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mussel, Dreissena polymorpha in the presence of potential
fish predators of various species and size
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Abstract We studied the attachment strength and
aggregation behaviour of Dreissena polymorpha in
the presence of large roach Rutilus rutilus (>180 mm
total length) (efficient molluscivore), small roach
(<110 mm) (unable to feed on zebra mussels) and
perch Perca fluviatilis (not feeding on mussels). The
intention was to check whether small (<10 mm) and
large (>10 mm) mussels would respond specifically to
fish capable of consuming them (i.e. large roach). After
1 day of exposure, we found no significant differences
in mussel attachment strength. After 6 days in the
presence of large roach, mussels were attached more
strongly than in the other treatments. After a 1-day
exposure to all kinds of fish, mussels were more
aggregated than in the control treatment. After 6 days,
the largest percentage of aggregated mussels was
found in the presence of large roach, while the
aggregation levels in the other treatments were lower
and did not differ from one another. Perhaps, an initial
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response was a non-specific reaction to the presence of
any fish, while a specific response to large roach
appeared later. Thus, zebra mussels were able to
recognize their potential predators. The observed
behaviour of mussels may enhance their resistance to
molluscivores in the field by limiting the access of
predators to their potential prey (due to the increased
aggregation of prey) and by increasing predator
handling costs (due to the stronger attachment of prey).
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Introduction

The presence of predators induces behavioural defen-
sive responses of many aquatic organisms, including
such distinct taxa as: protozoans (Wiackowski et al.,
2004), rotifers (Lass & Spaak, 2003), molluscs (Orr
et al., 2007; Kobak & Kakareko, 2009), arthropods
(Koperski, 1997; De Meester et al., 1999; Baumgirt-
ner et al., 2002) and fish (Magurran, 1990; Gliwicz,
2005; Wisenden et al., 2008). These anti-predator
defences can be induced by alarm pheromones
released by wounded conspecifics (Pijanowska &
Kowalczewski, 1997; Cheung et al., 2004; Wisenden
et al., 2008) or directly by predator kairomones, which
are chemical substances released by one species (here:
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a predator) and beneficial for another species, receiv-
ing the signal (here: a potential prey) (De Meester
et al., 1999; Lass & Spaak, 2003). Common examples
of anti-predator responses include swarming
(Pijanowska & Kowalczewski, 1997), active selection
of predator-free habitats (De Meester et al., 1999;
Baumgirtner et al., 2002; Gliwicz, 2005) and/or
reduction of activity (Koperski, 1997; Naddafi et al.,
2007; Wisenden et al., 2008). These defences can be
very efficient, allowing for survival of prey organisms
under strong predator pressure (Gliwicz, 2005). More-
over, they can evolve very rapidly and substantially
alter predator—prey dynamics (Yoshida et al., 2003).
Thus, they cannot be neglected in attempts to under-
stand ecological processes taking place in nature.

Defensive mechanisms of sessile organisms have
not been studied as comprehensively as those of
freshwater zooplankton (De Meester et al., 1999;
Lass & Spaak, 2003) and planktivorous fish (Gliwicz,
2005). Blue mussels Mytilus sp. exposed to predators
were found to increase their attachment strength,
become more aggregated, and reduce their locomo-
tion (Reimer & Tedengren, 1997; C6té & Jelnikar,
1999; Reimer & Harms-Ringdahl, 2001; Nicastro
et al., 2007). Other epifaunal marine mussels: Horm-
omya mutabilis (Gould), Perna viridis (L.) and
Brachidontes variabilis (Krauss) also modify their
byssal thread production in the presence of predators
(Ishida & Iwasaki, 2003; Cheung et al., 2004; Cheung
et al., 2006).

