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Effect of an invasive mollusc, American slipper limpet 
Crepidula fornicatat on habitat suitability for juvenile 

common sole Solea solea in the Bay of Biscay

O. Le Pape*, D. Guérault, Y. Désaunay

IFREMER-DRV-RH-ECOHAL, Rue de l'Ile d'Yeu, BP 21105, 44311 Nantes Cedex, France

ABSTRACT: This study describes the effect of an invasive mollusc, the slipper limpet Crepidula forni
cata, on the distribution and abundance of young-of-the-year sole Solea solea in coastal nursery areas, 
based on beam -traw l surveys in the Bay of Biscay (France) over a 3 yr period (2000 to 2002). As habitat 
suitability for juvenile sole varies according to bathym etry and sedim ent structure, these factors and 
the density of the slipper limpet w ere used as descriptors in generalised linear models of habitat suit
ability to characterise the distribution of juvenile sole. The models w ere based on a delta distribution, 
coupling a binomial model testing for the presence of juvenile sole w ith a log-normal distribution for 
density w hen juveniles w ere known to be present. These linear models w ere used to quantify the 
effect of the presence and density of the slipper limpet on the density of young-of-the-year sole in 
nursery habitats. Despite large variability in the data  set, this quantitative approach em phasised the 
negative role of the mollusc on juvenile sole density in the Bay of Biscay. There was no apparent effect 
of the slipper limpet on the extent of the sole nursery grounds, but the density of young-of-the-year 
sole was significantly lower w here this invasive species w as established. The negative effect of this 
invasive species on nursery habitat capacity and sole stock recruitm ent is discussed.

KEY WORDS: Solea solea • Nursery ground • H abitat suitability models • Crepidula fornicata • Invasive 
species • Bay of Biscay
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INTRODUCTION

Coastal zone systems are essential habitats for many 
m arine species of commercial im portance (Costanza et 
al. 1997). Survival and grow th of early fish stages are 
maximised in these highly productive habitats (Miller 
et al. 1984, 1988) and natural shallow areas can serve 
as nurseries for a variety of species that are w idely d is
tributed on the continental shelf (Lenanton & Potter 
1987), in particular flatfishes (Van der Veer et al. 2000, 
Riou et al. 2001). The available area and the quality of 
coastal nursery habitats have a considerable influence 
on recruitm ent levels (Rijnsdorp et al. 1992, Gibson 
1994) and dam age to these habitats may slow or p re 
vent population recoveries (Haii 1998, Hill & Caswell 
2001). Thus, processes occurring locally within nursery 
grounds during the juvenile stage may be im portant

for regulating the year-class strength of fishes and 
population size (Cowan et al. 2000, Sharf 2000).

Through vectors such as hum an-m ediated transport 
of non-native species and species introduction from 
aquaculture, especially molluscs (Grosholz 2002), 
coastal and estuarine systems are among the most bio- 
logically-invaded systems in the world. Recently the 
introduction of invasive species has been identified as 
a major threat to biodiversity (M uradian 2001), espe
cially in m arine ecosystems (Bax et al. 2001). Even if 
changes at 1 trophic level, or to 1 functional group, are 
relatively slow to affect or change other parts of the 
ecosystem, the ecological consequences of invasions 
into coastal habitats by invasive species may be costly. 
Invasive species can affect the entire community 
(Grosholz 2002) and change the underlying habitat 
structure (Crooks & Khim 1999, Toft et al. 2003). In
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several cases invasive species have beem  blam ed for 
the collapse of fisheries, e.g. in the Black Sea, in San 
Francisco Bay and on the North American coast (Bax et 
al. 2003).

The Bay of Biscay (Fig. 1) is off the w estern coast of 
France (ICES A rea VUIa/b); the inshore w aters of the 
Bay of Biscay include nursery areas for several com 
mercially im portant species. Sole Solea solea L. is the 
most abundant species (Koutsikopoulos et al. 1995) and 
also the most im portant for commercial fisheries in this 
area (mean annual landings -4000 t. [Anonymous 2003] 
w ith a value of -€40.IO6). In the Bay of Biscay, sole 
hatch in well-defined spaw ning grounds, 80 to 100 km 
from the coast, and then m igrate to nurseries w here 
they grow during the summer period before moving to 
deeper w ater (Koutsikopoulos et al. 1991). During this 
summer grow th period, young-of-the-year (YOY) sole 
concentrate in limited shallow and m uddy habitats 
of the Bay of Biscay, w ith very shallow (<5 m deep) 
m uddy areas contributing 60 % of the total num ber of 
juvenile recruits annually (Le Pape et al. 2003a).

