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SUMMARY

1. The zebra mussel (Dreissena polymorpha) is well known for its invasive success and its
ecological and economic impacts. Of particular concern has been the regional extinction of
North American freshwater mussels (Order Unionoida) on whose exposed shells the zebra

mussels settle. Surprisingly, relatively little attention has been given to the fouling of

European unionoids.

2. We investigated interspecific patterns in fouling at six United Kingdom localities
between 1998 and 2008. To quantify the effect on two pan-European unionoids (Anodonta
anatina and Unio pictorum), we used two measures of physiological status: tissue

mass : shell mass and tissue glycogen content.

3. The proportion of fouled mussels increased between 1998 and 2008, reflecting the recent,
rapid increase in zebra mussels in the U.K. Anodonta anatina was consistently more heavily
fouled than U. pictorum and had a greater surface area of shell exposed in the water

column.

4. Fouled mussels had a lower physiological condition than unfouled mussels. Unlike
tissue mass : shell mass ratio, tissue glycogen content was independent of mussel size,
making it a particularly useful measure of condition. Unio pictorum showed a stronger
decline in glycogen with increasing zebra mussel load, but had a broadly higher condition
than A. anatina at the time of study (July).

5. Given the high conservation status and important ecological roles of unionoids, the
increased spatial distribution and fouling rates by D. polymorpha in Europe should receive

more attention.

Keywords: Dreissena polymorpha, fouling, glycogen, interspecific and intraspecific patterns, non-
indigenous invasive species, unionoid mussels

Introduction

The zebra mussel Dreissena polymorpha (Pallas, 1771) is
the most intensively studied invasive species world-
wide, as a result of its rapid expansion and serious
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ecological and economic impacts (PySek et al., 2008).
Dreissena was once distributed widely throughout
Europe (Stanczykowska, 1977), but retreated during
the last glaciations, becoming restricted to the areas
around the Black, Azov, Caspian and Aral seas, and
the lower River Volga. This distribution remained
until the 18th century, when Dreissena again extended
its European distribution because of human activities
(Olenin, Orlova & Minchin, 1999 and references
therein). It appeared in Rotterdam in 1826, Hamburg
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in 1830 and Copenhagen in 1840 (Kerney & Morton,
1970). In Great Britain, it was described for the first
time in the London Docks in 1824 and became quite
widespread over the next 10 years (Aldridge, Elliot &
Moggridge, 2004). After 1835, new records were
frequent in Great Britain but, after 1850, the species
distribution stabilised for more than a century
(Kerney & Morton, 1970; Kerney, 1999).

The impacts of the D. polymorpha invasion received
renewed attention when it was discovered in the North
American Great Lakes in the 1980s, from where it has
spread widely through the U.S.A. and southern Can-
ada (Maclsaac, 1996). In Europe, Ireland and Spain
were invaded recently (Araujo & Alvarez, 2001; Min-
chin, Lucy & Sullivan, 2002; Pollux et al., 2003). In Great
Britain, the species has increased rapidly over the last
decade in both abundance and distribution (Aldridge
et al.,2004). The reasons for this newly invasive pulse in
Great Britain are unclear, but improvement in water
quality, increased dispersal by boats and interconnec-
tivity of waterways and the introduction of new genes
are possible explanations (Aldridge et al., 2004).