Freshwater zebra mussel, Dreissena polymorpha
(Pallas) is an expansive, invasive Ponto-Caspian
bivalve, inhabiting various hard substrata in lakes,
large lowland rivers and artificial reservoirs. It
strongly affects invaded ecosystems by filtration,
fouling and increasing substratum heterogeneity
(Karatayev et al., 2002). Zebra mussel life cycle
includes a planktonic larva that, after spending several
days in the water column, attaches to substratum by
byssal threads and metamorphoses into an adult.
However, mussels retain the ability to abandon their
byssi at any time and crawl over substratum to find a
new site (Ackerman et al., 1994). Detachment of
mussels occurs in the field when they are dislodged by
water flow or after substratum disintegration, e.g.
when macrophytes decay (Lewandowski, 2001). Such
individuals must find a new, appropriate site and
attach as soon as possible. Moreover, mussels quite
often detach actively (Kobak et al., 2009) and relocate
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onto new substrata, such as newly deployed surfaces
(Ackerman et al., 1994; Czarnecka, 2006), materials
cleaned from epiphytic growth (Lauer & Spacie,
2004) or nearby conspecifics (Staniczykowska, 1964).
Despite the short duration of such detachment events
in a mussel life, they are critical periods, when an
animal is particularly exposed to adverse environ-
mental factors, including predation risk. That is why
its behaviour (e.g. reattachment, locomotion or site
selection) during such periods may be especially
important for its survival.

Zebra mussels are commonly consumed by water-
fowl, fish and crayfish (Molloy et al., 1997), which
can considerably affect its population structure and
abundance (Molloy et al., 1997; Bartsch et al., 2005;
Werner et al., 2005). One of the most efficient
predators of D. polymorpha is roach Rutilus rutilus
(L.). Fish of this species start to feed on zebra
mussels at the body length of ca. 17-18 cm (Molloy
et al., 1997). Roach that have just started to feed on
mussels take mainly small animals, ca. §-10 mm
shell length, while larger fish (body length >
210 mm), being typical molluscivores, prefer larger
individuals (11-17 mm) (Prejs et al., 1990). Zebra
mussels smaller than 8 mm are usually rejected by
roach of all sizes and those larger than 17 mm are
also less often consumed (Prejs et al., 1990). Various
interactions between zebra mussels and their preda-
tors, including behavioural defences, can be
expected. So far, a reduction of the filtration rate of
D. polymorpha and changes in its feeding selectivity
in the presence of molluscivorous roach Rutilus
rutilus and a crayfish Pacifastacus leniusculus (Dana)
have been documented (Naddafi et al., 2007), though
it is uncertain whether the mussels in this study were
affected directly by predators or by conspecifics
consumed by them. Furthermore, in populations
assumed to live under high predation pressure, small
mussels (8—10 mm shell length) have heavier shells
and the growth rate of medium mussels (12—14 mm)
is reduced (Czarnoteski et al., 2006), either due to
individual plasticity or evolutionary changes. Small
and medium-sized zebra mussels (<17 mm shell
length) were also found to respond to the presence of
large roach (>15 cm) by increasing their attachment
strength, forming larger aggregations and reducing
upward movement (Kobak & Kakareko, 2009), while
large mussels (>17 mm) did not respond to any roach
cues (Kobak & Kakareko, 2009).
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In the present study, we address further questions
dealing with zebra mussel responses to predators:
(1) the effect of predator size, to check their
capability of discriminating between fish constituting
a real danger and small individuals, feeding on other
types of food, and (2) the effect of exposure time in
the presence of predators. We carried out a laboratory
experiment to check zebra mussel attachment and
aggregation behaviour in the presence of fish with
different feeding capabilities and habits: large roach
Rutilus rutilus, a well adapted molluscivore, small
roach, unable to consume zebra mussels (Molloy
et al., 1997) and European perch Perca fluviatilis
(L.), not reported to feed on them (Craig, 1987;
Molloy et al., 1997; Bryliniska, 2000). On the basis of
our previous study (Kobak & Kakareko, 2009), we
hypothesised that mussels would attach more strongly
and form aggregations more frequently in the pres-
ence of roach, especially large fish. We expected a
stronger reaction of mussels after a longer exposure
time and in the presence of large roach, being a real
danger for them (Prejs et al., 1990; Molloy et al., 1997).