The American slipper limpet Crepidula fornicata L. 
was introduced into European coastal w aters at 
the end  of the 19th century w ith American oysters 
(Minchin et al. 1995). This mollusc has spread rapidly 
in the Bay of Biscay over the last 50 yr (Blanchard 
1997), especially in bays on the inland side of exposed 
islands, w here oysters are cultivated (Bay of Bourg- 
neuf, Pertuis d'Antioche and Pertuis Breton; see Fig. 1). 
Thus far, C. fornicata has not established colonies in 
estuarine nursery ground areas not used for oyster 
farm ing (Blanchard 1995). Slipper limpets create 
colonies, w ith the individuals settling on top of each 
other, forming clusters. In high-density areas, they 
cover soft sedim ent w ith their hard  shells and thus, 
change the sea bed habitat (Blanchard 1997).

The purpose of the present study was to estim ate the 
effect of the presence and abundance of Crepidula for
nicata on coastal sole nursery grounds in the Bay of 
Biscay. The analysis was based on surveys of juvenile 
flatfish species throughout the central part of the Bay 
of Biscay over a 3 yr period, w hereby the 3 nursery 
areas in this sector infested by the slipper limpet w ere 
studied (see Fig. 1). The relationships betw een the 
physical properties, bathym etry (Gibson 1997) and 
sedim ent texture (Millner & W hiting 1990, Gibson & 
Robb 2000), w hich are known to influence the spatial 
distribution of juvenile sole (Le Pape et al. 2003a), and 
the densities of slipper limpet populations and sole 
densities w ere studied. G eneralised linear models 
w ere used to identify the respective effects of these 
factors, and especially to quantify the effects of the 
slipper limpet invasion on YOY sole, assum ing delta 
distribution for juvenile sole by coupling binomial 
model testing for the presence of YOY sole w ith a log

normal distribution for density w hen these YOY w ere 
known to be present. The possible processes as well 
as the consequences of habitat invasion on sole 
recruitm ent are also discussed.

MATERIALS AND METHODS

Beam-trawl data. In 2000-2002, 3 annual (end of A u
gust to end  of September) coastal beam -traw l surveys 
of juvenile flatfish species, especially sole, w ere m ade 
(IFREMER, RA7 'G w en Drez') throughout the coastal 
part (<30 m deep) of the central Bay of Biscay (Fig. 1). 
Juvenile sole are still in their grow th period at this time 
of year, which is thus the most suitable time for study
ing YOY in the nursery grounds: YOY have not yet 
moved away since settlem ent and their distribution 
reflects the summer productive period (Dorel et al. 
1991). Moreover, trawl selectivity and size-dependent 
catchability, w hich are very problem atic in early sum 
mer, are minimum at the end of the grow th period, 
enabling a more reliable estim ate of YOY sole density 
and spatial and interannual variability.

The beam -traw l opening was 2.9 m wide and 0.5 m 
high; the net in the cod-end was 20 mm stretch-mesh, 
and the trawl had  no tickler chain in front of the foot 
rope. Hauls w ere m ade only in daylight, at 2.5 knots 
for 15 min (-3500 m2).

All sole collected w ere counted and m easured. Age 
groups w ere usually determ ined directly from size (at 
least for YOY). However, a g e -len g th  relationships 
w ere always validated w ith an otolith reading to con
firm age composition (10 fish exam ined for each 1 cm 
length increment). YOY sole densities w ere calculated 
for each haul (no. of 0-group sole caught k n r 2). C lus
ters (or colonies) of slipper limpets in the hauls w ere 
also counted and their densities calculated (no. of clus
ters k n r 2). Beam-trawl samples are not the most effi
cient technique for estim ating the density of the slipper 
limpet. M ore accurate estim ates of Crepidula fornicata 
can be obtained by SCUBA (Loomis & VanNieuwen- 
huyze 1985), grabs (M ontaudouin & Sauriau 1999) or 
suprabenthic sledges (Vallet et al. 2001). Nevertheless, 
like the oyster d redge used by Barnes (1973) for a sur
vey of macroscopic fauna (especially Crepidula forni
cata), the beam -traw l is a mobile benthic gear and 
these surveys, adapted  to estim ate density of YOY sole 
(Dorel et al. 1991), sufficed to determ ine the presence 
or absence of slipper limpets in an area and provide a 
relative m easure of their level of invasion.