Established populations of D. polymorpha can have
wide-ranging direct and indirect impacts on invaded
ecosystems. Commonly observed changes include
reductions in phytoplankton and zooplankton (Mac-
Isaac, Lonnee & Leach, 1995; Caraco et al., 1997; Pace,
Findlay & Fischer, 1998; Strayer et al., 2008), increased
water clarity (Effler et al., 1996; Caraco et al., 1997), an
increase in submersed vegetation and periphyton
(Hecky et al., 2004; Strayer et al., 2008), changes to
fish populations (Karatayev, Burlakova & Padilla,
1997; Strayer, Hattala & Kahnle, 2004b) and changes
to the benthos (Strayer ef al., 1999; Sousa, Gutiérrez &
Aldridge, 2009). A particularly notable impact on the
benthos is the extinction of native mussels of the
Order Unionoida (Ricciardi, Whoriskey & Rasmussen,
1995; Strayer & Malcom, 2006). Unionoids live
partially buried in the sediment, usually with the
posterior part of their shells exposed to the water
column to enable filtration (Jokela & Ricciardi, 2008).
Exposed unionoid shells can therefore serve as a
substratum for D. polymorpha, and many negative
effects of such fouling on native bivalves have been
described. For example, encrusting of the posterior
end hinders locomotion and burrowing, disrupts
balance and equilibrium and can deform unionoid
valves, resulting in valve occlusion and consequent
suffocation (Mackie, 1991). Growth of zebra mussels

prevents normal functioning of siphons, and zebra
mussels can compete for available food (Ricciardi
et al., 1995; Schloesser, Nalepa & Mackie, 1996; Hor-
mann & Maier, 2006). These mechanisms can contrib-
ute to unionoid mortality or at least reduction in their
physiological condition. Several North American
studies reported that unionoids were heavily colon-
ised by zebra mussels soon after the latter’s arrival
(Maclsaac, 1996 and references therein). This fouling
may decrease the energy reserves of the infested
unionoids, which can lead to high mortality. In
extreme cases, all unionoids may disappear within a
few years (Strayer & Malcom, 2007). The life habits of
different North American unionoids are thought to
explain interspecific patterns in fouling intensity, with
species exposing a greater shell area into the water
column typically becoming more fouled (Burlakova,
Karatayev & Padilla, 2000).

While considerable attention has been paid to the
conservation implications of zebra mussel fouling on
North American unionoids, remarkably little attention
has been paid in Europe. A number of European
unionoid species show Ponto-Caspian sympatry with
D. polymorpha and so it is possible that some degree of
coevolution took place during their previous coexis-
tence. However, the majority of Europe’s unionoid
populations have been recently sympatric with D. poly-
morpha for much less than 200 years and so it is possible
that they are as vulnerable to the impacts of zebra
mussel fouling as many of the North American species.

The European unionoids showing the strongest
distributional overlap with D. polymorpha belong to
the subfamily Unioninae, the two most widely dis-
persed and common representatives of which are
Anodonta anatina (Linnaeus, 1758) and Unio pictorum
(Linnaeus, 1758). The main objectives of this study
were to look for interspecific and intraspecific patterns
of fouling of U.K. populations of unioniods (princi-
pally on A. anatina and U. pictorum) by D. polymorpha.
We assessed whether the fouling was harmful and
asked whether it might lead to changes in community
structure and/or to ecosystem processes.

Methods
Study area

Mussel populations were surveyed from six sites
across central, eastern and southern England: (1)
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River Witham, Woodhall Spa, Lincolnshire (53°09.2N,
00°12.7W); (2) River Nene, March, Cambridgeshire
(52°33.1N, 00°05.4E); (3) River Great Ouse, Ely, Cam-
bridgeshire (52°20.9N, 00°13.1E); (4) River Stour,
Cattawade, Suffolk (51°57.5N, 01°03.5E); (5) River
Thames, Clifton Hampden, Oxfordshire (51°39.4N,
01°12.6W) and (6) Barden Lake, Tonbridge, Kent
(51°11.8N, 00°16.5E). The river sites selected were
typical English lowland rivers with >10 m width, with
>2m maximum depth and with a soft, muddy
substratum. Barden Lake is a disused gravel pit with
a gravel substratum.

