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Abstract Blue mussels (Mytilus edulis L.) are a valuable

resource for commercial shellfish production and may also

have uses as a tool in habitat improvement, because mussel

beds can increase habitat diversity and complexity. A

prerequisite for both commercial mussel production and

habitat improvement is the availability of seed mussels

collected with minimum impact on the benthic ecosystem.

To examine whether mussels collected in suspended cul-

tures can be used for bottom culture production and as tool

in habitat improvement, the differences in predatory

defence responses between suspended and bottom mussels

exposed to the predatory shore crab (Carcinus maenas L.)

were tested in laboratory experiments and in the field.

Predatory defence responses (byssal attachment and

aggregation) and morphological traits were tested in labo-

ratory, while growth and mortality were examined in field

experiments. Suspended mussels had an active response in

relation to the predator by developing a significantly firmer

attachment to the substrate and a closer aggregated struc-

ture. Bottom mussels had a passive strategy by having a

thicker shell and larger relative size of the adductor muscle.

In a field experiment mussels originated from suspended

cultures had a higher length increment and lower mortality

when compared to bottom mussels. It is concluded that

suspended mussels potentially are an alternative resource

to bottom culture and can be used in habitat improvement

of mussel beds, but that the use of suspended mussels has

to be tested further in large-scale field experiments.

Keywords Predatory response � Carcinus maenas �
Mytilus edulis � Habitat improvement � Bottom culture �
Long line culture

Introduction

Blue mussels form biogenic reefs, thereby providing a

complex structure to coastal habitats. In addition, blue

mussels are a valuable resource for commercial shellfish

production including fishery and culturing activities (Smaal

2002). The species also has perspectives as a tool in habitat

improvement of costal habitats as the mussel beds increase

habitat diversity and complexity (McDermott et al. 2008).

Habitat improvement using bivalves is mainly known in

relation to restoration of oyster reefs (e.g. Coen and Luc-

kenbach 2000; Peterson et al. 2003; Coen et al. 2007), and

the focus for many of the habitat improvement projects

involving bivalves has typically been reduction in public

health risk through improved water quality and to improve

the harvest of bivalves for consumption (e.g. Leonard

1993). Only little work can be found in literature docu-

menting the use of blue mussels as an improvement tool,

though the species has proven to be suitable for the purpose

(Szatybelko and Dubrawski 1999; McDermott et al. 2008).

McDermott et al. (2008) reported that restoration of blue

mussel beds can increase living marine resource utilisation

and species diversity within a degraded habitat. Biogenic

reefs are included in the EU Habitat Directive, and
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consequently, mussel beds may be prioritised for protection

in protected areas to fulfil Habitat Directive objectives.

The availability of seed mussels is fundamental for the

success of both habitat improvement and culturing activi-

ties. The mussels for bottom culture are traditionally col-

lected by dredging seeds on natural mussel beds and

relaying the seed to an area with high primary productivity.

In several European countries, the exploitation of natural

populations of blue mussels is restricted or locally banned

due to declining populations and changes in management

strategies. Alternative resources of seed have to be found if a

constant European market supply is to be maintained, and

the use of mussels in habitat improvement should have a

large-scale potential. Alternative sources of mussel seed

have included the development of methods for collection of

seed from suspended cultures (Kamermans et al. 2002,

2009). This method eliminates the risks of spreading unin-

tended organisms, since transfer of seeds from one area to

another potentially involves the risk of spreading of harmful

algae (Hégaret et al. 2008) or other harmful organisms.

Predation is the single most important source of mor-

tality in mussels (Gosling 1992). However, mussels from

suspended cultures are grown on ropes in the water column

with minimum exposure to invertebrate predators (Gosling

2003). In contrast, bottom mussels are exposed to predators

such as shore crabs and starfish. It is, therefore, reasonable

to assume that mussels originating from bottom beds with

predators are more robust to predation than mussels from

suspended cultures. A study of blue mussels from the

Baltic Sea and the North Sea found that blue mussels from

the predator-free Baltic Sea still exhibited inducible pred-

ator defence but the response was weaker than that

exhibited by blue mussels from the North Sea (Reimer and

Harms-Ringdahl 2001). In order to evaluate the growth and

survival potential of mussels collected on suspended cul-

tures, knowledge of their predatory response is central.

