the result for
mortality. There was no statistical difference in growth
between naturally unfouled mussels and mussels with
C. fornicata removed prior to the experiment. This
further confirms that slipper limpets are the cause of
the observed reduction in growth. With no statistical
difference in growth between mussels with fakes and
mussels with living C. fornicata epigrowth, trophic
competition does not seem to play a crucial role. How-
ever, growth of mussels with fakes was up to 2 times
higher than in mussels with living C. fornicata epi-
growth, but still up to 2.5 times lower than in unfouled
mussels. This suggests that trophic competition might
intermittently occur, although changes in hydro-
dynamic conditions are definitely a stronger factor,
resulting in the observed reduced growth of fouled
mussels. That the impact of this factor is a severe and
lasting one is indicated by the lower survival and
growth of cleaned compared to unfouled mussels,
showing that the past presence of C. fornicata seems to
extract a toll in survival and growth. However, this
could also be an effect of the cleaning process prior to
the experiment since potential effects of this procedure
were not controlled for in the experiment. 

Compared to epigrowth with native barnacles—the
dominant epizootic of local mussel beds—Crepidula
fornicata seems to have a stronger effect on mussels. In
field experiments with mussels of similar length, bar-
nacle epigrowth did not affect survival of mussels, and
growth of fouled mussels was only reduced to half
compared with that of unfouled mussels (Buschbaum &
Saier 2001). Also in that case, hydrodynamic effects
and not trophic competition were suggested to be the
underlying cause (Buschbaum & Saier 2001). The
larger size of C. fornicata stacks in relation to its host
might be responsible for a stronger effect compared to
barnacles. In addition to survival and growth, epi-
growth might also negatively affect reproduction, as
reported for other epifauna–basibiont associations
(Dittmann & Robles 1991, Buschbaum & Reise 1999).
For the C. fornicata–mussel association this remains to
be investigated. Besides changes in hydrodynamics

and competition for food, another factor not tested in
the experiments may cause negative effects on basi-
bionts. Epizootic species are likely to hamper the
mobility of mussels within the mussel bed when
attempting to move in optimal positions to gain the
best food. Hence, overgrown mussels might have a dis-
advantage in intraspecific competition, resulting in
lower growth and survival. Reduced mobility might
also enhance the risk of getting buried, especially on
mussel beds on muddy sediments. However, to my
knowledge no experimental studies on such effects of
epigrowth on basibionts exist.

The results of this study differ from those of 2 previ-
ous experimental investigations on Crepidula–mollusc
associations. According to Montaudouin et al. (1999),
C. fornicata had no effect on survival or growth of the
oyster Crassostrea gigas, indicating that no competi-
tion exists. On the other hand, Peterson (1983) found
that the related epizootic Crepidula onyx reduced
growth in the infaunal clam Chione undatella, but did
not find effects on mussel survival and suggested
trophic competition to be responsible. These differ-
ences in the effects of Crepidula spp. on different mol-
lusc species demonstrate that the per se assumption of
trophic competition (‘oyster pest’) and a negative
impact of this introduced species is not valid. When
evaluting the actual impact of the epizootic C. forni-
cata on its mollusc basibionts, 2 different types of com-
petition (Branch 1984) must be distinguished: (1) Inter-
ference competition, whereby C. fornicata causes
additional drag forces, prompting the basibiont to
invest more energy in attachment to its substrate,
which may reduce its overall fitness. This mechanism
may operate when C. fornicata is attached to species
that have to expend energy on attachment, such as
byssus-producing bivalves. In mussels, C. fornicata
results in a twice higher number of byssus threads pro-
duced in fouled compared to unfouled mussels (D. W.
Thieltges & C. Buschbaum unpubl. data). However, on
other species such as oysters that cement themselves to
their substrate, this type of competition should be neg-
ligible, as indicated by the experiment of Montaudouin
et al. (1999). (2) Exploitation competition, whereby C.
fornicata and its basibiont compete for food resources.
This trophic competition only operates when both spe-
cies use the same food source. Since Crassostrea gigas
seems to use different food sources than C. fornicata,
as indicated by comparisons of δ13C and δ15N values
(Riera et al. 2002), this may explain the lack of evi-
dence for competition in the experiment of Montau-
douin et al. (1999). In contrast, for Mytilus edulis, com-
petition with C. fornicata for food may occur, provided
the food supply is limiting (Møhlenberg & Riisgård
1978, Jørgensen et al. 1984, Lesser et al. 1992, Riera et
al. 2002). Hence, for trophic competition to be lethal or
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to cause reduction in growth, it very much depends on
locality and time, since the suspended food supply is
variable. In conclusion, trophic exploitation competi-
tion between C. fornicata and its basibionts should be
restricted to short periods and small-scale localities of
food shortage. In contrast, interference competition by
epizootic C. fornicata can be considered to occur on all
basibionts that invest considerable energy in attach-
ment, such as mussels and gastropods. Therefore,
interference and not exploitation competition may be
the major impact of epizootic C. fornicata on its basi-
bionts on European coasts. However, to test the gen-
erality of this assumption, more C. fornicata–mollusc
associations have to be investigated. This stresses the
general need for a species-by-species approach under
diverse environmental settings for assessing impacts
of introduced species. 

In the case of Mytilus edulis, the 30% mortality of
overgrown mussels in the experiments indicate Crepi-
dula fornicata to be a potentially important mortality
factor for M. edulis in the field. Since C. fornicata
mainly appears below the MLW, mussels in the subti-
dal should especially be affected. Observations in the
field suggest that the dramatic effects proposed by
these experimental results also occur at larger scales.
Along the entire shore of the List tidal basin, mussel
beds in the shallow subtidal were encountered with
high C. fornicata abundance and almost no living mus-
sels surviving. Since local abundance of C. fornicata in
these areas can reach up to 2000 m–2, with virtually all
mussels infested by C. fornicata, it seems likely that
the limpet has caused die-offs of blue mussels, result-
ing in a displacement of a native filter-feeder by an
introduced one. Since mussel-culture plots are also in
the subtidal, C. fornicata has the potential to have
strong economic effects when occurring in high densi-
ties. Today, superabundance of C. fornicata and hence
the concomitant negative effects on mussels occur only
locally where almost all mussels are infested by C. for-
nicata. Cold winters are supposed to have limited
northern limpet populations so far (Thieltges et al.
2004). However, with a prognosed global warming
resulting in milder winters (Beukema 1992, Meincke et
al. 2003), a population increase of the species seems
likely (Thieltges et al. 2004). The experimental results
and local observations indicate that under such a
scenario the slipper limpet has the potential to turn into
a serious ‘mussel pest’, as already evidenced at a few
localities. 
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