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Abstract 

My study confirms that there are phenotypic plastic traits in blue mussels (Mytilus edulis) in 

response to predatory pressure from shore crabs (Carcinus maenas) and sea stars (Asterias 

rubens) and a combination of them. Blue mussels can sense predators by olfactory cues from 

the predators themselves, or by alarm cues from attacked conspecifics, and then develop 

inducible defences. In this experimental study, blue mussels were exposed to either no 

predator (control) or to enclosed predators in terms of two shore crabs, two sea stars or the 

combination of one shore crab and one sea star, over a period of six weeks.   

According to previous studies a good defence against predation from shore crabs should be a 

thicker and also a more circular mussel shell, and a good defence against sea stars should be a 

strong posterior adductor muscle.  

All three predatory treatments resulted in mussel individuals with significantly heavier shells. 

When exposed to sea stars, individuals grew less lengthwise and showed a significantly lower 

end volume, as well as a significantly heavier posterior adductor muscle. These mussels also 

showed a tendency to survive sea star predation better in the predation test. Thus, inducible 

phenotypic defences against predation by sea star predation, were clearly demonstrated. The 

exposure to shore crabs resulted in a significantly higher height of the mussels, when 

controlling for mussel length. The mussels exposed to shore crabs also showed end volumes 

similar to control mussels, whereas an exposure to a combination of a crab and a sea star 

resulted in intermediate end volumes. This supports a phenotypic plasticity in traits related to 

predator threat. Individuals in all three predatory treatments were harder attached by more 

byssus threads at the end of the experiment. Control mussels and those exposed to a single 

crab and sea star were repeatedly found to be more aggregated (i.e. fewer solitary mussels) 

over the course of the experiment, whereas the mussels presumably exposed to more olfactory 

cues from two shore crabs or two sea stars were more often found solitary and attached by 

byssus threads.  

This study demonstrated inducible defences in how blue mussel allocate their resources to 

different dimensions of growth, shell weight, adductor muscle weight, as well as aggregation 

and byssus attachment, depending on predatory threat.  

  



 
2 

 

Introduction 

Phenotypic plasticity is the ability of an organism to change its phenotype in response to 

changes in the environment. Phenotypic plasticity can also be defined as the environmentally 

contingent expression of phenotypes (Bourdeau et al. 2015). Inducible defences are 

phenotypically plastic traits that increase resistance to predators or competitors (Leonard et al. 

1999). Phenotypic plasticity thus gives a kind of flexibility in growth and allocation of 

resources against some predators and different environmental pressure, and is often adaptive.  

Over the past decades, much interest has focused on inducible defences like phenotypic 

plasticity against predators in aquatic animals. A well-studied organism is the intertidal 

marine bivalve, the blue mussel Mytilis edulis. The blue mussel is ideal for studying 

phenotypic plasticity and especially inducible defences, because it responds to different 

predators which have different attack strategies (Freeman 2007). Blue mussels are common in 

the North Sea at the Swedish west coast but are also frequent in the Baltic Sea. Experiments 

show that predator-induced morphological plasticity exists in blue mussels (Reimer and 

Tedengren 1996; Reimer and Harms-Ringdahl 2001).  

Mussels sense their predators in at least two ways according to a study on zebra mussels 

(Hirsch et al. 2014). One way is by smelling the presence of the predators (olfactory stimuli 

through water-borne scents), these cues are called kairomones. The other way is by sensing 

alarm cues from attacked conspecifics.  

Predators on blue mussels have different attack strategies. Common sea stars, also called 

starfishes (Asterias rubens), have a pulling strategy and slowly opens the blue mussel by 

exhaustion of contraction of the posterior adductor muscle (Norberg and Tedengren 1994). 

Thereafter the sea stars put their stomachs in between the shells of the blue mussel and 

consume it. A good defence against sea stars would then be a stronger posterior adductor 

muscle. It has also been demonstrated, in a field experiment, that blue mussels grow more 

slowly and develops thicker shells and heavier adductor muscles in response to cues from the 

common sea star Asterias rubens (Reimer and Tedengren 1996; Reimer and Harms-Ringdahl 

2001; Freeman 2007; Freeman et al. 2009). A flatter shell could make it easier for the 

adductor muscle to hold the mussel together because of a then possibly shorter and stronger 

adductor muscle.  

By contrast, shore crabs (Carcinus maenas), have a different strategy, where it uses the 

crushing ability of its claws to break the blue mussel shells into parts (Smith and Jennings 

2000; Burch and Seed 2000). When presented with a single mussel, shore crabs use four 

different opening techniques depending on prey size according to a study by Burch and Seed 

(2000). Outright crushing and/or directed crushing were used on smaller mussels, while 

boring and chipping techniques were used on larger mussels. Shore crab have one crushing 

claw and one cutting claw, which makes them very effective predators on blue mussels (Seed 

1969a). A strong defence against shore crabs are a thicker mussel shell and also a more 

circular and rounded morphology of the shell. It has also been found that blue mussels 

develop a heavier, thicker and sometimes a more circular shell in response to cues from shore 

crabs (Leonard et al. 1999; Smith and Jennings 2000; Reimer and Harms-Ringdahl 2001; 

Freeman 2007; Freeman et al. 2009), and also a thicker shell lip (Smith and Jennings 2000).  
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Bivalves such as blue mussels anchor themselves by means of byssus threads, which are 

strong proteinaceous fibres secreted by glands at the base of the foot. The ability to be 

anchored to the substrate during predation events depends on the attachment strength of the 

byssus threads. For blue mussels, a good production and attachment of byssus threads would 

be a good defence against both sea stars and shore crabs (Reimer and Tedengren 1997). A 

steady supply of fresh, oxygenated water and predator scents would in the long term give 

more responses in terms of byssus production. Blue mussels can modify their strength, 

number and attachment site of byssus threads in response to waterborne cues from predators 

and attacked (injured) conspecifics (Garner and Litvaitis 2013).  