Blue mussels use a variety of defence responses to reduce

predation risk (Beadman et al. 2003). The mussel can induce

both shell thickening (Reimer and Tedengren 1996; Leonard

et al. 1999) and shell lip thickening (Smith and Jennings

2000) in response to predatory exposure. Furthermore,

development of strong attachment of byssal threads to the

substrate, or even to the predator, can occur when there is a

high predation rate (Côté 1995; Dolmer 1998; Leonard et al.

1999; Farrell and Crowe 2007). Living in aggregations does

also reduce predation (Bertness and Grosholz 1985;

Okamura 1986; Reimer and Tedengren 1997) since it pro-

longs predator search time (Frandsen and Dolmer 2002).

The shore crab is one of the most important predators of blue

mussels (Davies et al. 1980) and may thus have a large

influence of the success of mussels relayed on the sea bed.

In order to test whether mussels produced on suspended

cultures can be used for on-growing on the sea bed,

laboratory and field experiments were used to explore

differences in predatory defence responses between sus-

pended and bottom mussels. Byssal attachment strength,

aggregation behaviour and differences in morphological

traits were tested in laboratory, while growth and mortality

were examined in field experiments.

Materials and methods

Laboratory experiments

Mussels used in the experiments were collected in the

central part of Limfjorden, Denmark (N56 40 E8 45).

Mussels used in the experiments were produced on sus-

pended line systems (suspended mussels) and mussels

collected from natural mussel beds (bottom mussels).

Bottom mussels were marked to make it possible to dis-

tinguish them from suspended blue mussels. Shore crabs

were collected in cage traps and held unfed in running

seawater in the laboratory for 4 days to standardise level of

hunger. Information on collection and sizes of mussels and

shore crabs is given in Table 1.

Attachment strength, aggregation behaviour and preda-

tion of bottom and suspended mussels were tested using

shore crabs placed inside cages with mussels. The cages

were 48 cm in diameter and submerged. In each cage, a

PVC plate divided into 36 squares of 5 9 5 cm was placed

at the bottom of the cage, with one mussel placed in each

square. Six cages contained 36 bottom blue mussels (sep-

arate bottom cages), six cages contained 36 suspended blue

mussels (separate suspended cages) and six cages con-

tained a mix of 18 bottom blue mussels and 18 suspended

blue mussels (mixed cages). In three cages of each treat-

ment, shore crabs were introduced after 48 h (exposed),

and in the other three cages, no shore crabs were intro-

duced (controls). After another 48 h, the crabs were

removed, their sex was determined and carapace width was

measured and the experimental parameters of the mussels

measured (Table 1). Running sea water (salinity 30–32)

supplied the cages with fresh sea water during the experi-

ment. The experiment was conducted once in August 2007

and repeated again in September 2007. Identical protocols

were used in both laboratory experiments. After the first

experiment in August, the size of adductor muscle and

shell density for the two types of mussels were determined.

Aggregation behaviour

After each experiment, the PVC plate with mussels

attached was removed from the cage and the distribution

of mussels photographed. Numbers of bottom mussels

and suspended mussels on each plate were counted.
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Distribution of mussels was quantified by recording the

number of mussels in each of the 36 squares. Squares

where umbo was located were recorded as a placement

square. Coefficient of variance (CV) of density of mussels

was used as measure for aggregation.

Attachment

Mussel attachment was measured with a spring scale

attached to individual mussels with a clamp. Attachment

was given as the maximum weight (g), and the byssal

threads were held before the mussels detached. Attachment

was quantified for 10 randomly chosen mussels from each

cage. In cages with a mixture of bottom and suspended

mussels, 10 of each mussel type were measured.