Methods
Experimental animals

Mussels were collected by divers from the dam of the
Wiloctawek Reservoir (the lower Vistula River,
central Poland) from the depth of ca. 5 m. They were
kept in a 500-1 aquarium filled with aerated water
(temperature 15-20.5°C). Ca. 20% of water volume
was exchanged every 3—4 weeks to avoid the accu-
mulation of wastes in the aquarium. The mussels were
divided into small (mean shell length: 9.5 mm, range:
8.2-9.9 mm) and large (15.4 mm, 13.3-16.9 mm)
size classes. Selection of the size classes was based on
previous research, dealing with the feeding prefer-
ences of roach (Prejs et al., 1990) and the responses of
mussels to predator cues (Kobak & Kakareko, 2009).
We did not test mussels within 2 weeks of collection
to allow them to acclimate to laboratory conditions or
later than 4 months after collecting, to avoid the
potential effects of prolonged captivity on their
behaviour. The mussels were not fed during the study
course. However, they are known to tolerate long
periods of food deprivation without substantial loss of
condition (Chase & McMahon, 1995). We only used

animals attached to the substratum in the rearing
aquarium. Each individual was only examined once.

We tested the following fish: (1) large roach
(180-250 mm total length), capable of feeding on
zebra mussels (Prejs et al., 1990); (2) small roach
(80-110 mm), having pharyngeal teeth too weak to
crush zebra mussel shells (Prejs et al., 1990) and
feeding on other types of food: soft zoobenthos, small
thin-shelled molluscs (Sphaeriidae), zooplankton and
plants (Brylinska, 2000; Kakareko, 2002); (3) Euro-
pean perch (100-180 mm), which have never been
reported to feed on zebra mussels (Craig, 1987; Molloy
et al., 1997; Brylinska, 2000). In this study, perch was
included to control for potential mussel responses to
cues other than kairomones, such as changes in water
chemistry (e.g. due to faeces).

All studied species occur in the reservoir, from
which the mussels were collected (Kakareko, 2000).
They were collected in eutrophic lakes of North-
Eastern Poland by anglers and commercial fishermen
using seine nets, as well as in the Wloctawek
Reservoir by electrofishing. The fish were transported
to the laboratory in plastic bags with oxygenated
water and placed in 100-500 1 tanks (each species
and size class separately) with filtered, aerated water
at temperature of 12.8-17.9°C. Every 2 weeks, we
exchanged ca. 25% of water volume to keep the tanks
clean.

Before the experiments, the fish were adapted to
laboratory conditions for at least 1 month. The fish
were fed on frozen chironomids and blended beef
heart. Mussels were excluded from their diet to avoid
potential signals from crushed conspecifics.

Experimental setup

We conducted the experiments in 4 100-1 tanks
(treatments) containing randomly selected fish of a
given kind (2 large roach, 5 small roach or 3—4 perch
individuals). We assumed that the numbers of fish
were sufficient to produce the amount of kairomones
(provided that they were produced at all) capable of
triggering mussel responses. At the same time, the
numbers of fish were low enough to ensure suitable
life conditions for them during the trials (20-50 1 of
water per fish, depending on their sizes). The fourth,
control treatment was a tank devoid of any fish.
Water in all the tanks was aerated, filtered and mixed
using aquarium pumps (Fan-3 Plus Filter, Aquael,
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Warsaw, Poland). The pumps allowed for even
mixing of a potential fish kairomone in water and
its access to the tested mussels. We checked the water
quality using a multimeter Multi340i (WTW GmbH,
Weilheim, Germany). Temperature (mean: 15.8°C, range:
14.2-19.1°C), conductivity (558, 525-581 pS/cm),
pH (8.2, 7.8-8.6) and oxygen concentration (8.0,
6.9-9.4 mg/l) were similar among treatments. The
tanks were illuminated by natural light scattered by
the closed blinds in the window of the laboratory
room (ca. 30-300 Ix at the water surface, depending
on the weather; the natural photoperiod between
November and May).