Living in aggregations may also reduce the predation risk for the individual. Predator-exposed 

blue mussels have been demonstrated to form larger aggregates, migrate less and search for 

structural refuges more often than control mussels (Reimer and Tedengren 1997; Côté and 

Jelnikar 1999).  

In a natural environment, there are often multiple predator threats and different threats for 

different prey. There could then be a trade-off between defending against some predators and 

being susceptible to others (Hirsch et al. 2014). In a natural situation with multiple predators, 

intermediate phenotypes can be found in response to different combination of predators 

(Freeman et al. 2009; Hirsch et al. 2014). Different inducible defences of a prey may often 

counteract each other, as for example the faster and more circular shell growth in response to 

shore crabs and the slower and flatter shell growth in response to sea stars. The intermediate is 

somewhere in between. This probably makes it hard to do proper field experiments with 

inducible defences in a variable environment, where it would be difficult to distinguish any 

specific responses in intermediate phenotypes.  

In this study, I have experimentally investigated phenotypic defences of blue mussels when 

exposed to cues from either shore crabs, sea stars or a combination of shore crabs and sea 

stars for a prolonged time, or to no cues in a predator free control. My main hypothesis is that 

the blue mussels will react and defend themselves, do have phenotypic plasticity and do show 

induced defence in relation to these different predator threats. The mussels are predicted to be 

able to feel that they are under predator threat by their ability to smell the presence of a 

predator, i.e. a shore crab or a sea star, and/or be influenced by alarm cues from conspecifics 

(other blue mussels) that were under attack from predators (i.e. mussels fed to the predators). 

In case the prey sense their predators, their phenotypic plasticity is affected during growth and 

they can develop induced defences.  

A predator threat will thus affect the blue mussels’ phenotypic plasticity, and the mussels are 

predicted to allocate their resources differently, to shell growth, muscles, general body tissues 

(mussel meat), byssus thread production, by locomotion and/or aggregation. In particular, it is 

of interest how they shape their shell when exposed to different predator threats. Different 

shapes of shell can give protection against different predators.  
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Materials and methods 

Experiment of phenotypic plasticity in blue mussels 

An experiment was set up in the basement of Klubban Biological station, belonging to 

Uppsala University. Klubban is situated in Fiskebäckskil, a coastal village south of the town 

Lysekil, at the fjord of Gullmaren, on the west coast of Sweden (58º 14’ 40’’ N / 11º 27’ 30’’ 

E).  

The blue mussels (Mytilus edulis) were collected from the floating mooring pontoons of the 

small boat harbour of Fiskebäckskil. The environment was relatively free from shore crabs 

and only occasional sea stars were observed at collection of the mussels.  

In the experiment, there were 48 tanks, each containing 10 mussels, subjected to 4 treatments 

(Table 1). The tanks were 42*26*15 cm and contained 8-10 L of sea water, with a flow 

through of surface water from 4 meters’ depth. There were two predator net cages (14-16 cm 

in bottom diameter with a height of 16 cm) in each tank (figure 1). The predator cages were 

made in green plastic wind protection net, with a 2 mm mesh size in the bottom of the cage, 

sewed with a sailing thread to the round walls of a bigger masked 5 mm mesh sized green 

plastic wind protection net, which made up the walls of the predator cages. One treatment 

held two shore crabs (Carcinus maenas), one treatment held two common sea stars (Asterias 

rubens), one treatment held one sea star and one shore crab, and finally one treatment had no 

predators, this was the control. This meant I had all together 480 mussels in the 48 tanks with 

four different treatments in my experiment (table 1) placed in a hap hazardous order in the 

experimental room.  

Table 1. The four treatments in the experiment. 

Name Treatment Abbreviation 

Control 2 cages, empty (C) 

Shore crab 2 cages with 1 shore crab in each (K) 

Shore crab and sea star 1 cage with a shore crab and 1 

cage with a sea star 

(K+S) 

Sea star 2 cages with 1 sea star in each (S) 

 

 

Figure 1. The experimental setup, with two predatory cages in each tank, with the inflow and an outflow of sea 

surface water marked. The figure displays the sea star treatment (S).  
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From the collected blue mussels 510 individuals with a shell length between 22 mm to 28 mm 

were used for the study. The shell length, width and height of these mussels were measured 

with a digital caliper for each individual. Before starting the experiment, all experimental blue 

mussels were marked 1-480, with white or silver nail polish and a marker pen and also on the 

other side of the mussel a posca salt water tolerant pen was used. It turned out that the 

marking of the mussels fell off in almost half of the mussels (202/480) during the six week 

long experimental period.  

In addition, 30 mussels of the same sample and sizes as the experimental mussels, were 

measured in the same way (length, width and height). These mussels were steamed open 

directly and dissected under a stereo microscope. The posterior adductor muscle was 

separated from the rest of the mussel meat. The posterior adductor muscle, the mussel meat 

and the shells were dried in a 60 ºC oven for 20 hours. The weight of the posterior adductor 

muscle and the mussel meat were weighed on a Cahn 29 microbalance, and the weight of the 

shells were measured on an analysis balance.  

The shore crabs (Carcinus maenas) were collected with crab cages, baited with opened blue 

mussels, from the surroundings of Klubban Biological station. 36 male shore crabs with a 

carapace width of between 48-62 mm were chosen for the experiment. The choice was male 

shore crabs because we thought that they were more aggressive than female crabs, and that 

the male crabs then also probably emitted more cues. Then also the right claw width of the 

shore crabs was measured. Each crab predator cage was equipped with a black cloth net roof 

to prevent the crabs from escaping during the experiment.  

The sea stars (Asterias rubens) were collected from the surroundings of Klubban, mostly by 

trawling the sea grass meadows, and many sea stars were collected through snorkelling at the 

islands of Dammholmarna. The diameter of the sea star width was measured on a measuring 

board in mm from the top of one arm to the opposite. The diameter width, at start, ranged 

between 73 and 112 mm. The weight of the sea stars was recorded from 13 to 36 grams.  