Predation

Predation rate (Mpre) was estimated as the number of eaten

mussels per day and calculated as:

Mpre ¼ ln
Nt0

Nt1

� �
� t�1

where Nt0 is the number of mussels at start of the experi-

ment, Nt1 is the number of mussels at the end of the

experiment and t is the duration of the experiment in days

(Frandsen and Dolmer 2002). All factors were assumed to

be independent of density, and rates were estimated to be

constant throughout the experiments.

Adductor muscle

To investigate differences in the shell closure strength of

bottom mussels and suspended mussels, the posterior

adductor muscle diameter was quantified from mussels

used in the August experiment. The posterior adductor

muscle was exposed by cutting the muscle along the plane

of the shell edge and measuring the diameter (mm) under a

dissection microscope. To obtain the relative size of the

posterior adductor muscle, mean muscle diameter (m) was

related to the length (l) of the shell (Hancock 1965):

Relative adductor muscle size ¼ m

l

� �

Shell index

A subsample of 10 mussels was used to quantify shell

density before the experiment. An index of shell density

was calculated from shell ash weight and surfaces area.

Ash weight (AWshell) was determined via furnace ignition

(4 h at 550�C) followed by weighing. The surface of the

mussel shell can be described as a cylinder with an ellip-

tical cross section (Reimer and Tedengren 1996). Surface

area was calculated via:

A ¼ l�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ w2

p
� p=2

where l was shell length, h was shell height and w was shell

width given in mm. Index of shell density was given as:

Shell density ¼ AWshell

A

Statistical analysis

Data on attachment strength were tested in a three-way

ANOVA as a function of mussel type, the presence of

shore crab and experiment run. In a posterior test, the

factor Time was excluded from the analysis due to a non-

significant effect and attachment was tested in a reduced

ANOVA model with only mussel type and the presence of

shore crabs. The tests were conducted on the mean

attachment strength of bottom or suspended mussels in

each cage, as the measurements in each cage may not be

independent. Prior to the analysis, data were tested for

normality distribution and variance homogeneity. Pairwise

multiple comparison Tukey tests were used to establish

significant differences between separate groups of data.

Coefficient of variation of aggregation behaviour (CV)

was measured together with information on predation,

mussel and time for 24 cases. The possible linear rela-

tionship was investigated using the linear model E(CV) =

Mussel ? Predation ? Time ? Predation:Time. The results

of the model are given in Table 2. The table shows that the

interaction effect is non-significant on a 95% confidence

Table 1 Overview of number of days blue mussels were caught before experiment, mean length of mussels used and mean carapace width of

shore crabs used in the experiments

Experiment Origin of blue

mussels (M. edulis)

(bottom/suspended)

Number of days bottom/

suspended blue mussels

(M. edulis) were collected

before experiment

Mean length (±SD)

of bottom/suspended

blue mussels

(M. edulis) (mm)

Number of days

shore crab (C. maenas)

were collected before

experiment

Mean carapace width

(±SD) for shore crab

(C. maenas) (mm)

N = 18

August Kaas Bredning/

Sallingsund

17/10 37.9 ± 1.8/34.9 ± 2.2 5 65.2 ± 3.4

September Commercial fishery/

Sallingsund

2/20 37.0 ± 1.9/40.2 ± 2.4 5 62.6 ± 2.6
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level. Hence, this effect is then removed from the model

and the reduced model E(CV) = Mussel ? Preda-

tion ? Time was analysed (Table 3). Results indicated that

the effect of predation was just non-significant and the

model was reduced to the final model E(CV) = mus-

sel ? time. A Q–Q plot indicates that observations may be

considered to be normally distributed.

The predation of mussel types in separate and mixed

cages was tested by the use of one-way ANOVA.

Data on adductor muscle and shell density did not meet

the assumptions of normal distribution and variance

homogeneity. Data were divided into the different treat-

ments and tested separately using non-parametric Student

t-tests and Mann–Whitney rank sum tests.

Field experiment

A field experiment was conducted in Sallingsund (5–6 m of

water depth) in the central part of Limfjorden (N56 42 E8

48) from August to November (105 days) 2007. In August,

bottom and suspended mussels were relayed in 10 open

frames of 2 9 2 m. In each frame, 25 kg of bottom or

suspended mussels were relayed (6.25 kg m-2).