To study mussel attachment strength, we used
boxes made from polyvinyl chloride (PVC) tiles
(100 x 100 x 5 mm), a suitable substratum for zebra
mussels (Walz, 1973; Ackerman et al., 1995; Kobak,
2004). The boxes consisted of the bottom and four
walls joined by rubber bands and roofed with 1-mm
nylon mesh (Kobak, 2006). The boxes prevented
mussels from leaving the tiles and protected them
from predators. Before each trial, we cleaned the tiles
with sandpaper and put them in water without fish for
1 week before use. This period is sufficient for the
development of a biofilm, making the substratum
more suitable for mussels (Kavouras & Maki, 2003).
At the beginning of each trial, we put the boxes with
10 small or large mussels into the experimental tanks.
The fish could move all over the tanks, also around
and above the boxes. Thus, any substances released by
the potential predators could easily reach the mussels.
Mussels were exposed in the experimental tanks for 1
or 6 days. At the end of a trial, we counted aggregated
(clustered) individuals (i.e. attached in a direct
physical contact with another mussel) and singletons
(without any physical contact with conspecifics).
Then we disassembled the boxes and measured the
attachment strength of each mussel using a digital
dynamometer (FG-5000A, Lutron Electronic Enter-
prise Co., Ltd, Taipei, Taiwan) connected with a
forceps holding a mussel. We pulled the device gently
perpendicular to the tile until the mussel was detached
(Hubertz, 1994). The attachment strength of individ-
uals that were too crowded to access with the forceps
was not measured. The adhesion of those mussels that
attached to conspecifics, rather than to the tiles, was
also not tested, so that all analysed individuals were
attached to the same substratum type (PVC). Alto-
gether, only ca. 3% of mussels were excluded from the
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analysis due to the above reasons, which should not
bias the results in any way. We used the mussels from
the vertical tiles, as mussels attach similarly to vertical
and horizontal surfaces (Kobak, 2006). In another
study, conducted according to a similar procedure,
mussel attachment strength increased significantly
during the first 4 days and then stabilized at a constant
level (Kobak, 2006). Thus, we measured attachment
strength in its initial (day 1) and stable (day 6) phases.

The treatments (tanks with 2 large roach, 5 small
roach, 3—-4 perch and control) were replicated 10
times. In each tank, 4 boxes (with large or small
mussels, exposed for 1 or 6 days) were exposed
simultaneously in each replicate. Thus, altogether 16
different variants were tested. We cleaned the tanks
and changed water and fish between the replicates.
The 1-day trials started not earlier than 2 days after a
water change to assure the sufficient concentration of
a potential fish kairomone.

Statistical analysis

We analysed mussel attachment strength using a
four-way ANOVA with 3 fixed factors: (1) fish
presence (large roach, small roach, perch, control),
(2) mussel size (small, large) and (3) exposure time
(1 day, 6 days) and 1 random factor: replicate. We
compared the percentages of mussels forming
aggregations in various treatments with a three-
way ANOVA (factors: fish presence, mussel size,
exposure time). We used Tukey HSD test as a post-
hoc procedure. To avoid violations of the ANOVA
assumptions of normality and homoscedasticity
(checked with Kolmogorov—Smirnov and Levene
tests, respectively), we log-transformed the data for
both analyses.

Results
Attachment strength

In the analysis of mussel attachment strength, we
found a significant fish presence x exposure time
interaction (ANOVA: F; ,; =14.0, P <0.001,
Table 1A). It resulted from the fact that there was
no significant effect of the presence of fish after a
1-day exposure, whereas after a 6-day exposure the
attachment strength of the mussels kept in the
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presence of large roach was the highest (Fig. 1) and
differed significantly from that of the other individ-
uals (Tukey test, P < 0.001, Table 1B). Attachment
also increased with mussel size and exposure time
(Fig. 1), with a greater change exhibited by large
mussels (a significant mussel size x exposure time
interaction in ANOVA: F; o= 96.3, P <0.001,
Table 1). The interactions involving the mussel size
and fish presence factors were insignificant
(ANOVA: P > 0.05, Table 1A), showing that both
size classes responded similarly to the presence of
fish. The interactions among the random factor
replicate and the fixed factors were also insignificant
(ANOVA: P > 0.05), indicating that the mussel

responses to the tested variables did not change
during the duration of the entire experiment.