The experiment was conducted from 31st of May to 12th of July, 2016. The experiment set was 

in a room in the basement of Klubban, in a room without windows, the light was set with a 

timer to give light from 05.00 in the morning to 22.00 in the evening. This simulated natural 

light conditions for the season. The surface water inflow came from 20 outlet taps with plastic 

hoses (1 cm in diameter) coupled together with Y-junctions.  

Every day the water flow was checked and adjusted, and the temperature varied from 12.6-

17.7 ºC. The 48 tanks were cleaned every 3rd day with a slurry cleaner. The predators were fed 

every 2nd day with blue mussels of a size of about 20-50 mm length from the same population 

of mussels as the experiment mussels. Every 6th day the predator cages were cleaned from 

shells of consumed mussels. During the experiment 13 dead mussels were found in the 

different tanks, and once one mussel disappeared. One shore crab escaped and was then 

replaced.  

The aggregation of the blue mussels was recorded every 6th day. The number of solitary 

mussels were counted, and the number of aggregated mussels that were clumped together in 

groups of 2, 3, 4, 5, 6 etc. At the termination of the experiment after 6 weeks (42 days), the 

mussels’ byssus attachment/ production was estimated, by eye, as well as the effort to remove 
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the mussels from the tank at the end of the experiment. A scaling 1-3 with + and - was used 

and then transformed into a 6-graded scale.  

 

 

Figure 2. Photo of a blue mussel with byssus attachment in an experimental tank, a predator cage is seen behind.  

 

Thereafter each individual’s shell length, width and height was measured as in the start of the 

experiment. The volume of the mussel at the start and at the end of the experiment was 

estimated and calculated as an ellipsoid with the formula  

4/3 ∗  𝜋 ∗ (𝑙𝑒𝑛𝑔𝑡ℎ/2) ∗ (𝑤𝑖𝑑𝑡ℎ/2) ∗ (ℎ𝑒𝑖𝑔ℎ𝑡/2) 

The calculation the height growth (mm) divided with the length growth (mm) can give an 

indication of the increase in circularity during experiment. A higher height increase in relation 

to mussel length increase, infers a more circular mussel.  

The shore crabs were measured, and four crabs had moulted during the experiment and 

changed exoskeleton. The average crab start carapace width was 55.6 mm, and the average 

end carapace width was 56.8 mm. The sea stars were measured of their width and weighed. 

The average sea star diameter changed from 92.4 mm to 110.0 mm during the run of the 

experiment, and the average sea star weight changed from 20.4 to 33.73 g.  

At the end of the experiment all the remaining mussels were steamed open and put into a 

freezer (-20 ºC). During the following 8 days, a dissection of all of the main experiment 

mussels was done in the same manner as with the 30 start value mussels.  

 

Sample of mussel population 

An analysis was made of a sample from the original blue mussel population, consisting of 118 

mussels of different sizes, taken from the mooring pontoons in Fiskebäckskil. This mussel 

population lives in a relatively predator-free environment, where almost no crabs and almost 

no sea stars can attack them. Measurements were done of the length, weight and height of the 

mussels. They were dissected and the dry weight (60 ºC for 20 h) of the posterior adductor 

muscle and the remaining mussel meat and shell was measured. The smallest mussels, with a 

length of less than 14 mm I found it hard to measure and dissect, so they were not included. 

Many of the smallest mussels also disappeared when I collected and sorted the subpopulation. 
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The predation test 

Five weeks into the main experiment, a predation test was conducted, using two mussels from 

each tank. 48 mussels, one from each of the 48 tanks, were selected for each predator test. 

They were then, the day before the test, painted with nail polish in four different colours, one 

colour for each treatment. Four mussels, one from each treatment, were put together in 12 

aquaria of 15-17.5 L, about half of it filled with continuously renewed surface sea water.  

The first predator test was done with shore crabs with a carapace width of 52-66 mm (N=12). 

The test was performed in such a manner that each predator could choose between 4 mussels, 

where each one of the mussel was from a different treatment. The test was run for 4 hours, 

and it was recorded if a mussel was under attack (handled by the crab) or consumed every half 

hour. The number of surviving mussels were counted. Only one mussel (1/48) survived the 

test, and it was afterwards put back into its right tank.   

The same test was also run with sea stars. The 12 sea stars had a diameter width of 70-104 

mm and a wet weight between 10-21 g. One sea star was put into each of the 12 aquaria 

together with 4 mussels (one from each treatment). This test was first run in 6 hours, 

recordings were then made every half hour within which a potential mussel may be attacked 

and consumed by a sea star during handling time. 10 mussels were attacked. The test was left 

overnight another 18 hours, and in the next morning another eight attacked/consumed mussels 

were recorded. The number of surviving mussels were counted. The surviving mussels 

(30/48) were put back into their right original tank.  

 

Statistical tests 

The effects of treatment on the response variables at the end of the experiment were tested 

using Nested ANOVAs. Similar, nested ANOVAs were also used to test for differences 

among treatments before the experiment started. Nesting identifies overall consecutive levels 

such that tanks with individual mussels were a random factor and treatment the categorical 

predictors. The shell volume was included as a covariate. From each tank, we used individual 

mussels’ values for the start length, width and height; the end length, width and height; the 

start and end volume; the weight of the shell, the weight of the posterior adductor muscle and 

mussel meat, as well as the shell thickness and adductor strength, as response variables. 

Because of problems in estimating individual byssus production we here used a tank estimate 

that was tested with regular ANOVAs. Aggregation (proportion solitary mussels) was 

measured repeatedly during the experiment; therefore, I tested the effect of treatment on 

aggregation using a Repeated Measures ANOVA. All statistical tests (significant level 0.05) 

were performed in R 3.0.2 (R Development Core Team 2013).  

In R, the ANOVA analyses were calculated from all the individuals, both the individuals 

(N=278) that kept their marking and the individuals (N=202) that lost their marking during 

the experiment. Then I used the shell end volume as a covariate in the ANOVAs. The volume 

growth (volume increase) was calculated in Excel.   
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Results 

The results of the experiment 

Measurements 

The mean mussel measurements per tank for the start and end values of length, width, height 

(in mm) and the calculated start- and end volume (in cm3), and also volume increase (growth 

volume in cm3), are presented in Appendix 1.  