Growth, density, mortality, biomass and condition index

Before the mussels were placed in the frames, length was

measured from 60 randomly chosen mussels in each frame.

Mean length (±SE) of mussels was 40.6 ± 0.6 mm for

bottom mussels and 43.0 ± 0.8 mm for suspended

mussels.

After the experiment, all mussels in three smaller sub-

sample frames (0.25 m2) within each of the 10 frames were

collected. Mussels were counted, weighed and length

measured, and shell length increment (mm) was estimated.

Since mortality due to predation and mortality due to

other factors could not be distinguished in the field

experiment, the rate of total mortality (Mtotal) was used as a

measure of predation. Mtotal was calculated as:

Mtotal ¼ ln
Nt0

Nt1

� �
� t�1

where Nt0 is the number of mussels at the start of the

experiment, Nt1 is the number of mussels at the end of the

experiment and t is the duration of the experiment in days.

All factors were assumed to be independent of density, and

rates were estimated to be constant throughout the

experiments.

As a measure of intraspecific competition, the condition

index (CI) for mussels was estimated as:

CI ¼ Biomassend

Lengthend3

� �
� 1; 000

where Biomassend is the wet weight (g) of mussels at the

end of the experiment and Lengthend is the shell length

(mm) of the mussels at the end of the experiment.

Statistical analysis

Differences in density and growth measured as shell length

increment for bottom and suspended mussels were tested

with Student t-test. A one-way ANOVA was used to test

for differences in mortality between the two mussel types.

Results

Laboratory experiments

Aggregation behaviour

The experiments showed that suspended blue mussels form

significantly more aggregated bed structure in cages than

bottom mussels (Linear model P = 0.03) (Fig. 1; Table 4).

The presence of predators did not affect aggregation

(P = 0.08; Table 3).

Attachment

For both bottom and suspended mussels, the attachment

strength was significantly stronger when predators were

present compared to when no predators were present

Table 2 Results of linear model on aggregation behaviour in bottom

and suspended mussels given as coefficient of variance (CV)

Coefficients Estimate SE t-value P

Intercept 1.821 0.164 11.08 9.8e-10

Mussel 0.362 0.147 2.46 0.036

Predation 0.164 0.208 0.79 0.4405

Time -0.635 0.208 -3.05 0.0065

Predation time 0.214 0.294 0.73 0.4763

The interaction effect is non-significant on a 95% confidence level.

Hence, the effect was removed from the model

Table 3 Results of linear model on aggregation behaviour in bottom

and suspended mussels given as coefficient of variance (CV)

Coefficients Estimate SE t-value P

Intercept 1.768 0.145 12.17 1.06e-10

Mussel 0.362 0.145 2.49 0.0217

Predation 0.217 0.145 1.86 0.0772

Time -0.528 0.145 -3.63 0.0017

Predation was non-significant on a 95% confidence level. Hence, the

effect was removed from the model
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(Fig. 2; Table 5). When exposed to predators, suspended

mussels (624 ± 34 g) had a significantly stronger byssal

attachment (±SE) than both bottom mussels separately

(365 ± 24 g) (Tukey test P = 0.002) and bottom mussels

from cages mixed with suspended mussels (407 ± 25 g)

(Tukey test P = 0.012).

Predation

Mortality due to predation varied between 0.07 and 0.25

for bottom mussels, 0.07 and 0.41 for suspended mussels,

0.09 and 0.29 for bottom mussels in mixed cages and 0.16

and 0.41 for suspended mussels in mixed cages. Due to

large variation in mortality rates within treatments, no

differences were observed in predation of suspended

mussels or bottom mussels, either when mussels were kept

separately or when mixed (One-way ANOVA P = 0.134)

(Fig. 3; Table 6). Mortality rates in control cages varied

between 0 and 0.01 for bottom mussels, 0 and 0.09 for

suspended mussels, 0 and 0.06 for bottom mussels in mixed

cages and 0 and 0.03 for suspended mussels in mixed

cages. There were no significant differences in mortality

between suspended mussels or bottom mussels, either

when mussels were kept separately or when mixed

(Kruskal–Wallis test P = 0.636) (Fig. 3; Table 6).