Physical descriptors. Data on the physical param e
ters known to influence habitat suitability for juvenile 
sole are taken  from the following 2 sources: a bathym e
try map (Service H ydrographique et O céanographique 
de la M arine, France; scale = 1/500 000) showing the
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coastline and 5, 10, 20 and 50 m isobaths; and a sedi
m ent texture m ap (Bureau de Recherches Géologiques 
et M inières, France; scale = 1/500 000) showing 5 
classes of sediment: silt and m ud (>5% of <50. IO-6 m 
grain size), sand (<50% of >2 mm grain size), gravel 
(mean grain size >2 mm and <50 % of 20 mm pebble- 
size), cobble and rock (>50% of pebble-sized sedi
ment). Moreover, Le Pape et al. (2003a) divided the 
study area into different nursery sectors according to 
coastal morphology (mesoscale geographical separa
tion betw een open coast, sem i-enclosed bays and estu 
aries). These physical param eters and coastal sectors 
w ere added to the database of a G eographic Informa
tion System (GIS) then  the physical and geographic 
data com bined w ith the survey data. Each trawl haul 
was identified by its m ean geographical position, and 
geographical nursery sector, bathym etry and sedim ent 
texture w ere assigned using the GIS database.

Selection of trawl hauls to study influence of slipper 
limpet. To investigate the influence of slipper limpet 
invasion on the density of YOY in habitats know to be 
essential as sole nursery grounds, hauls in sectors in 
w hich the slipper limpet mollusc was completely 
absent (estuaries and the open coast in the middle of 
the study area w ere excluded from the analysis. 
Hence, for this study, the survey data  taken  into 
account originated from only 3 nursery areas on the 
inland side of exposed islands (Fig. 1) w here the 
slipper limpet occurs (Blanchard 1995, 1997). Further
more, this study was restricted to nursery habitats with 
high juvenile densities (shallow areas covered with 
soft sediments: Le Pape et al. 2003a). The only trawl 
hauls used w ere those in which the bathym etry was 
<20 m on non-rocky grounds; hauls from deeper 
w aters or coarser sediments, w here YOY density is 
very low or zero (Le Pape et al. 2003a), w ere not 
included. Hence, for each of the 121 trawl hauls 
selected for analysis (Table 1), the following inform a
tion was available: year of survey (2000, 2001 or 2002); 
nursery sector (Bay of Bourgneuf, Pertuis Breton or 
Pertuis d'Antioche, Fig. 1); bathym etry (<5 m, 5 to 
10 m, or 10 to 20 m); sedim ent grain size (mud or sand: 
there was no gravel in the selected sectors); density 
of slipper limpet colonies or clusters (clusters k n r 2); 
density of YOY sole (fish k n r 2).

Habitat suitability models for YOY sole. In their 
quantitative description of habitat suitability for ju v e
nile sole, based on geographical and physical factors 
exhaustively docum ented for the entire Bay of Biscay, 
Le Pape et al. (2003a) dem onstrated the influence of 
nursery sectors, bathym etry and sedim ent texture on 
YOY distribution at the scale of the Bay of Biscay. The 
presence and the abundance of the slipper limpet 
varies according to these factors (Loomis & Van- 
N ieuw enhuyze 1985, Blanchard 1997). Correlations

Bourgneuf Bay — __

Pertuis Breton

Pertuis d'Antioche

45° 43' N; 3° 20’ W

50 kilometres

Fig. 1. Central part of Bay of Biscay, sam pled by coastal beam - 
traw l surveys, showing habitat suitability for juvenile sole 
Solea solea as reflected by juvenile sole index (from Le Pape 
et al. 2003a). The 3 studied nursery sectors infested by the 

slipper lim pet Crepidula fornicata are fram ed

betw een physical descriptors and slipper limpet distri
bution require that these be accounted for appropri
ately, if they are not to bias the estim ates of the influ
ence of slipper limpet density on sole abundance. 
Interannual variability must also be taken  into account 
for the 3 yr sam pling period.