At the start of the experiment the blue mussels were on average 25.17 mm long in all four 

treatments (Appendix 1), and there were no significant effects on length of the mussels 

between tanks with and without the various predators (nested two-way ANOVA shore crab 

F1,44=0.00, P=0.92; sea star F1,44=0.1, P=0.73; shore crab and sea star F1,44=0.0, P=0.93). At 

the termination of the experiment, after 6 weeks, I found a significant effect of sea stars on the 

mussel length and a trend for an effect of the combination sea stars and shore crabs, whereas 

no significant effect was found of the shore crabs (Table 2). Control mussels and shore crab 

exposed mussels grew similarly well and the sea star treated mussel grew significantly less 

and the combined treatment tended to have similar negative effect on length growth 

(Appendix 1).  

Table 2. Nested two-way ANOVA of the mussel end length with degrees of freedom (DF), F- 

and P-values for the shore crab, sea star and the combination treatments.  

Treatment  DF F P  

Shore crab  1,44  1.6 0.22 

Sea star   1,44 20.2 0.0001 

Shore crab; sea star 1,44  3.5 0.070  

 

In the beginning of the experiment the mean start volume of the blue mussels were for control 

1.52±0.11, for shore crabs 1.54±0.13, for sea stars 1.53±0.05 and for the combination shore 

crab and sea star 1.55±0.12 cm3 (Appendix 1). At the start, however, there was a significant 

effect of shore crabs on start volume (two-way nested ANOVA: shore crab F1,44=5.88, 

P=0.020; sea star F1,44=0.007, P=0.94; crab and sea star F1,44=0.03, P=0.85).   

At the end of the experiment the mean volume of blue mussels were for control 2.40±0.27, for 

shore crabs 2.43±0.23, for sea stars 2.07±0.11 and for the combination shore crab and sea star 

2.27±0.16 cm3 (Appendix 1). At the end of the experiment the sea star treatment resulted in a 

significantly smaller end volume of the blue mussels (Table 3; figures 3a, 3b). This means 

that the sea star treated mussels had a significantly lower end volume compared to the other 

treatments (figure 3a).  

Table 3. Nested two-way ANOVA of the mussel end volume with degrees of freedom (DF), 

F- and P-values for the shore crab, sea star and the combination treatments.  

Treatment  DF F P  

Shore crab  1,44  2.8 0.10  

Sea star   1,44 18.33 0.0001 

Shore crab; sea star 1,44  1.3 0.260  
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a 

 

b 

Figure 3. The mean values ± standard deviation, in figure 3a, of the end volume of the mussels for the four 

treatments The mean values ± standard deviation, in figure 3b, of the start and end volume of the mussels for the 

four treatments (N=12 tanks per treatment).  

The mussel height at the end of the experiment was significantly influenced by both the shore 

crab and the sea star treatments when controlling for mussel length, but the combined shore 

crab and sea star treatment was non-significant (two-way nested ANOVA: shore crabs 

F1,44=6.67, P=0.013; sea stars F1,44=35.4, P<0.0001; shore crab and sea star F1,44=0.47, 

P=0.50; all interactions n.s. (P=0.34-0.88; figure 4).  
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Figure 4. The average height (mm) of the mussels, comparing start- and end values (after 6 weeks), for the four 

treatments, with standard deviation. The illustration to the right displays the mussel height.  

 

When calculating the difference between the start and end measurements of length, width and 

height of the blue mussels per tank, it is possible to show the mussel growth for the three 

measurements (figure 5).  

 

 

Figure 5. The mean mussel growth during 6 weeks of experiment for the four treatments. The mussel growth is 

calculated for mussel length, width and height in mm.  

 

The mussels grew the most lengthwise, from 2.5 mm in the sea star treatment to about 4 mm 

in the shore crab and control treatments. The tendency is the same also for the width and the 

height, but here the growth is much smaller.  
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As for the height growth (mm) divided with the length growth (mm), which can give an 

indication of circularity, the result shows that the sea star treatment has more increase than the 

control and shore crab treatments (figure 6, Appendix 1).  

 

 

Figure 6. The height growth (mm) divided by the length growth (mm), giving an indication of the circularity, for 

the different treatments.   

 

The dissection 

The mean mussel dissection measurements per tank for the meat weight (mg), the posterior 

adductor weight (mg) and the shell weight (g) are presented in Appendix 1. Also shell weight 

divided by volume growth (g/cm3) is analysed, giving an indication of the shell thickness. The 

± standard deviation is also calculated per treatment.  

The mussel meat weight of the mussels was, when controlling for the end volume, not 

influenced by any of the predatory treatments (two-way nested ANOVA: shore crab 

F1,44=1.30, P=0.26; sea star F1,44=0.18, P=0.67; crab and sea star F1,44=0.31, P=0.58; and all 

interactions were n.s (P=0.45-0.69).  

The dry weight of the posterior adductor muscle was, however, significantly affected by 

primarily the sea star exposure, and the combined shore crab and sea star exposure (two-way 

nested ANOVA with end volume as a covariate: shore crab F1,44=0.83, P=0.37; sea star 

F1,44=11.8, P=0.001; crab and sea star F1,44=5.90, P=0.019; all interactions n.s.; figure 7a). 

The sea star exposed mussels had the heaviest muscles in relation to their end volume (figure 

7a). The volume increase and the weight of the adductor muscle is shown in figure 7b. This 

illustrates the allocation of the sea star exposed mussels to adductor muscle growth rather than 

volume increase.  
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a 
 

b 

Figure 7. The end volume (cm3), in figure 7a, in relation to the posterior adductor muscle weight (mg) for all the 

individual mussels in each treatment, and their linear regression trend lines. Of the regression trend lines S and 

K+S are the two most elevated lines. Volume growth, in figure 7b, presented as bars (mean±standard deviation) 

and adductor muscle weight (red line connecting the means±standard deviation) for the four different treatments.  