Adductor muscle

Comparison of adductor muscle size (±SD) between bot-

tom and suspended mussels showed that bottom mussels

(4.6 ± 0.1) had a significantly larger relative size of

adductor muscle than suspended mussels (4.2 ± 0.1)

(Mann–Whitney rank sum test P \ 0,001). There were no

Fig. 1 Aggregation of mussels (M. edulis) measured as coefficient of

variance (±SE) of density of bottom and suspended mussels, when

exposed and not exposed to shore crab (C. maenas) (n = 6 replicates

per treatment)

Table 4 Results of linear model on aggregation given as coefficient

of variance (CV) with the parameters type of mussel (mussel) and

experimental run (time)

Coefficients Estimate SE t-value P

Intercept 1.9032 0.1330 14.313 2.65e-12

Mussel 0.3616 0.1535 2.355 0.0283

Time -0.5278 0.1535 -3.438 0.00247

Fig. 2 Difference in strength of byssal treads (g) (±SE) for bottom

and suspended mussels (M. edulis), in separate and mixed cages

exposed and not exposed to shore crab (C. maenas) (n = 6 replicates

per treatment)

Table 5 Results of two-way ANOVA on byssal attachment strength

of bottom and suspended mussels

Comparison df SS MS F P

Mussel 3 320475.227 106825.092 7.937 \0.001

Predation 1 463512.948 463512.948 34.436 \0.001

Mussel 9 predation 3 24008.114 8002.705 0.595 0.622

Residual 40 538398.737 13459.968

Total 47 1346395.076 28646.704

Fig. 3 Predation rate (±SE) in laboratory experiment on bottom and

suspended mussels (M. edulis) in separate and mixed mussel cages,

respectively. Predation rates are estimated as total mortality in each

cage. Due to large variation in predation rates within the treatments,

statistical test showed no significant differences between treatments

Table 6 Results of one-way ANOVA on differences in mortality due

to predation on bottom and suspended mussels

Comparison df SS MS F P

Mussel 3 0.0291 0.00971 1.214 0.330

Residual 20 0.160 0.00799

Total 23 0.189
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significant differences between treatments exposed or not

exposed to predators for either bottom mussels (exposed

4.7 ± 0.7, not exposed 4.5 ± 0.5; Student t-test P = 0.173)

or suspended mussels (exposed 4.2 ± 0.3, not exposed

4.3 ± 0.5; Mann–Whitney rank sum test P = 0.084).

Shell density

Comparisons of relative shell density (mg mm-2 ± SD)

between bottom mussels and suspended blue mussels show

that bottom mussels (1.04 ± 0.22) had a significantly

higher shell density than suspended mussels (0.84 ± 0.08)

(Mann–Whitney rank sum test P \ 0.001). There were no

significant differences between treatments exposed or not

exposed to predators for either bottom mussels (exposed

1.04 ± 0.25, not exposed 1.04 ± 0.21; Mann–Whitney

rank sum test P = 0.818) or suspended mussels (exposed

0.87 ± 0.06, not exposed 0.81 ± 0.10; Student t-test

P = 0.209).

Field experiment

Growth

Difference in mean lengths of bottom mussels and sus-

pended mussels was significant both before (Student t-test

P = 0.016) and after (Student t-test P \ 0.001) the

experiment (Fig. 4). Shell length increment (±SE) during

the experiment was significantly higher for suspended

mussels (5.2 ± 0.4 mm) compared to bottom mussels

(3.5 ± 0.5 mm) (Student t-test P = 0.026).