The distribution of YOY in the Bay of Biscay was 
described by a generalised linear model (GLM) based 
on the survey data. The model assum ed a delta distrib
ution for juvenile sole, coupling a binomial model test
ing for the presence of YOY w ith a log-normal distrib
ution for density w hen YOY were known to be present. 
This delta-distribution m ethod tends to limit the prob-

Table 1. Solea solea. Selected data from 3 yr trawl survey 
(2000-2002) for juvenile sole, show ing num ber of trawl hauls 
in each nursery sector in areas w ith or w ithout slipper limpets

Crepidula fornicata in  the catches

N ursery sector With Without
slipper limpets slipper limpets

Bay of Bourgneuf 22 13
Pertuis Breton 20 18
Pertuis d'Antioche 27 21
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lems encountered in other models with zero values, 
w hich are generally frequent in fish survey data  (Ste- 
fansson 1996). Such non-G aussian data  distribution is 
impossible to analyse by general linear models cou
pling ANOVA and linear regression and using least- 
square estim ates. Moreover, as stock abundance is 
represen ted  by 2 sources of data w ith different m ean
ings, i.e. the level of non-zero catch rates and the prob
ability of catching the species, it is im portant to use a 
com prehensive abundance index that integrates both 
kinds of data (Ye et al. 2001). The maximum likelihood 
estimation for this coupled delta model involved fitting 
1 GLM to Boolean values (0 or 1, representing  the 
absence or presence of YOY sole) and a second GLM 
to positive abundance values. There w ere 3 parts to 
the modelling process: initially 2 sub-models w ere 
developed and studied independently, and then  these 
sub-models w ere linked in a third step to investigate 
habitat suitability for the juveniles. In the first sub
model, the presence of YOY sole was described with a 
binomial model:

YS0/1 ~ factor (nursery x bathym etry x sediment) +
factor(year) + factor(slipper limpet) + e0/1 ^

or

YS0/1 ~ factor (nursery x bathym etry x
sediment) + factor(year) + (2)
covariate(ln(slipper limpet + 1)) + e0/i

w here YS0/1 is the Boolean value for YOY density (0 if 
no YOY w ere caught, 1 otherwise), i.e. the response 
variable of the GLM fitted to a binomial distribution 
and a log-link; factor (nursery x bathym etry x sedi
ment) is a single categorical descriptor for the nursery 
sector, the bathym etric class and the sedim ent struc
ture; this single factor allows a description of physical 
habitat suitability; factor(year) is the year of sur
vey (categorical variable); factor(slipper limpet) is a 
categorical Boolean value for slipper limpet presence 
(0 if no slipper limpets w ere caught, 1 otherwise); 
covariate(ln(slipper limpet + 1)) is the natural log- 
transform ed value of slipper limpet cluster-density. 
This natural log-transform ation is used for a semi- 
quantitative estim ate of this density. Moreover, these 
data w ere not normally distributed and this trans
formation avoids rare hauls in w hich slipper limpet 
density was very high from driving the model; and e0/1 
is the residual (error term).

Next a model for positive YOY density values was 
developed:

ln(YS+) « factor(nursery x bathym etry x
sediment) + factor(year) + (3)
factor(slipper limpet + 1) + e+

or

ln(YS+) « factor (nursery x bathym etry x
sediment) + factor(year) + (4)
covariate(ln(slipper limpet + 1)) + e+

w here YS+ is the value for YOY density (no. of fish 
ha-1) w hen these juveniles are present. The natural 
logarithm of YS+ is the response variable of this GLM 
fitted to a Gaussian distribution and an identity link. 
Preliminary tests on data distribution showed that 
these w ere the best options to describe the log-normal 
distribution of positive values (Le Pape et al. 2003a). 
With these options, the result of the model is equiva
lent to these obtained w ith a least-squares general 
linear model, but the maximum likelihood criterion of 
the GLM has been  kept, in attem pt at hom ogeneity 
betw een the models; e+ are the residuals that are 
assum ed to be normally distributed.

This formulation allows the effect of the slipper 
limpet on YOY distribution to be m odelled accounting 
for both the influence of geographical and physical 
descriptors of habitat suitability and interannual vari
ability on sole density. Both models, having a factor 
either describing the presence/absence of slipper 
limpets (Eqs. 1 & 3) or the log-transform ed density of 
this mollusc as covariate (Eqs. 2 & 4), w ere used alter
natively.