 

When analysing the shell weight and controlling for the calculated mussel end volume I found 

that all predator treatment and some interactions showed a significant effect on the shell 

weight (two-way nested ANOVA with end volume as a covariate: shore crab F1,44=77.5, 

P=<0.001; sea star F1,44=13.8, P=0.0006; crab and sea star F1,44=21.5, P=<0.001; the sea star 

and end volume interaction was significant with P=0.03. Figure 8). The shore crab and the 

combined shore crab and sea star treated mussels showed heavier relative shell weights, as 

seen by their elevated trend lines compared to the control (figure 8).  
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Figure 8. The end volume (cm3) in relation to the shell weight (g), for all the individual mussels in each 

treatment, and their linear regression trend lines.  

 

I divided the shell weight in the dissection (g) with the volume growth (cm3), this giving an 

indication of the shell thickness. A nested two-way ANOVA show a similar predatory effect 

that all treatments significantly affect the ratio shell weight/volume growth (table 4). The 

results (figure 9) show that all predator treatments have heavier shells in relation to their 

volume increase when compared to the control, but sea star treated mussels with a lower 

volume increase had then heavier shells in relation to volume growth (figure 9).  

Table 4. Nested two-way ANOVA of the measured mussel shell weight/ volume growth with 

degrees of freedom (DF), F- and P-values for the shore crab, sea star and the 

combination treatments.   

Treatment  DF F P  

Shore crab  1,44 23.19    <0.0001 

Sea star   1,44 17.16    <0.0001 

Shore crab; sea star 1,44 21.91    <0.0001  
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Figure 9. The increase of shell weight/ volume growth (g/cm3), in 48 tanks (12 tanks * 4 treatments) with 

standard deviation.  

 

I divided the posterior adductor weight from the dissection (g) with the volume growth (cm3), 

this giving an indication of the strength of the adductor muscle. There are significant results in 

the ANOVA for the adductor weight/ end volume for both shore crabs, sea stars and for the 

interaction shore crab and sea star (table 5). The results (figure 10) show that the sea star 

exposed mussels achieve heavier posterior adductor muscles in relation to their volume 

increase, giving an indication of adductor strength, during experiment.  

 

Table 5. Nested two-way ANOVA of the measured mussel adductor muscle weight/ volume 

growth with degrees of freedom (DF), F- and P-values for the shore crab, sea star and 

the combination treatments.   

Treatment  DF F P  

Shore crab  1,44 6.894    0.0119 

Sea star   1,44 39.10    <0.0001 

Shore crab; sea star 1,44 7.455    0.0091  
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Figure 10. The adductor weight/ volume growth (g/cm3), in 48 tanks (12 tanks * 4 treatments), with standard 

deviation.  

 

Aggregation  

The aggregation of mussels was calculated as % solitary mussels, recorded every 6th day 

during the experiment (figure 11). This means that the actual aggregated part of the mussels 

equals 100 minus the solitary part. This aggregation could be that there were 2, 3, 4, 5 or even 

6 mussels clumped together. The figure simply shows the % that is not aggregated, but 

solitary mussels. In the repeated measurements ANOVA a significant interaction effect of 

shore crabs and sea stars was found, this means that when these predators were present alone, 

there was no effect on aggregation, but when together or not at all the mussels aggregated 

more (figure 11; repeated measurements ANOVA; shore crab F1,44=0.37, P=0.54; sea star  

F1,44=0.04, P=0.84; interaction shore crab and sea star F1,44=6.27, P=0.02). There was also an 

overall trend for increased aggregation over time, in particular in the control (figure 11; 

repeated ANOVA Time F6,264=2.13, P=0.05).  
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Figure 11. A repeated measurement ANOVA made in statistic program R. The aggregation over time. The mean 

of proportion solitary mussels in different treatments (K, S, K+S and C) for the 7 time steps (each with 6 days in 

between measurements).  

 

Byssus attachment 

When estimating the byssus attachment of the mussels on a 6-graded scale when removing 

them from the tank at the end of the experiment I found that the predatory treated mussels 

were significantly more attached by byssus threads than the control mussels (ANOVA table 6 

and figure 12).   

 

Table 6. ANOVA. Estimated attachment by byssus thread production. Two-way ANOVA of 

the measured mussel byssus production (response was degree of attached mussels) with 

degrees of freedom (DF), F- and P-values for the shore crab, sea star and the combination 

treatments.  

Treatment  DF F P  

Shore crab  1 80.4 <0.0001 

Sea star   1 17.5 0.0001 

Shore crab; sea star 1 73.4 <0.0001  
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Figure 12. Estimated byssus production in different treatments, as a scale 1-6, average mean values for the 4 

different treatments. Standard deviation is included in figure.  

 

Sample of the original mussel population 

The subpopulation consisted of 118 mussels of a broader range from the same population 

from the mooring pontoons in Fiskebäckskil, as the mussels in my experiment (figure 13).  

 

  

Figure 13. The length (mm) and height (mm) of the blue mussel population and the end measurements of the 

length and height for the four treatments in the experimental mussels.  
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The subpopulation is compared with the four different treatments of the experimental mussels, 

and the regression between the (end) length and height measurements are shown in figure 13. 

As seen in the figure, the four treatments (C, K, K+S and S), with mussel length of 22-28 mm, 

which were picked from the same population, are very well assembled and does not differ 

significantly from the regression of the subpopulation.  

 

The predation test 

In the predation experiment with shore crabs all blue mussels except one (47/48) were preyed 

upon within four hours. The single mussel that survived the predation by shore crabs was 

from the combined shore crab and sea star treatment.  

With sea stars as the predator fewer mussels were preyed upon in the twelve tanks (18 out of 

48 mussels were preyed upon). The sea stars consumed 10 mussels during 6 hours, then 

another 8 mussels the following 18 hours, so that there were 30 mussels not consumed (figure 

14). After 24 hours, 18 out of 24 mussels that had been exposed to sea stars in the experiment 

survived (9/12 from the sea star treatment and 9/12 from the combined sea star and shore crab 

treatment, whereas 12 out of 24 mussels that had no experience of sea stars survived (6/12 

shore crab treated mussels and 6/12 control mussels).  