Density, mortality and biomass

Mean density of mussels was reduced during the experi-

ment. Initial mean density of suspended blue mussels was

803 mussels m-2, which decreased to 259 mussels m-2 at

the end of the experiment. In contrast, mean density for

bottom blue mussels was 978 mussels m-2 at the start of

the experiment and 147 mussels m-2 at the end of the

experiment. Estimates of mortality rates (day-1) showed

that suspended mussels (0.01 ± 0.0) had a significantly

lower mortality than bottom mussels (0.02 ± 0.0) (One-

way ANOVA P = 0.006; Table 7). Despite the significant

differences in mussel shell length before the experiment,

there was no significant effect of initial shell length on

mortality (One-way ANOVA P = 0.151).

At the start of the experiment, the biomass of both

bottom and suspended mussels in the frames was

6.25 kg m-2. When the experiment ended, the biomass

(±SE) of suspended mussels was 2.8 ± 0.3 kg m-2 and

the biomass of bottom mussels was 1.2 ± 0.2 kg m-2, a

reduction of 55 and 81% of the total relayed biomass,

respectively. The biomass of suspended mussels was sig-

nificantly higher than the biomass of bottom mussels after

the experiment (Student t-test P = \0.001).

Condition index

After the experiment, there was no significant difference in

condition index between bottom (0.10 ± 0.01) and sus-

pended mussels (0.10 ± 0.00) (Student t-test P = 0.249).

Discussion

The present study found that mussels produced on sus-

pended long lines and mussels collected from natural

mussel beds responded differently in relation to predatory

defence, growth and mortality. In the laboratory experi-

ment, suspended mussels had a more active predator

response in relation to aggregation behaviour and attach-

ment compared to bottom mussels. Bottom mussels have

been adapted to predators over time and showed a more

passive predator response by their significantly thicker

shell density and adductor muscle diameter. The field

experiment showed that shell growth was significantly

higher for suspended mussels compared to bottom mussels.

Furthermore, mortality of bottom mussels was higher than

the mortality of suspended mussels, and in total, biomass of

suspended mussels was larger when contrasted to bottom

mussels.
Fig. 4 Initial and end shell length (mm) (±SE) of mussels collected

from natural mussel beds and suspended cultures

Table 7 Results of a one-way ANOVA on differences in mortality

due to predation of bottom and suspended mussels

Comparison df SS MS F P

Mussel 1 1.501 1.501 14.116 0.006

Residual 8 0.851 0.106

Total 9 2.352
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Formation of mussel beds by byssal attachment and

aggregation may include a trade-off between advantages in

relation to reduction in predation and a cost of increased

intraspecific competition for food depending on where in

the bed structure the mussel is attached (Okamura 1986). In

the centre of a mussel bed, individuals reduce the risk of

predation but intraspecific competition for food is likely to

be greatest (Bertness and Grosholz 1985). In a field

experiment, Frandsen and Dolmer (2002) observed that

mussels had an increased survival in complex substrates,

but a lower growth rate due to a reduced transport of food

particles and intraspecific competition. Intraspecific com-

petition does not occur to the same extend on the edge of a

mussel bed, where mussels are more exposed to predators

(Okamura 1986; Auster 1988). However, in our study,

there was no significant difference in condition index

between bottom and suspended mussels, indicating that

there was no intraspecific competition between mussels

during the experimental period.

Aggregation behaviour

Comparison of bottom and suspended mussels showed that

suspended mussels formed significantly denser bed struc-

ture than bottom mussels. Living in aggregations can

reduce the rate of predation on individuals (Bertness and

Grosholz 1985; Okamura 1986; Côté and Jelnikar 1999).

Okamura (1986) found that blue mussels in the centre of a

mussel bed suffer lower predation than mussels on the edge

of the bed. The tendency for blue mussels to clump is

enhanced under the risk of predation (Côté and Jelnikar

1999). The same pattern is known from for example zebra

mussel (Dreissena polymorpha). In the presence of pre-

dators, attachment strength and the tendency to form

aggregations increased among small- and medium-sized

zebra mussels (Kobak and Kakereko 2009).