Aggregation behaviour

The mussels rarely attached to conspecific shells, but
often formed clusters by attaching to the PVC
substratum in a direct physical contact with the
conspecifics. The percentage of animals forming
aggregations ranged from 22% of small mussels after
a 1-day exposure in the control treatment to 77% of
large mussels after a 6-day exposure in the presence
of large roach (Fig. 2). The mussel reactions to the
presence of fish depended on the exposure time, as

Table 1 (A) ANOVA of mussel attachment strength in the presence of potential predators. Only the effects of the fixed factors are
shown. (B), (C) Tukey tests for the significant ANOVA effects

df F P

(A) Effects
Fish presence (F) 3,27 18.1 <0.001%#**
Mussel size (S) 1,9 141.0 <0.001 #**
Exposure time (7) 1,9 402.8 <0.00] #**
F xS 3,27 23 0.099™
FxT 3,27 14.0 <0.001%#%*
SxT 1,9 96.3 <0.001%#**
FxSxT 3,27 2.6 0.075™
Fish presence Ctr SR LR Ctr P SR

Exposure 1 1 1 1 6 6 6

time (days)
(B) Tukey test for the F x T interaction
P 1 ns
SR 1 ns ns
LR 1 ns ns ns
Ctr 6 *kk _ _ _
P 6 - HoEE - - ns
SR 6 - - ok - ns ns
LR 6 — _ _ ok sokok Hokk ek
Mussel size LM LM SM

Exposure 1 6 1
time (days)

(C) Tukey test for the S x T interaction
LM 6 *kk
SM 1 *kk _
SM 6 _ ®kk wkk

Ctr control treatment, P perch, SR small roach, LR large roach, LM large mussels, SM small mussels; ns—P > 0.05,
*0.01 < P <0.05, ** 0.001 <P <0.01, *** P <0.001
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A Small mussels (<10 mm) exposed for 1 day
Large roach i}
Small roach [}
Perch I}
Control .
00 0s 10 15 20
B Small mussels (<10 mm) exposed for 6 days
Large roach |-
Small roach |-
Perch |-
Control INGNG-
00 0s 10 15 20
C Large mussels (>10 mm) exposed for 1 day
Large roach |-
Small roach I
Perch I
Control Iz
00 0s 10 15 20
D Large mussels (>10 mm) exposed for 6 days
Large roach [
Small roach [N
perch N
control NG
0‘0 0‘5 1?0 1‘.5 2'0
Attachment strength (Newtons)

Fig. 1 Mussel attachment strength in the presence of potential
predators. The error bars show standard errors of means

indicated by the significant interaction between these
factors (ANOVA: F5, 144 = 3.2, P = 0.025, Table 2A).
After 1 day, the mussels were more aggregated in the
presence of all kinds of fish than in the control
treatment (Fig. 2A, C), as shown by the Tukey test
(P < 0.001, Table 2B). In the control and large roach
treatments, the percentages of clustered mussels
increased significantly after a longer exposure (Tukey
test, P < 0.001 and P < 0.01, respectively), while the
aggregation levels of the mussels exposed to small
roach and perch did not change significantly between
1 and 6 days (Tukey test, P > 0.05, Table 2B). As a
result, after 6 days the mussels exposed to large roach
were the most aggregated (Fig. 2B, D) and differed
significantly with this respect from those from the
other treatments (Tukey test, P < 0.05, Table 2B),
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A Small mussels (<10 mm) exposed for 1 day
Large roach |
Small roach I
Perch [ —
Contro! | IIEIGININIIIE—
0 20 40 50 80
B Small mussels (<10 mm) exposed for 6 days

Large roach I
Small roach [ —

Perch N —
Control | N
(') 2‘0 4lo s'o 8‘0
C Large mussels (>10 mm) exposed for 1 day

Large roach [N
Small roach NN
Perch [INNNEGEE
contro! | IEGNGNGNGNGE—

0 20 40 60 80
D Large mussels (>10 mm) exposed for 6 days

Large roach
small roach N

Perch |
Control | N —
0 20 40 60 80

Percentage of aggregated mussels (%)

Fig. 2 Mussel aggregation behaviour in the presence of
potential predators. The error bars show standard errors of
means

except that with small roach. The aggregation levels
in the small roach and perch treatments after 6 days
no longer differed significantly from that observed
in the control treatment (Tukey test, P > 0.05,
Table 2B).