Sampling strateqy

The sites were known to have large populations of
unionoids. At each site, the abundance of unionoid
mussels and the degree of zebra mussel infestation
were assessed. Sampling was conducted in summer
(June to August) between 1998 and 2008 (see Table 1
for years in which samples at each site were taken)
using hand collection at approximately 1.0 m depth.
On each sampling occasion, a minimum of eight
randomly placed 0.25 m® quadrats were searched
until no more mussels were found after a continuous
10 min of searching to a sediment depth of 20 cm.
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Aldridge, Fayle & Jackson (2007) showed that eight
0.25 m* quadrats were sufficient to provide a reliable
estimate of unionoid populations in U.K. lowland
rivers. In Barden Lake, we used a different method
since the abundance of unionoids in this lentic
system turned out to be low. All unionoids encoun-
tered along two 20 x 1 m transects were collected
from at least five different locations. Sampling of
each transect lasted >10 min and transects ran
parallel to the shore at 1.0 m depth. To ensure
comparability between the quadrat and transect
surveys, in all instances all mussels encountered
were removed from a sediment depth of up to 20 cm,
a water depth of 1.0m and sampling ceased
only after a continuous 10 min yielded no further
mussels.

All unionoids were identified to species, and
maximum length was measured with Vernier calipers
(=1 mm) before being returned to the collection site.
Each unionoid was inspected visually to determine
whether or not it was fouled with Dreissena. Fouled
unionoids were those which carried at least one
Dreissena. Unfouled unionoids were those with no
live Dreissena or presence of any byssal threads.
Unionoids, which carried byssus but no live Dreissena,
were excluded from this analysis.

Table 1 Percentage of unionoid infestation by zebra mussels in the Rivers Thames, Great Ouse, Witham, Nene and Stour and in

Barden Lake over the last 10 years

Aa (%) Ac (%) Up (%) Ut (%) Pc (%) Total (%) N % test
Thames 1998 1.6 X 0.3 0.3 29 0.9 1675 -
Thames 2003 12.6 X 5.1 3.3 4.7 8.0 2481 56.52*
Thames 2006 11.5 X 3.7 4.0 154 5.9 421 0.60 ns
Barden lake 2002 60.0 0.0 68.3 66.7 X 67.2 119 -
Barden lake 2003 50.0 100.0 100.0 X 91.6 83 27.01*
Barden lake 2008 100.0 X 92.3 83.3 X 88.5 26 1.25 ns
Ouse 1999 0.0 X 0.0 0.0 0.0 0.0 1110 -
Ouse 2003 11.6 X 5.5 16.7 X 8.7 300 0.76 ns
Ouse 2008 50.6 X 7.0 14.1 0.0 17.6 720 9.97*
Witham 2001 88.9 100.0 53.1 81.8 0.0 78.9 190 -
Witham 2004 95.9 53.8 93.2 79.3 50.0 92.2 424 10.63*
Nene 2001 45 X 2.8 5.7 X 4.1 831 -
Stour 2005 0.0 X 25.4 X X 25.4 59 -
Stour 2008 60.7 X 37.6 X X 40.4 230 11.87*

Values of the % test for temporal differences in the infestation rate of unionoids at each site between successive years are presented.
N.B. abundance of A. cygnea and P. complanata was low at survey sites and so percentage values must be interpreted with caution.
Aa, Anodonta anatina; Ac, Anodonta cygnea (Linnaeus, 1758); Up, Unio pictorum; Ut, Unio tumidus (Philipsson, 1788); Pc, Pseudanodonta

complanata; N, total number of unionoids sampled; x, absent.

Statistical significance: P < 0.001 (*), P > 0.05 (ns, not significant).
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Physiological status

Anodonta anatina and U. pictorum were collected by
hand from the River Stour, Suffolk (i.e. Site 4), in July
2008 and split into three classes: uninfested (no zebra
mussels and no attached byssus); lightly infested (<5
zebra mussels attached); and highly infested (=5 zebra
mussels). Thirty U. pictorum were collected for each of
the three classes. For A. anatina, sample sizes were
seven, seven and 10, respectively. Mussels were
transported to the laboratory in buckets of aerated
water, and zebra mussels were allowed to remain
attached. The maximum length of each unionoid was
measured and the wet mass recorded after blotting
dry to remove surface water. For each infested
unionoid, we recorded the number and wet mass of
attached zebra mussels. In addition, all the U. picto-
rum specimens were sexed based on microscopic
inspection of gonad smears (following Mclvor &
Aldridge, 2007).