Attachment

Both bottom and suspended blue mussels increased byssal

attachment when exposed to predators. This response to

predators was also reported by Leonard et al. (1999),

where both mussels from field populations and from cul-

tures had significant higher attachment strength in a hab-

itat with a high density of predators compared to a habitat

with a low predator density. In the present experiment,

suspended mussels showed significantly stronger attach-

ment and established a more dense bed structure than

bottom mussels. Attachment strength was significantly

higher for suspended mussels than for both bottom mus-

sels either in separated or in mixed populations. The

opposite was found in Kirk et al. (2007), where bottom

mussels from intertidal beds in general exhibited stronger

byssal attachment than suspended mussels. The experi-

ments by Kirk et al. (2007) were conducted on mussels

collected from intertidal habitats and long line mussel

farms. Mussels from the intertidal may be exposed to

wave surge and therefore may form more byssal threads

for attachment than the bottom mussels used in the present

experiment.

Byssal treads are not produced continuously but respond

to e.g. wave activity (Witman and Suchanek 1984; Young

1985) and predation (Côté 1995; Dolmer 1998; Leonard

et al. 1999). Côté (1995) observed that byssal treads

become shorter and stronger on mussels exposed to pre-

dators. The greater byssal attachment strength of suspended

blue mussels in the present study may therefore indicate

that suspended blue mussels have developed a strong

byssal attachment because they are hanging from ropes

exposed to waves in contrast to bottom mussels (Kirk et al.

2007) or suspended mussels that are compensating for a

lack of a thick shell as a predatory defence.

Adductor muscle

Bottom mussels had a significantly larger adductor muscle

relative to shell length compared to suspended mussels.

Due to the relatively short time span of our experiment and

the uncertainties of the measurements, it would not be

possible to detect differences in relative adductor muscles

size between mussels exposed and not exposed to preda-

tion. This was confirmed since there were no significant

differences between either bottom or suspended mussels

exposed and not exposed to predation. Differences are

assumed to be a result of the origin of the two types of

mussels. Field studies from Limfjorden have shown that

blue mussels on smooth substrate develop a significantly

larger adductor muscle than mussels on a more complex

substrate due to higher predator exposure (Frandsen and

Dolmer 2002). The relative size of the adductor muscle in

our laboratory experiment is comparable to the adductor

muscle size from field experiments where mussels were

laid on a smooth substrate and exposed to predators

(Frandsen and Dolmer 2002). Reimer and Harms-Ringdahl

(2001) showed that mussels can adjust their predatory

defences depending on the type of predator and their prey

handling. Larger adductor muscles are developed when

mussels are exposed to starfish (Reimer and Tedengren

1996). Contrary, thicker shells are developed when mussels

are exposed to shore crabs (Reimer and Harms-Ringdahl

2001).

Shell density

Lack of or reduced predator exposure of suspended mussel

cultures may result in a reduced development of inducible

Helgol Mar Res (2012) 66:1–9 7

123



shell density, compared to bottom mussels exposed to

predators (Kirk et al. 2007). This result was also evident in

the present study. The mean shell density (±SE) for bottom

mussels in our experiment was 1.03 ± 0.28 mg mm-2

which is comparable to the values given by Reimer and

Tedengren (1996), where blue mussels exposed to preda-

tors on a wave-exposed rocky shore had a shell thickness of

99 mg cm-2. Suspended mussels in our experiment also

exhibited thinner shell relative to length, which is compa-

rable to results from controls in the study by Reimer and

Tedengren (1996) and Kirk et al. (2007). Development of

thicker shells was observed in mussels exposed to preda-

tion by crabs or cues from crab predators (Leonard et al.

1999; Reimer and Harms-Ringdahl 2001). The thinner

shells in suspended mussels are also a result of faster

growth rates when the mussels are suspended in the water

column (Garen et al. 2004).

Suspended mussels are reported to have lower shell

thickness and weaker byssal attachment due to differences

in environmental conditions and predation regimes (Kirk

et al. 2007). Because of the relatively short time span of our

experiment, it would not have been possible to detect any

change in shell density as a result of predator exposure.

This was also confirmed by the non-significant difference

between bottom and suspended mussels exposed and not

exposed to predation. The significant difference between

suspended and bottom mussel is therefore assumed to be

due to the differences in origin as shown in Kirk et al.