Discussion
Attachment strength

The mussels after a longer exposure to large roach
were more strongly attached to the substratum than
the individuals in the other treatments (Fig. 1).
A similar response of zebra mussels was observed
in our previous study (Kobak & Kakareko, 2009).



Hydrobiologia (2010) 644:195-206

201

Table 2 (A) ANOVA of percentages of mussels forming aggregations in the presence of potential predators. (B) Tukey test for the

significant ANOVA effects

df F P
(A) Effects
Fish presence (F) 3, 144 7.8 <0.001 ***
Mussel size (S) 1, 144 2.2 0.139™
Exposure time (7) 1, 144 11.5 <0.0071#**
F xS 3, 144 14 0.234™
FxT 3, 144 32 0.025%
SxT 1, 144 1.5 0.229™
FxSxT 3, 144 0.3 0.836™
Fish presence Ctr P SR LR Ctr P SR
Exposure 1 1 1 1 6 6 6
time (days)
(B) Tukey test for the F x T interaction
SR 1 o ns
LR 1 wkE ns ns
Ctr 6 okok - - -
P 6 - ns - - ns
SR 6 - - ns - ns ns
LR 6 — — _ sk * * ns

See Table 1 for the key to the symbols and abbreviations
Asterisks indicate statistically significant effects

Anti-predator defences can be also triggered by alarm
substances released by wounded conspecifics
(Pijanowska & Kowalczewski, 1997; Cheung et al.,
2004; Wisenden et al., 2008). This phenomenon has
been also observed in zebra mussels (Toomey et al.,
2002), but, as in our study the predators were not fed
on molluscs, this was almost certainly due to the
effects of fish. Roach occur in the native range of
zebra mussels (Brylinska, 2000), so a long co-
evolution of interactions between both species was
possible. Dreissenids and other byssate bivalves (e.g.
Mpytilus sp.), can constitute most of the diet of large
roach (Prejs et al., 1990; Westerbom et al., 2006).
Thus, the effect of large roach on bivalve populations
can be considerable and mussels could benefit from
their anti-predator behaviour in the presence of this
fish.

The mussel adhesion strength in the presence of
non-molluscivorous perch did not differ from that
observed in the control treatment (Fig. 1). Thus, the
observed modifications of attachment resulted from
detecting a potential predator (large roach), and not

from the changes in water quality caused by any kind
of fish. The attachment strength increased with time
and the differences among treatments became evident
after a longer exposure (Table 1B). Probably, a
detached mussel tries to attach itself as soon as
possible, regardless of the presence or absence of
other cues, including predators. The prolonged pres-
ence of predators, indicating their permanent high
local density and hence a high level of predation risk,
could affect the subsequent behaviour of mussels and
result in their stronger attachment after a longer time.
Anti-predator defences were observed to differ
depending on exposure time. Reduced activity was
an initial response of Mytilus sp. to predators, later
followed by a period of higher activity, leading to
greater attachment strength and searching for a refuge.
Similarly to our results, responses of Mytilus sp. after
a longer exposure to predators were stronger (Reimer
& Tedengren, 1997; Reimer & Harms-Ringdahl,
2001). At even longer time scales (weeks or months),
yet different responses to predators take place, such as
changes of shell thickness and shape and/or growth
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rate (Reimer & Harms-Ringdahl, 2001; Krist, 2002;
Weber, 2003; Czarnoteski et al., 2006).

Adhesion to hard substratum is essential for
survival of byssate bivalves and protects them against
adverse environmental factors, such as waves (Bell &
Gosline, 1997) and toxins (Rajagopal et al., 2005). Our
study has shown that it may also be a form of an anti-
predator defence, as we observed the higher attach-
ment strength of mussels in the presence of efficient
molluscivores. Breaking strong byssal threads needs
considerable energy investments and increases the risk
of injury (Smallegange & Van Der Meer, 2003).
Therefore, predators may abandon potential prey
which is too strongly attached (Nagelkerke & Sibbing,
1996). The efficiency of this type of behaviour has
been demonstrated by Green et al. (2008), who
observed that detached zebra mussels were more
vulnerable to the predation by crayfish Orconectes
rusticus than attached individuals. Strong attachment
also increased the survival of Mpytilus sp. in the
presence of predatory starfish and crabs (Reimer &
Tedengren, 1997; Reimer & Harms-Ringdahl, 2001).