The statistical results for the sea star predator test was attained by a Chi-Square test χ2=3.2, 

df=1 and P=0.07 

 

 

Figure 14. Number of surviving mussels per treatments in the sea star predator test during 24 hours in 12 aquaria.  
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Discussion 

Experiment of phenotypic plasticity in blue mussels 

 

About phenotypic plasticity and inducible defences  

Inducible defences are phenotypically plastic traits that increase resistance to predators or 

competitors (Leonard et al. 1999). Plasticity in phenotypic traits can be adaptive, for example 

modifications of growth, development and behaviour in response to environmental cues. 

Plasticity in phenotypic traits can also be non-adaptive, for example a stressful environment 

that results in slow growth, low survival or low fecundity (Bourdeau et al. 2015).  

In nature environment changes, and there can be different and changing threats from different 

predators. A generalist predator can have several attack modes, while a specialist attacks a 

prey in a special way. For a prey to defend itself, it can have inducible or permanent defences, 

this is a trade-off for the fitness of the prey. The defences of organisms can be considered 

inducible or permanent (constitutive) depending on whether or not they require environmental 

stimuli for activation (Harvell 1990). Inducible defences appear to be favoured over 

permanent defences when the probability of contact by predators are high but unpredictable, 

when the signal cues are reliable, or when the fitness costs for permanent defences are high 

when predators are absent (Harvell 1990).  

Inducible defences of prey are well recognized in many marine taxa, still there is not much 

research about the specificity to certain predators (Freeman 2007). Inducible defences are 

known in many organisms from both terrestrial and aquatic habitats, and are very common in 

aquatic intertidal communities. For example, bivalves, gastropods, barnacles, bryozoans and 

seaweeds are known to have inducible defences (Leonard et al. 1999). Inducible defences can 

also in the context of this study be called predator-induced morphological defences. Not only 

predator cues can influence the inducible defences. Predator-induced morphological defences 

may be mediated by changes in prey behaviour and prey activity rather than directly cued for 

by predators (Bourdeau and Johansson 2012).  

 

Blue mussels and inducible defences 

A previous study, on phenotypic anti-predator responses, was conducted on zebra mussels by 

predation threat from a handling-time-limited predator (crayfish) and a gape-size-limited 

predator (roach) (Hirsch et al. 2014). Mussels increased attachment strength against both 

predators. In response to roach alone mussels developed a weaker and more elongated shell. 

In response to crayfish, mussels developed a harder and rounder shell. When exposed to both 

predators, mussels developed an intermediate phenotype, indicating a trade-off between 

different anti-predator responses.  

Blue mussels may also face and respond to two predators, the sea star and the shore crab, by 

inducible defences against them having different attack strategies according to a study by 

Freeman (2007). Another study compared the inducible defences of the blue mussel to 

waterborne cues from a combination of such predators as sea stars and shore crabs (Freeman 
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et al. 2009). The results indicate that predator-specific responses in blue mussels to these 

predators are poorly integrated and cannot be expressed at the same time. Thus the inducible 

defences are dependent on the multiple predator environment and a lot of ecological and other 

factors. Thus in reality phenotypic plasticity is hard to discover in many environments and 

there are many intermediate phenotypes (Freeman et al. 2009; Hirsch et al. 2014).  

Morphological adaptations in mussels previously exposed to predators increase the mussels’ 

survival if they are re-exposed (Reimer and Tedengren 1996). In some way the mussels can 

better adapt to changes that already happened, and better so within a short time interval. 

Phenotypic plasticity and inducible defences may thus have a kind of memory of previous 

exposure.  

 

Growth and dissection 

The mussel shell growth in my experiment was interesting. The mussels in the four different 

treatments were not growing the same. The mussels in all treatment grew most on their length 

basis. I especially compared the height of the mussels between the four treatments. My 

hypothesis was that the shore crab treatment mussels should try to grow to a higher height 

than the sea star treatment, because of the mussels’ phenotypic plasticity trying to defend 

themselves from crushing crabs. My results also demonstrate a significant and positive effect 

of shore crab exposure on the mussel height when controlling for the size (i.e. length) of the 

mussels. The sea star mussels in contrast showed the least height in the end of the experiment.   

I got a measure when dividing the height growth (mm) with the length growth (mm). The 

control and shore crab mussels were the ones with a smaller height increase in relation to 

length increase, but these were also the mussels that grew most. The sea star exposed mussels, 

on the other hand, showed a higher height increase in relation to their length growth.  

All predatory treatments had a significant effect on the mussels’ shell weight, with heavier 

shells compared with the control. When looking at the shell weight, my hypothesis was that 

the shore crab treatment should allocate most and the S treatment should allocate least 

resources to shell growth, and this was confirmed by the results.  

Furthermore, my hypothesis was that the shore crab treatment should have the biggest shell 

weight relative to growth volume, because the shore crab has a crushing strategy and tries to 

grab and crush the mussel until it breaks into parts. This was also confirmed by the 

experiment.   

When I compared the weight of the shell (g) with the volume growth (cm3), the results were 

significant for all treatments. Thus, the shore crab mussels grew faster than the sea star 

mussels, as if they were trying to outgrow the shore crab predators, then not being able to grab 

the now bigger mussels with their claws.  

As for the weight of the posterior adductor muscle, my hypothesis was that the S treatment 

should have the biggest adductor muscle, since the sea star has a pulling strategy and tries to 

open the mussel against the strength of the posterior adductor muscle. This was clearly 

confirmed by the experiment.  
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I also compared the weight of the posterior adductor muscle (mg) with the volume growth 

(cm3). The results for the increase in adductor strength (=posterior adductor muscle weight/ 

end volume) was significant for all treatments. This implies that the S-mussels really 

increased their adductor muscle strength by growth more than the other treatment mussels.  