The exposed area of each unionoid collected in the
River Stour was clearly visible by the presence of
algae and calcareous deposits, and this area was
estimated by covering the exposed part of the shell
with aluminium foil, the foil subsequently being
weighted and converted to area using a standard
area-mass ratio (following Ricciardi et al., 1995).

A standard condition index [condition index = dry
tissue mass (g)/dry shell mass (g)] was used to
measure the physiological status of each unionoid.
In addition, we determined the glycogen content to
compare the energy stores in infested and uninfested
unionoids. The soft tissue (whole body) was dried to
constant mass at 60 °C in an oven and then ground to
a fine powder. Glycogen was measured colorimetri-
cally using the phenol-sulphuric acid method (fol-
lowing Baker & Hornbach, 2000).

Statistical analysis

Statistical analyses were performed using R version
2.5.0. (http:/ /www.r-project.org).

Data distributions were tested for normality using
Shapiro-Wilk W tests, and log-transformation was
applied to non-normal data. F tests were used to
compare the variances of two samples from normal
populations.

The proportion of unionids fouled and unfouled by
zebra mussels was compared between sampling

occasions (Table 1) in each site by 3 tests. Such analysis
on temporal data assumed that different individuals
were sampled on the two occasions. Similarly, we
tested for differences in the infestation rate of male and
female U. pictorum in the River Stour. A paired f-test
was used to check possible differences in the degree of
infestation between A. anatina and U. pictorum using
the most recent data for each of the six sites surveyed
(after arcsin transformation to account for the use of
proportional data). Generalised linear models were
used (i) to test the relationship between the length of
mussel and exposed area, (ii) whether there were
differences in the condition index and glycogen content
of infested and uninfested mussels and, if so, (iii)
whether this differed between the two species (A. ana-
tina and U. pictorum). Pearson’s correlation coefficients
between glycogen content of unionoids and the wet
mass of attached zebra mussels were calculated for
A. anatina and U. pictorum. Physiological condition
(measured by glycogen content) of A.anatina and
U. pictorum was compared using ANCOVA with the
wet mass of attached zebra mussels as covariate.

Results

In all six locations, both A. anatina and U. pictorum
were encrusted by D. polymorpha on the exposed
posterior end of the shell (Fig. 1a,b) and, in general,
the proportion of unionoids carrying zebra mussels
has increased over time (Table 1).

Using the most recent data for each of the six sites
surveyed, a greater proportion of A.anatina was
fouled than U. pictorum (paired t-test = 2.90,
P = 0.034). This is also true for the River Stour, where
A. anatina also carried a greater number of zebra
mussels than U. pictorum (ANcova with length as
covariate: F = 3.95, P = 0.049; Fig. 2). Using the wet
mass instead of the number of attached zebra mussels,
the results are very similar (data not shown). How-
ever, we found no difference in the degree of
infestation between males and females of U. pictorum
in the River Stour (x> = 0.095, P = 0.76).

Anodonta anatina had a significantly greater surface
area exposed than U. pictorum (F = 26.40, P < 0.001),
longer mussels had larger exposed areas (F = 178.48,
P < 0.001), and more infested mussels had a greater
exposed shell area (F = 10.08, P < 0.001) (Fig. 3a,b).