Aggregation behaviour

After 1 day, the mussels responded to all kinds of fish
by forming clusters more often than in the control
treatment (Fig. 2, Table 2B). However, the mussels
tested in the presence of perch and small roach did
not increase significantly their aggregation level after
a longer exposure (Table 2B). In contrast to them, the
control mussels kept clumping and after 6 days their
aggregation level no longer differed significantly
from that observed in the presence of perch and small
roach (Fig. 2, Table 2B). The gradual increase of the
aggregation level of zebra mussels with time was also
observed by Stanczykowska (1964) on various types
of substrata. The rate of this process was probably
increased by the presence of any kind of fish, while
the final percentage of clustered individuals was not
affected. The mussels exposed to large roach for 6
days continued aggregating and finally significantly
exceeded the clumping level observed in the other
treatments (Fig. 2, Table 2B). Thus, the aggregative
response of mussels to large roach seems to be
distinct from their reaction to the other fish.
Zebramussels are gregarious animals, living in dense
clusters or druses and exhibiting a natural tendency to
aggregate, independent of the substratum quality
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(Stanczykowska, 1964; Chase & Bailey, 1999;
Czarnoteski et al., 2003). Our study shows that the
presence of predators can further increase this tendency.
Aggregation forming is a common anti-predator
defence used by various organisms, such as cladocerans
(Pijanowska & Kowalczewski, 1997), bivalves (Reimer
& Tedengren, 1997; Coté & Jelnikar, 1999) and fish
(Magurran, 1990). It is effective because capturing an
individual from the centre of an aggregation is more
difficult due to the reduced accessibility and smaller
exposed surface of such prey (Cheung et al., 2004). A
group of mussels attached to one another is also more
difficult to handle than a single individual.

Two mechanisms of forming conspecific aggrega-
tions of mussels are possible: (1) increased random
movement during which mussels stop after encoun-
tering a conspecific and (2) movement mediated by
chemical attraction to conspecifics. In the former case,
it could be expected that aggregated mussels moved
for a longer time, and therefore, started to attach to the
substratum later than singletons. In consequence, the
attachment strength of clustered mussels, having less
time for attachment, should be lower (or at least not
higher) than that of single individuals. However, our
results did not confirm this expectation, as the
predator-exposed mussels, which were more aggre-
gated than the control individuals (Fig. 2), were also
more strongly attached to the substratum (Fig. 1).
Furthermore, in an earlier study, we did not observe
any increase of the horizontal locomotion of zebra
mussels in the presence of roach (Kobak & Kakareko,
2009). Actually, mussels were even found to reduce
their movement after detecting crushed conspecifics
(Toomey et al., 2002) or strong light (Kobak &
Nowacki, 2007, Kobak et al., 2009). These results
suggest that mussel aggregation behaviour was med-
iated by the chemical attraction to conspecifics, rather
than by the increased random movement, though the
exact mechanism of this phenomenon is yet to be
explained in the future. Coté & Jelnikar (1999) and
Nicastro et al. (2007) also postulated the chemical
attraction among individuals as an aggregation mech-
anism in Mytilus sp. On the other hand, Uryu et al.
(1996) explained the clumping of another bivalve
Limnoperna fortunei (Dunker) by simple random
movement. It is also possible that the mussels exposed
to roach increased the rate of byssal thread production.
In this case, they would have been attached more
strongly independent of the actual attachment time.
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The effect of predator size and mussel size