Finally, the 2 sub-models w ere com bined using delta 
distribution to estim ate habitat suitability for YOY 
(Eq. 5), including its associated error (Eq. 6):

ln(YS) = YS0/1 x ln(YS+) (5)

Ô[ln(YS]) =
I ~  7 9 ~ T (6)

V{YS0/1} x{Ô[ln(YS+)]} + {Ô(YS0/1)} x{ln (Y S +)}

w here ln(YS) is the logarithm of YOY density, esti
m ated w ith this delta model combining the 2 subm od
els (Eqs. 1 & 3 or Eqs. 2 & 4), and ô[ln(YS)], its standard 
error of estimation; YS0/1 is the probability of the 
presence of YOY, as estim ated by the binomial model 
(Eq. 1 or 2) and ô(YS0/i), its standard error of esti
mation; ln(YS+) is the logarithm for the density of 
YOY w hen present, as estim ated by the log-normal 
model (Eq. 3 or 4) andô[ln(Y S+)], its standard error of 
estimation.

RESULTS

YOY densities of Solea solea w ere characterised by a 
large num ber of zero values. Despite restricting the 
sample set to the shallow m uddy areas preferred  by 
juveniles, YOY w ere caught in only 75% of trawl 
hauls. Thus, a delta model of habitat suitability, with 
zero values treated  separately, w as necessary to d e 
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scribe these data. The distribution of residuals for the 
positive model w hen the log-transform ed density of 
slipper limpets is used as a covariate (Eq. 4) is p re 
sented in Fig. 2. The unexplained structure rem aining 
in these residuals appeared  as 'noise' and there w ere 
no serious violations of the model assumptions; posi
tive values w ere assum ed to follow a log-normal distri
bution. A similar result was obtained w hen the factor 
'presence of slipper limpet' was used as a descriptor 
instead of the covariate 'log-transform ed density of 
slipper limpet' (Eq. 3). Hence, the options chosen for 
these models w ere considered reasonable.

There was some residual deviance (equivalent in 
GLM, w hen the maximum likehood criterion is used, to 
variance in linear models with the least squares crite
rion), which was at least partly due to considerable 
small-scale variability in YOY density. N evertheless, 
the descriptors used in the models contributed signifi
cantly to determ ining YOY distribution (Table 2, can 
be view ed as an ANOVA with deviance replacing vari
ance and the p-value showing degree of significance). 
Separate analysis of the 2 sub-models revealed effects 
of specific descriptors.

First, presence (Eq. 1) and abundance (positive model, 
Eq. 3) w ere strongly influenced by the physical condi
tions of the habitat and the geographical location of the 
nursery. The single-combination variable including 
(geographical sector, bathymetry, sedim ent texture 
of the habitat) described approxim ately half the 
variability in YOY distribution and abundance.

Second, at the scale of the study (with a stratification 
based on 3 different nursery sectors, 3 classes of 
bathym etry and 2 sedim ent types), the survey year did 
not significantly affect spatial distribution (presence/ 
absence [Eq. 1]) of YOY. On the other hand, analysis of 
trawl hauls w hen YOY w ere present (Eq. 3), dem on
strated significant interannual variability in juvenile 
abundance for this 3 yr period.

10
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Fitted Eq. (4): ln(YS+) -» factor(nurseryxbathymetryxsediment) + 

factor(year) + covariate(ln[slipper limpet +1]) + e+

Fig. 2. Solea solea. Density in trawling data w here juvenile 
sole is p resent (o) versus fitted values (line) of positive model 

(Eq. 4)

With respect to their spatial distribution, the presence 
of juveniles did not appear to be affected by the slipper 
limpet. No significant relationship betw een either the 
presence/absence (Eq. 1) or density (Eq. 2) of this 
mollusc and the proportion of hauls in which YOY w ere 
present was detected. In contrast, YOY abundance 
(positive model was lower w hen slipper limpets w ere 
present (Eq. 3), decreasing with increasing density of 
the mollusc (Eq. 4). Hence, even if YOY did not entirely 
avoid areas infested by the slipper limpet, their abun
dance was significantly lower in these areas and there 
was a significant negative relationship betw een the 
abundance of this mollusc and juvenile abundance. 
The significant portion of the deviance explained by 
the slipper limpet accounted for only 3% of the total 
deviance in the data, but represen ted  half of that ex
plained by the interannual differences in abundance