 

Aggregation and byssus production 

A study examined the predator-prey interactions on the aggregation behaviour of blue mussels 

under threat of predation by European lobster (Homarus gammarus L). The study concluded 

that blue mussels exposed to seawater with lobster effluent more rapidly aggregated and 

formed more clumps than mussels in control seawater (Côté and Jelnikar 1999).  

When mussels aggregate more, there will be more intraspecific competition for food but less 

threat from predators, and this could be a trade-off (Frandsen and Dolmer 2002) for mussels, 

which also determines the choice of a complex or a simple substrate. This trade-off could be 

shifted by the induction of inducible defence characters when the mussels are under attack 

from predators.  

My hypothesis was that more aggregation would be a defence mechanism against predators 

such as crabs and sea stars. The results though show that there was less aggregation in the 

shore crab and the sea star treatments. Most aggregation was found in the control treatment 

and the combined shore crab and sea star treatment. This was to me a bit surprisingly. 

However, as the shore crab and sea star treated mussels also were most attached by byssus 

threads it is possible that the control mussels could afford to move around and hence to 

aggregate more, compared to the shore crab and sea star mussels. This could be an 

explanation. Mussels that prioritize an attachment as defence have a consequence of a lower 

mobility and this may give a subsequent lower aggregation. Then why the combined shore 

crab and sea star treatment was more aggregated could be due to that the cues of each predator 

here is lower and then mussels will move and will then encounter other mussels to aggregate 

with. But as was seen in the experiment, the control mussels did aggregate and stayed in the 

same aggregated spot for weeks.   

An improved byssus attachment, and also aggregation, is probably more efficient against 

crabs than against sea stars (Reimer and Tedengren 1997). It may also be so, that a given 

density of shore crabs releases more effluents and cues than the same density of sea stars, 

which then will induce a stronger defence (Reimer and Harms-Ringdahl 2001).  

There are confirmed predator-prey interactions when it comes to byssus production in 

mussels. Blue mussels held in a laboratory experiment with an edible crab (Cancer pagurus) 

produced more, shorter and thicker byssus threads when placed in water where a crab had 

been than were produced in control seawater (Côté 1995). It was concluded that blue mussels 

can alter byssus production selectively in the presence of potential predators.  

An experiment with predators like lobster (Homarus americanus), rock crab (Cancer 

irroratus), and sea star (Asterias rubens) on blue mussels (Mytilus edulis), showed that 

byssogenesis was influenced by predator type and mussel size, whereas attachment strength 

and movement depended on mussel size only (Garner and Litvaitis 2013). Large mussels 

produced stronger byssus attachment than small mussels. Small mussels produced byssus 
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threads faster than large mussels. In my experiment the mussels were equal to what in their 

research is called medium size (Frandsen and Dolmer 2002).  

My hypothesis on byssus production was that there would be more byssus production in a 

predator-rich environment. A firm attachment with a lot of byssus threads makes it harder for 

a crab or a sea star to attack a mussel and consume it. The results show that all predators 

affected the byssus attachment and the K and S treatments had the highest byssus production. 

The results of my experiment thus confirm the hypothesis.  

 

Inducible defences in this study 

The main effects of inducible defence were per treatment as follows: Shore crabs exposed 

mussels had a high growth (length, width and height) similar to mussels with no predator 

exposure. In particular, the shore crab exposure showed a significant effect on mussel height. 

The mussels were possibly trying to outgrow the threatening shore crabs.  

Sea stars exposed mussels had a higher growth of their posterior adductor muscle, increasing 

its weight. Also, the posterior adductor muscle weight relative to volume growth was higher. 

The shell weight divided with the volume growth, was also higher at the sea star exposed 

mussels. The smaller size (end volume) at the end of the experiment for sea star exposed 

mussels may indicate that there is a trade-off between resources allocated to the important 

adductor muscle and the mussels’ growth.  

The combination one shore crab and one sea star gave intermediate phenotypes in several 

traits, for instance, end volume and muscle weight.  

 

About blue mussels 

Growth studies of blue mussels Mytilus edulis have shown that growth rates vary in a high 

degree according to age, size and environmental conditions (Seed 1969b). This might be 

attributable to its sessile habit. Growth rate and maximum size of blue mussels is much lower 

in the Baltic Sea, with 0.7% salinity, than in the North Sea, with 2.8%. This is explained by 

physiological differences due to environmental salinity (Kautsky et al. 1990). Blue mussels 

can on the Swedish west coast attain a common length of about 5-10 cm, but in the Baltic Sea 

where there is less salty water, the blue mussels only grow to a common length of about 3 cm. 

Blue mussels can live for over 20 years, but they seldom live that long. They attach to hard 

substrates, in the North Sea at 0-10 meters’ depth, with a patchy distribution. In the Baltic 

blue mussels, have very few predators and competitors for space, and can be a biomass 

dominant covering hard substrates down to 30 meters’ depth (Kautsky 1982).  

As for colder water temperature, thinner shells are predicted to develop because the amount of 

calcium carbonate needed to saturate cold water is larger than that in warm water (Bourdeau 

et al. 2015). Calcium is also limited in freshwater and less occurring in brackish water than in 

marine water. This means higher metabolic expenses in freshwater and colder water for 

accumulating, transporting and precipitating CaCO3, and producing the shell matrix. A study 

reveals that freshwater gastropods develop thinner shells and therefore exhibits on average 

three times greater plastic responses in phenotype than marine taxa (Bourdeau et al. 2015).  
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Blue mussels are very common, because they have high reproductive capacity, successful 

larval distribution and a wide tolerance of environmental conditions (Seed 1969a). Spawning 

occurs mainly from early spring to late summer (Seed 1969b). Sexual maturity is attained in 

the first year of life. After about 3-5 weeks of planktonic existence, the settlement started of 

young mussels (= plantigrades) on primary filamentous substrates (algae). At a size of at least 

1-2 mm in length, with a settlement peek at 8-10 weeks after spawning, the plantigrades 

moves to existing adult mussel beds on hard substrates (Seed 1969b). Small mussels up to 0.6 

mm long, before permanent settlement on mussel beds, are sometimes called spat. For 

aquaculture on mussels (mussel farming), there is management called spat production, where 

using special spat collectors (Kamermans et al. 2009). Blue mussels have separate sexes.  