Zebra mussels responded with stronger attachment
only to the presence of large, molluscivorous roach.
The cues responsible for differentiation between a
dangerous predator and a harmless specimen from the
same species are unknown. We can assume that in all
treatments the concentration of a potential kairomone
was sufficient to trigger mussel responses, due to the
considerable density of fish in a relatively small tank
and quite a long time of their presence in the tank.
Perhaps, mussels could detect some substances
released to water by sexually mature roach. They
mature at the age of 3 years, when their body length
is ca. 110-120 mm (Brylinska, 2000). Thus, the large
roach in our study were probably mature, while the
small fish were close to this threshold size. Obvi-
ously, further studies are needed to confirm this
hypothesis. Nevertheless, zebra mussels seem to be
able to recognize a predator constituting a real danger
for them. Other taxa, such as blue mussels, cladoc-
erans and gammarids were also observed to discrim-
inate among various types of predators and vary their
defences accordingly (Baumgirtner et al., 2002;
Weber, 2003; Freeman, 2007).

The studied mussels, independent of their size,
responded similarly to the presence of large roach by
attaching more strongly to the substratum (Fig. 1)
and more often selecting sites in the direct proximity
of conspecifics (Fig. 2). Previous research has shown
that yet larger zebra mussels (>17 mm shell size) do
not exhibit any defensive responses to roach (Kobak
& Kakareko, 2009). According to Prejs et al. (1990),
the mussels tested in our study (<17 mm) were
within the range endangered by roach predation and
consequently they responded to the presence of fish.
Similarly to other studies, smaller mussels were less
strongly attached than larger individuals (Ackerman
et al., 1995; Kobak, 2006) and attachment strength
increased with time in all treatments (Clarke &
McMahon, 1996; Kobak, 2006).

Conclusions

Direct or indirect symptoms of the increased preda-
tion risk stimulate zebra mussels to select sites within
bivalve colonies (the present study), as well as
sheltered, dark, near-bottom locations (Thorp et al.,

1994; Lewandowski, 2001; Kobak & Nowacki, 2007;
Kobak & Kakareko, 2009). Such behaviour protects
mussels from predation, but at the same time leads to
occupying places, which can be suboptimal in terms
of food availability and water quality due to the
strong intraspecific competition (Tuchman et al.
2004) and accumulation of waste in dense mussel
colonies (Burks et al., 2002). Furthermore, mussels
exposed to predators allocate more energy into
attachment to the substratum. That is why the
observed defences are inducible and appear only
after detecting a predator, instead of being exhibited
continuously. A similar trade-off was observed in
other prey taxa, which reduce their feeding activity
(damselflies; Koperski, 1997), spend more time in
places with low food availability (zooplankton and
planktivorous fish; De Meester et al., 1999; Gliwicz,
2005) and/or become less resistant to starvation due
to attaining smaller size (zooplankton; Gliwicz, 1990;
Weber, 2003) in order to decrease the predation risk.

It should be noted that the roach density (and thus
the concentration of a potential fish kairomone) in the
relatively small, closed tanks used in our study
probably exceeded that found in the field, though, due
to the occurrence of roach in large shoals (Pavlov
et al., 1986), local concentrations of their kairomones
can be quite high. Other organisms, e.g. planktonic
cladocerans, can respond differently to various con-
centrations of predator kairomones, with stronger
reactions observed at higher predator densities (e.g.
von Elert & Pohnert, 2000; Baumgértner et al., 2002;
Weetman & Atkinson, 2002). A threshold level of
kairomone sufficient to trigger the mussel responses
observed in our study needs to be estimated in further
research. Nevertheless, it seems unlikely that mussels
do not exhibit similar predator-induced behavioural
changes in the field. Their responses certainly involve
complex adaptations of sensory systems (to detect
predators and conspecifics), behaviour (to move
towards a conspecific) and physiology (to modify
the byssus production rate). Thus, it is improbable
that these traits are only manifested in artificial
laboratory conditions and have (or had in the past) no
effect on the animal fitness in the field.

Our study does not show directly whether the
observed behavioural changes increase chances of
mussel survival in the presence of large roach.
Moreover, it is not known if mussel reactions depend
on the predator diet (neutral or including conspecific
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prey specimens), which was observed in other
bivalves (Smith & Jennings, 2000; Cheung et al.,
2006; Griffiths & Richardson, 2006), fish (Pettersson
et al, 2000) and -cladocerans (Pijanowska &
Kowalczewski, 1997). These questions should be
addressed by the future studies.
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