Table 2. Solea solea. Results of generalised linear models of young-of-the-year (YOY) density, showing degrees of freedom  (df), 
explained deviance, and p-values (%2-test); non-significant variables (p-values >0.05) are not taken  into account

Descriptor df Explained
deviance

Residual df Residual
deviance

p-values Explained 
deviance (%)

Binomial model
Null 120 135.53
Sector x bathym etry x sedim ent 14 57.69 106 77.84 <0.00001 43

Positive log-model
Null 90 272.74
Sector x bathym etry x sedim ent 13 143.21 77 129.53 0 52
Year 2 18.31 75 111.2 0.00011 7
Boolean factor (slipper limpet) 1 7.5 74 103.72 0.0061 3
Covariate (log-transformed 1 9.06 74 102.17 0.0027 3

slipper limpet density)
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during the 3 yr surveyed (Table 2). To illustrate these 
statistically significant differences, Fig. 3 represents the 
estim ated log-transformed density of YOY in 2000 in an 
especially suitable habitat (very shallow w aters above 
muddy substrate in Pertuis Breton; Le Pape et al. 
2003a). These estim ates w ere obtained w hen the sub
models w ere coupled (Eqs. 5 & 6, with Eqs. 1 & 3). 
Despite the variability of these estimates, Fig. 3 illus
trates the significant differences in sole density b e 
tw een habitats with and w ithout slipper limpets.

DISCUSSION 

Effect of slipper limpet on YOY sole density

Le Pape et al. (2003a) described the spatial hetero
geneity of juvenile sole abundance in the Bay of Biscay 
and the role of bathymetry, sedim ent texture and estu- 
arine plum es in determ ining habitat suitability. In this 
region, the 3 nursery sectors w here the slipper limpet 
is present are also sectors w here estuarine influence is 
absent or very limited (Le Pape et al. 2003c). Thus, we 
did not include estuarine influence and our description 
of YOY sole density was based on coastal sector, 
bathym etry and sedim ent texture. In the selected sec
tors, which w ere restricted to shallow and soft-bottom 
nursery grounds, the im portant influence of these 3 
factors on YOY density was confirmed by the high 
percentage of deviance (-50% ) explained by the first 
categorical descriptor (factorfnursery x bathym etry x 
sediment)). As reported by Le Pape et al. (2003a), the 
density of YOY in the coastal zone is the result of 2 con
trolling factors: (1) H abitat suitability and the prefer
ence of juvenile sole for shallow, m uddy areas w here

10.6 -

c

9.8

9.4

Fig. 3. Solea solea. Fitted log-transform ed young-of-the-year 
sole abundance (calculated by delta model) in 2000 within 
Pertuis Breton nursery area in very shallow (<5 m) m uddy 
areas with slipper limpets Crepidula fornicata absent (0) or 
p resent (1), and associated confidence intervals (a = 0.05)

0 1 
Slip p er  lim pet

they can rely on an almost unlimited food supply 
(Amara et al. 2001). Even though these habitats are 
spatially limited, they contribute a high percentage to 
the total num ber of YOY in the area. (2) Larval supply, 
which comprises an additional factor in mesoscale 
spatial heterogeneity, as not all coastal sectors receive 
the same num bers of sole larvae.

A problem  in analysing of the effect of the slipper 
limpet invasion was that the presence and abundance 
of this mollusc also varied according to the same 
physical descriptors (Loomis & VanNieuwenhuyze 
1985, Blanchard 1997). Accounting for the correlations 
betw een physical descriptors and slipper limpet distri
bution is therefore im portant in analyses aim ed at 
interpreting the respective role of these 2 groups of 
factors on juvenile sole abundance (Power et al. 2000) 
and subsequently estim ating the role played by 
Crepidula fornicata. The influence of slipper limpet 
distribution on YOY density was studied using gener
alised linear models after filtration for the effect of 
the geographical-physical descriptor on habitat suit
ability. We took 3 sources of variability into account: 
(1) suitability of the habitat, as described by a single 
categorical variable including (nursery sector, bathy
metric class, type of sediment); (2) interannual fluctua
tions in juvenile sole density; (3) the presence of, or the 
log-transform ed density of, slipper limpets.