A comparison of the condition index, measured as
the tissue mass : shell mass ratio, between species and

© 2010 Blackwell Publishing Ltd, Freshwater Biology, 56, 867-876
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Fig. 1 Zebra mussels infesting the posterior parts of the shells
(a) Anodonta anatina and (b) Unio pictorum.
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Fig. 2 Regressions of the number of zebra mussels attached to
Anodonta anatina (black circles, solid line) and Unio pictorum
(white squares, dashed line) on shell length. Anodonta anatina:
y = 15.52Ln(x) - 61.84 (R* = 0.18, P < 0.05) and U. pictorum:

y = 7.15Ln(x) - 29.61 (R* = 0.04, P < 0.05).

infested or uninfested mussels, showed (i) that longer
mussels had a lower condition index (F = 13.64,
P < 0.001), (ii) that there was an interaction between

© 2010 Blackwell Publishing Ltd, Freshwater Biology, 56, 867-876
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Fig. 3 Regressions of (a) exposed area of Anodonta anatina and
(b) Unio pictorum from the River Stour on shell length for
uninfested, lightly infested and highly infested unionoids.
Anodonta anatina uninfested: y = 3.00x-6.27 (R? = 0.94, P < 0.01);
A. anatina lightly infested: y = 1.79x — 0.90 (R* = 0.67, P < 0.05);
A. anatina highly infested: y = 2.88x — 5.67 (R* = 0.83,

P < 0.001); U. pictorum uninfested: y = 2.22x — 3.31 (R* = 0.71,
P < 0.001); U. pictorum lightly infested: y = 2.16x — 2.83

(R? = 0.44, P < 0.001) and U. pictorum highly infested:

y = 1.18x + 1.70 (R* = 0.15, P < 0.05).

the two species, with U. pictorum showing a steeper
negative gradient (F = 4.00, P = 0.048), and (iii) that
infested mussels had a significantly lower condition
than unifested mussels (F = 5.05, P = 0.027) (Fig. 4a).
When a similar analysis was conducted to compare
the glycogen content between infested and uninfested
individuals of the same species, the length of mussel
and all interaction terms were not significant. How-
ever, uninfested mussels had a higher glycogen
content than infested mussels (F = 31.24, P < 0.001),
and U. pictorum had a higher glycogen content than
A. anatina (F = 15.42, P < 0.001) (Fig. 4b).

Glycogen content was negatively correlated with
wet mass of zebra mussels attached to unionoids
(A. anatina:  r=-0462, P <0.05; U. pictorum:
r =—0.714, P < 0.001) (Fig. 5), with U. pictorum being
more affected by zebra mussels than A. anatina as
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Fig. 4 The physiological condition of unionoids measured (a) as
tissue mass : shell mass ratio and (b) glycogen content for
uninfested (U) and infested (I) individuals of Anodonta anatina
(Aa) and Unio pictorum (Up) from the River Stour.

infestation rates increase (ANCOvVA with wet weight
of attached zebra mussels as covariate, interaction
between species: F = 7.478, P = 0.007).

Discussion

Our data provide the first evidence that zebra mussels
have a deleterious impact on the physiological status
of native unionoids in Europe. This was true for both
measures used (tissue mass : shell mass ratio and
glycogen content), even though infestation rates were
not very high (maximum of 34 zebra mussels per
unionoid). This contrasts with Lewandowski (1976),
who found no differences in the dry mass per shell
length relationships between unionoids with (mean of

Glycogen (mg g‘1 mass of tisuue)

Wet mass of attached zebra mussels (g)

Fig. 5 Linear regressions of the glycogen content on the wet
mass of zebra mussels attached to Anodonta anatina (black cir-
cles, solid line) and Unio pictorum (white squares, dashed line)
from the River Stour. Anodonta anatina: y = —0.41x + 50.31

(R* =0.21, P < 0.05) and U. pictorum: y = —0.85x + 68.18

(R* = 051, P < 0.001).

20 zebra mussels) and without attached D. polymorpha
in Lake Mikolajskie (Poland). In addition, despite the
fact that both condition indicators gave broadly
similar results, the independence of glycogen mea-
surement from the size of the mussel makes this a
particularly powerful tool in situations where sample
size may be low. While the standard measure of tissue
mass : shell mass ratio is very easy to obtain, and can
give a general indication of mussel condition in the
population under survey, caution must be taken when
drawing comparisons between populations or even
adjacent habitats because shell morphology can vary
considerably over very small distances (Zieritz &
Aldridge, 2009) and because shells thicken as they
approach the asymptotic length.