(2007).

Mortality

In the present field experiment, the mortality rates were at

same level as previously estimated rates of mortality due to

predation by shore crab on a smooth substrate in Limf-

jorden (Frandsen and Dolmer 2002). The increased

aggregation by suspended mussels observed in current

study increases the substrate complexity and may therefore

explain the difference in predation or mortality. In the field

experiment, the mortality rate of bottom mussels was

higher than the rate for suspended mussels, whereas no

differences in mortality were seen in the laboratory

experiment. Measured predation rates may be influenced

by different initial sizes of suspended and bottom mussels

(Reimer and Tedengren 1996; Kirk et al. 2007). However,

statistical test stated that there were no significant effects of

shell length on predation. In the laboratory experiment,

mussels were exposed to predation in an experimental set-

up without a natural bed structure, as was the case in the

field experiments. Therefore, predation rates from labora-

tory experiments can only be used to compare the two

types of mussels and should not be used as an exact

measure of mortality due to predation.

Active versus passive predator response

Analysis of byssal thread attachment and aggregation

showed that suspended mussels develop a more predation-

resistant bed structure than bottom mussels. In contrast,

bottom mussels had a thicker shell density and a larger

adductor muscle. The predation rate of suspended mussels

in field experiments was significantly lower for suspended

mussels compared to bottom mussels.

The field experiment differs from the laboratory exper-

iment in not controlling the density and species composi-

tion of the naturally present predators. An unknown

number, species and size composition and activity of shore

crabs (Carsinus maenas) and starfish (Asterias rubens)

predated on mussels. Defence responses against the dif-

ferent predatory species can differ since the presence of

starfish often facilitates a larger adductor muscle, and shore

crabs are known to increase mussel attachment (Côté 1995;

Leonard et al. 1999). Attempts to estimate the density of

these two predators failed, and therefore, it is not possible

to distinguish the effect of the natural predators. In a

controlled cage study by Kamermans et al. (2009), con-

sumption of mussel seed by starfish was much lower than

by crabs, which is why we assume that the main predation

in the field experiment was from crabs.

Selection of prey by a predator can be influenced by the

size and the morphology of the prey items (Kirk et al. 2007).

Parameters as growth rate, byssal thread strength and shell

thickness of mussels can affect both predation attempts and

success (Norberg and Tedengren 1995; Reimer and Te-

dengren 1996). In a study by Reimer and Harms-Ringdahl

(2001), where blue mussels from the North Sea and the

Baltic Sea were compared in terms of predator inducible

changes, it was concluded that inducible plasticity was still

present in blue mussels from the Baltic Sea even though

they were not naturally exposed to predatory crabs and

starfish. Correspondingly, suspended mussels in our

experiment still show predatory defence mechanisms

despite their origin on predator-free suspended long lines.

Use of suspended blue mussels in relaying of mussels

Both laboratory and field experiments demonstrated that

blue mussels produced on suspended systems represent a

viable alternative to bottom mussels both in relation to

bottom culturing activities and for relay in relation to habitat

improvement. It should be noted that mussels used in present

study were generally (about 20 mm) larger than the typical

size of mussels used for culturing and habitat improvement

activities. However, since the predatory responses we have

reported in our experiments also have been reported in

smaller mussels (20–45 mm Norberg and Tedengren 1995;

16–33 mm Côté and Jelnikar 1999; 15–30 mm Reimer and

8 Helgol Mar Res (2012) 66:1–9

123



Harms-Ringdahl 2001), we expect that our results are also

valid for mussels in the size range typically used for relay

and transplantation. Survival and growth in the field exper-

iment was higher for suspended mussels due to a more

adaptive predator defence response, which included higher

byssal production and higher aggregation activity compared

to bottom mussels. This conclusion is supported by

Kamermans et al. (2009) who tested the applicability of

mussels from seed collectors as a seed source in bottom

culture production in relation to predation loss caused by

crabs and starfish. The use of suspended mussels as seed for

bottom cultures and habitat improvement requires a full-

scale test comparing the two types of mussel over time.
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