These models dem onstrated that, w hen YOY are 
present, their density is significantly lower in the p res
ence of slipper limpets, and decreases w hen the slip
per limpet clusters increase in density. A lthough the 
variation in the recruitm ent rate of the Bay of Biscay 
sole stock is slight com pared with that of other sole 
stocks and stocks of other species (Le Pape et al. 
2003b), the variability caused by the slipper limpet 
invasion was half that caused by interannual variations 
of sole recruitm ent over the 3 yr study period. Hence, 
this relationship, established under standardised con
ditions of geography and habitat structure, em pha
sised the negative impact of slipper limpets on habitat 
suitability for juvenile sole. In contrast, this study did 
not indicate a significant influence of slipper limpets 
on the spatial extent of sole nursery grounds; juvenile 
sole did not entirely avoid infested areas, although 
their densities w ere lower in these sectors.

Possible explanations of negative effect

The mechanism s that underlie the negative relation
ship betw een the density of slipper limpet clusters and 
nursery habitat suitability for sole have to be consid
ered as part of the ecological impacts of this mollusc 
invasion on the benthic habitat and the trophic chain 
(Thieltges et al. 2003).
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M ontaudouin & Sauriau (1999) dem onstrated that, 
on fine sediments, the biomass, abundance and spe
cies richness of m acrofauna w ere generally g reater in 
the presence of Crepidula fornicata. The more abun
dant and diversified macrozoobenthic communities 
found in the presence of slipper limpet may be due to 
the stable heterogeneity  of the substrate created  by the 
presence of their epibenthic shells (Attrill et al. 1996). 
Costa & Bruxelas (1989) and Rogers (1992) reported 
that young sole prefer habitats offering the highest 
densities of benthic fauna, and especially polychaetes 
and bivalves, w ith their high abundance in coastal 
nursery grounds being at least partly due to the abun 
dance of such prey (Howell et al. 1999; M cConnaughey 
& Smith 2000, Phelan et al. 2001). Hence, changes in 
the m acrobenthic communities should have a positive 
impact on food availability for young sole and do not 
explain the negative effect of the slipper limpet on the 
suitability of sole nursery ground.

The filter-feeding activities of the slipper limpet 
resuspend sedim ents into the w ater column and in 
crease turbidity (Loomis & VanN ieuw enhuyze 1985). 
Blaber & Blaber (1980) considered the effects of 
increased turbidity on fish abundance as negligible in 
such naturally turbid areas but G. Claireaux (pers. 
comm.), exam ining metabolism in the common sole 
(Lefrançois & Claireaux 2003), estim ated that the 
increased hydrostatic pressure resulting from biodepo
sition can influence ventilation and, hence, increase 
the metabolic rate and the critical w ater oxygen level 
of YOY sole. On the other hand, slipper limpets trans
form their benthic habitat not only through the accu
mulation of pseudofaeces and fine sedim ent during 
filter-feeding, but through the way in w hich individu
als assem ble in colonies by attachm ent to each other, 
creating stacks that reach up into the w ater column 
(Thieltges et al. 2003) and spread across the sea floor 
reducing available area of soft-bottom subtrate. Flat
fishes appear to prefer habitats w hich offer hom o
geneous bottom sedim ents suitable for burying in 
(Gibson & Robb 2000). This behaviour is considered to 
reduce predation risk and provide shelter from strong 
currents, and may also serve to conserve their energy 
by reducing their activity and metabolic rate.

Thus, despite the enhancem ent of biological benthic 
production and a potential increase in food availability 
for fish juveniles, the increased turbidity resulting from 
the presence of Crepidula fornicata may disturb the 
metabolism of juvenile sole. Moreover, the tail stacks 
of slipper limpet clusters, along with the accum ulated 
shell debris on the sea floor, probably also limit the 
soles' burial ability. Overall, the habitat changes sub
sequent on invasion by slipper limpets will not have a 
favourable impact on behaviour of juvenile sole, and 
will have a negative effect on sole density in invaded

areas. This negative effect on habitat suitability for 
juvenile sole is consistent w ith structural changes in 
the benthic habitat (higher turbidity, presence of 
shells and creation of mats) caused by slipper limpet 
colonies, rather than w ith other changes due to bio
logical activity of this mollusc and/or any modification 
to the trophic chain. A negative relationship betw een 
different species of juvenile benthic fishes and the area 
of a biogenic structure has also been  found on another 
shallow continental shelf (Diaz et al. 2003). Similarly, 
Crooks & Khim (1999) dem onstrated in the case of an 
invasive, habitat-m odifying mussel, that the effects of 
changes in the physical architecture of the habitat con
sistently outw eighed the effects the invasive species 
had  on the trophic chain.