Our results are consistent with those obtained by
other authors in North America and show that
glycogen content in unionoids is very sensitive to
fouling by D. polymorpha, generally resulting in a
reduction in energy stored (Haag et al., 1993; Baker &
Hornbach, 2000, 2008). However, not all unionoid
species seem equally vulnerable to zebra mussel
infestation. For example, in this study Pseudanodonta
complanata (Rossmadssler, 1835), which is the most
endangered European unionoid that is sympatric with
D. polymorpha (Red Data Book ‘Near Threatened’,
IUCN), seems to be the least affected species. It buries
deeply with only a tiny proportion of its shell
vulnerable to fouling (Killeen, Aldridge & Oliver,
2004), and so P. complanata may be relatively pro-
tected from Dreissena. The reasons that explain these
interspecific differences may be related to distinct

© 2010 Blackwell Publishing Ltd, Freshwater Biology, 56, 867-876



ecological traits (e.g. surface area of exposed shell,
burrowing activity and substratum preferences) and
also shell texture and morphology (Haag et al., 1993).
Species that have higher exposed areas and lighter
shells (e.g. A. anatina and Anodonta cygnea) have been
described as more susceptible to the impact of
D. polymorpha, which may include changes in the
centre of gravity and increases in energy expenditure
to maintain position in the substratum (Nalepa, 1994).
Larger exposed surface areas can support more zebra
mussels, and this can result in greater competition
with the underlying unionoid for suspended food
(Hormann & Maier, 2006). In our study, A. anatina
had a higher exposed area and a higher rate of
infestation by zebra mussels than U. pictorum and also
had broadly lower glycogen content. However, the
decline in glycogen in response to zebra mussel load
was more pronounced in U. pictorum. Therefore, the
simple use of the exposed area as a key ecological trait
explaining the fouling intensity and consequent
reduction in physiological fitness may be an over-
simplification. One possible explanation for the great-
er sensitivity of U. pictorum in our study was that it
was conducted in July, shortly after the brooding
period of U. pictorum (April to June; Aldridge, 1999),
but before that of A.anatina (August to March;
Aldridge, 1999). As such, A. anatina may have had
relatively large energy reserves in July, which could
buffer the deleterious impacts of D. polymorpha.
Under such a scenario, we might predict that different
patterns would emerge if the study had been con-
ducted at a different time of year, and this would be
worthy of further investigations.

The scatter in our data shows that there is also
considerable intraspecific variation in zebra mussel
fouling. Ecological traits, such as exposed area, sex,
type of sediment, burrowing activity and the presence
of predators may explain some of these differences.
For example, is well known that small individuals,
principally juveniles, are almost completely burrowed
in the sediments, which complicate the possible
infestation. Haag et al. (1993) also found greater
mortality in females fouled with zebra mussels.
However, our study did not find differences in the
degree of infestation of males and females of U. pic-
torum in the River Stour.

Given our evidence of reduced body condition in
fouled unionoids, and the recent, rapid increase in
zebra mussels across Europe (Araujo & Alvarez, 2001;

© 2010 Blackwell Publishing Ltd, Freshwater Biology, 56, 867-876
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Pollux et al., 2003; Aldridge et al., 2004), it is pertinent
to consider whether such fouling could drive wide-
spread decline in European unionoids. The decline of
unionoid mussels following the introduction of zebra
mussels has been well documented in North America,
with near total extinction within a few years after
invasion in several lakes (e.g. Lake St. Clair and Lake
Erie) and rivers (e.g. St. Lawrence River) with very
high fouling intensities (Gillis & Mackie, 1994; Nalepa,
1994; Schloesser & Nalepa, 1994; Ricciardi, Whoriskey
& Rasmussen, 1996; Martel ef al., 2001). However,
Strayer & Malcom (2007) also showed that, after initial
declines, unionoid populations in Hudson River have
stabilised or even recovered, with the initial declines
in population sizes and body condition correlated
with the filtration rates of zebra mussels but not with
fouling. Rapid declines have been also described in
European lakes, such as Lake Balaton in Hungary
(Sebestyén, 1938; Ponyi, 1992), Lake Mikolajskie in
Poland (Lewandowski, 1991) and Lake Hallwil in
Switzerland (Arter, 1989).