While the present study could not determ ine the 
m echanism  responsible for the negative effects of the 
slipper limpets, future work w ith specific surveys and 
mesocosm experim ents should improve our under
standing of this mechanism.

Consequences for sole recruitment in the 
Bay of Biscay

Pertuis d'Antioche and Pertuis Breton are the 2 main 
nursery areas for sole in the Bay of Biscay (large sur
face area and high habitat suitability; Le Pape et al. 
2003a). These areas are also infested by the slipper 
limpet (Blanchard 1997). It was im portant to evaluate 
the effects of this invasion on fish stocks because 
(1) the developm ent of slipper limpet colonies has been 
very fast in these areas of the Bay of Biscay over the 
last 50 yr (Blanchard 1997); (2) the total nursery habitat 
area available has already been  reduced; and (3) the 
invasion shows no evidence of slowing down. The 
proportion of coastal nursery grounds covered by high 
densities of Crepidula fornicata may continue to in 
crease, eventually accounting for a large proportion of 
all sole nursery grounds in the Bay of Biscay. In other 
ecosystems, adverse effects of invasive species on 
essential fish habitats have been  dem onstrated; e.g. on 
the east coast of the United States, w here invasion by 
the common reed  Phragmites australis has drastically 
reduced the area  of habitats in brackish m arshes avail
able for juveniles of the dom inant fish species (Able & 
H agan 2003); and in a Californian delta, w here the 
introduced w ater hyacinth Eichhornia crassipes has 
modified the habitat structure, available food and fish 
diet (Toft et al. 2003).

The relationship betw een the reduction in nursery 
habitat and stock recruitm ent are unlikely to be linear. 
Stock recruitm ent appears to be related to both the area 
of nursery ground habitat available (Rijnsdorp et al. 
1992, Van der Veer et al. 2000) and juvenile population
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densities, which depend  on habitat quality (Gibson 
1994). A smooth long-term  response of fish stocks to 
habitat loss can switch to sporadic drastic lower recruit
m ent (Scheffer et al. 2001). Damage to these nursery 
grounds and loss of their area may slow or prevent stock 
recovery (Haii 1998), and extinction may occur if habitat 
quantity and/or quality falls below a critical threshold 
(Hill & Caswell 2001). The consequences of the slipper 
limpet invasion on sole stock renew al in the Bay of 
Biscay, w here relationship betw een nursery habitat ca 
pacity and recruitm ent has already been  dem onstrated 
(Le Pape et al. 2003a), are potentially important.

Further studies w ith additional data will be neces
sary to fully quantify the effect of slipper limpet invas- 
tion on sole recruitm ent. The m ethod of Le Pape et al. 
(2003a), w hereby a habitat suitability model was cou
pled w ith GIS to achieve a quantitative description of 
essential fish habitats, could be im plem ented to q u an 
tify the consequences of slipper limpet invasion. C al
culation of a reasonable estim ate of the loss of juvenile 
sole caused by the invasion requires combining the 
estimation of its influence on sole density w ith the 
estimation of infested nursery surfaces. A better under
standing of the relationship betw een reductions in 
nursery habitats and stock recruitm ent is also re 
quired. Although this study has dem onstrated a signif
icant negative effect of the slipper limpet on substrate 
availability in nursery grounds and juvenile sole abun
dance, insufficient data w ere available to quantify this 
effect reliably. Therefore, the effects of the slipper 
limpet invasion on sole recruitm ent in the Bay of 
Biscay could not be assessed in a quantitative manner. 
It is therefore concluded that there is a risk of a 
decrease in sole recruitm ent strength though from the 
introduction of invasive Crepidula fornicata, but more 
thorough studies are necessary to evaluate the effect 
of this invasion on sole stock renewal.
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