Uncertainty exists about possible differences in
effects of D. polymorpha on unionoids in North
America and in Europe, with possibly a greater
effect in North America. Our results show clearly
that zebra mussels are also having a negative impact
on the physiological condition of European unio-
noids. Although a number of European unionoids
show Ponto-Caspian sympatry with D. polymorpha
resulting in possible ancient coexistence, the majority
of European species have been sympatric with
D. polymorpha for a maximum of 200 years. There-
fore, our study seems to support the idea that
European unioniods are just as vulnerable to impacts
of zebra mussel fouling as are many of the North
American species.

While quantitative data are not available on the
change in abundance of live unionoids at our study
sites, the only locality where there was a noticeable
and dramatic decline is Barden Lake (e.g. A. cygnea
was not found in our latest survey). In contrast, while
our results showed that unionoid populations in the
Rivers Thames, Great Ouse, Nene and Stour have
suffered an increased infestation over time, this
situation has not resulted in an apparent unionoid
decline (D. Aldridge, pers. obs.). Indeed, the infesta-
tion rates described in our study, at least in lotic
systems, do not follow the proposed model of Ricc-
iardi, Neves & Rasmussen (1998), which predicted a
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local extinction or near extinction (>90% decline in
abundance) of unionoids 4-8 years following inva-
sion. This pattern might result from the greater habitat
heterogeneity found in rivers than in lakes, which
may thus provide refugia from fouling. Indeed,
several habitats can serve as refugia, since spatial
heterogeneity within a system is an important factor
in the creation of niches with different physiological
tolerances for native unionoid species and D. poly-
morpha. Places that can easily be colonised by unio-
noids (e.g. habitats with finer sediments and rich in
organic matter) are not suitable for D. polymorpha,
principally in the summer when temperature in-
creases and dissolved oxygen decreases (Maclsaac,
1996). In addition, the infestation rates detected in our
study were much lower than those reported for
American ecosystems (Schloesser et al., 1996; but see
Strayer & Malcom, 2007 who showed similar rates in
Hudson River as described in Europe). Therefore,
although we were able to confirm a reduction in the
physiological status of infested unionoids, it appears
that the infestation rates are not sufficient to lead to
massive mortalities. Nevertheless, even small local
declines may have broader conservation and ecolog-
ical effects since unionoid mussels are important taxa
in freshwater ecosystems. They are involved in key
ecosystems processes (e.g. suspension feeding by
mussels can reduce turbidity and modify plankton
communities; mussel glochidia larvae are important
parasites of fish; mussels shells can provide habitat for
other organisms; mussels can bioturbate and oxygen-
ate the top layer of the sediments; mussels are a
potential prey for predators; Vaughn & Hakenkamp,
2001; Aldridge et al., 2007) and are among the most
endangered groups of animals on the planet (i.e. their
abundance and diversity have declined dramatically
in the last decades; Lydeard et al., 2004; Strayer et al.,
2004a). Although these species have been facing
several threats (e.g. habitat destruction, increased
siltation, pollution, river modification, loss of fish
hosts, commercial exploitation; Bogan, 1993), the
impact generated by the introduction of D. polymorpha
is nonetheless considerable and increasing.

In conclusion, D. polymorpha clearly affects the
physiological status of European unionoid species
although the mechanisms behind this impact may be
highly context dependent and species may be affected
unequally. Considering the well-known economic and
ecological impacts of D. polymorpha worldwide, their

current spread in Europe requires continued attention
and the effects of D. polymorpha on unionoids should
be a conservation priority.
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