It is interesting to compare predator-inducible changes in blue mussels from the North Sea 

with blue mussels from the Baltic Sea. The brackish Baltic Sea is an environment that lacks 

predatory crabs and sea stars since thousands of years. A study revealed that there is still 

inducible plasticity present in Baltic Sea blue mussels, though their recent evolution in an 

environment without crab and sea star predators (Reimer and Harms-Ringdahl 2001). Baltic 

mussels can recognize both crab and sea star effluents, but they are not able to fully express 

all the adaptive changes that the North Sea mussels can. Predation experiments with sea stars 

on blue mussels show that mussels from the Baltic Sea are more readily attacked and opened 

than mussels from the North Sea of the same size (Kautsky et al. 1990; Norberg and 

Tedengren 1995). The lack of thick shells and large adductor muscles in the Baltic Sea blue 

mussels, compared with the North Sea blue mussels, is probably caused by lower predation 

pressure in the Baltic Sea. The Baltic Sea blue mussels instead seem to allocate more of their 

energy to reproduction (Kautsky et al. 1990).  

 

Reproduction  

A study investigated whether threat from a predator such as the sea star on blue mussels can 

alter the reproductive effort of the mussel. The mussels, exposed to sea stars in a field 

experiment, developed a significantly larger gonad to flesh ratio compared to that of control 

mussels (Reimer 1999). After 30 days, also the exposed mussels had lost flesh weight, 

probably due to spawning. This implies that blue mussels accelerate their gonad development 

and/or increases their reproductive effort in the presence of predators (Reimer 1999). An 

increase in the reproductive organs, i.e. the gonad flesh, increases the total mussel meat 

weight. Meat growth in blue mussels in a study showed strong annual variation mainly due to 

annual variations in the gonad production (Kautsky 1982).  

While the shore crab mussels increase their shell growth, and the sea star mussels increase 

their posterior adductor muscle weight, the interaction shore crab and sea star mussels seem to 

have a conflict in what to do when sensing the two predators at the same time. One thought I 

had was that the interaction shore crab and sea star mussels instead are trying to increase their 

gonad weight and reproductive effort. But since the maturity of the gonads are increasing in 

springtime, before the spawning, this is not very likely. After the spawning period in May, the 

gonads regress further reaching a minimum in August (Seed 1969b). Though sometimes there 

can be two peaks of spawning, the latter then by June in summertime. Also the gonads 

constitute a larger fraction of the mussel meat biomass in larger mussels, not in medium-sized 
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mussels as in experiment. The results in my experiment show no effect of any of the predatory 

exposures on the mussels’ meat dry weight. 

 

Discussing the results of the experiment 

The blue mussels are filter feeders, and consumes phytoplankton and detritus. A study 

revealed that blue mussels can react to the presence of predators by reducing their filtration 

activity (Reimer et al. 1995), and it also showed that mussels are more sensitive to the 

presence of predators when food is scarce. The growth of the mussels is dependent on the 

filtration activity, and may explain my experimental results between different treatments. This 

implies that the exposure to sea stars may result in a lower filtration, which then also gives a 

lower growth.  

The shore crabs were of similar but variable sizes in the experiment, as well as in the predator 

test. The sea stars were of some different sizes, which can have influence on their feeding 

behaviour (Sommer et al. 1999). Maybe also the amount of olfactory cues differed in the 

experiment between different sea stars and shore crabs of different sizes. The predators were 

all fed regularly in the same way during experiment, but the predators were anyway 

sometimes eating different amounts of mussels, which could make a difference on the 

amounts of alarm cues from injured conspecifics. This could have resulted in some variance 

in the experimental results.  

When analyzing the statistics, I used the end volume as a covariate in order to analyze the 

predator exposure effects on different traits independent of differences in the sizes of the 

mussels. The volume growth (volume increase), included in some of the figures in the results, 

can illustrate different phenotypic traits in relation to the growth during the experiment.  

 

The sample of the mussel population 

Since it is interesting to discuss different mussel substrates and cultures (long line cultures 

and bottom bed cultures), I here try to examine some different aspects of induced defences 

and predatory responses in different populations of mussels.  

Blue mussels in dense patches form three-dimensional matrices, with a fast-growing fraction 

with larger mussels in the top layer and then the smaller mussels in the bottom layer (Kautsky 

1982). Observations on sea stars (Asterias rubens) and blue mussels, show that sea stars have 

no size selectivity when feeding, but feed on the larger blue mussels in the top layer of the 

mussel bed, while the smaller mussels are more protected in the aggregated bed (Kautsky 

1982).  

Structure and complexity of the substrate are important habitat characteristics for benthic 

epifauna like blue mussels. A complex substrate is found in bottom beds on hard substrates. I 

think that the mooring pontoons, as in the harbour of Fiskebäckskil, could be classified as a 

quite simple substrate, and that the water tanks in my experiment, with just 10 mussels in 

each, could be classified as a very simple substrate. In a study aimed to determine the effects 

of substrate type on growth and mortality as well as the induced defence, medium-sized (18-

22 mm length) were blue mussels (Mytilus edulis) exposed to shore crab (Carcinus maenas) 
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predation (Frandsen and Dolmer 2002). The experiment showed that complexity of the 

substrate, like more aggregation, increased mussel survival significantly, because of a 

decrease in predation pressure. Though the growth of the mussels on a complex substrate was 

lower because of intraspecific competition for food. Also, the mussels were more affected by 

predators on the simple substrate. This suggests that in my experiment on a simple substrate I 

could have a bigger growth rate and a greater induced defence mechanism than on a complex 

substrate in the field.  

Another study wanted to investigate the interactions between bed structure of blue mussels 

(Mytilus edulis) and the predator sea star (Asterias rubens). The solid structure of connected 

mussels at the bed surface in a bottom subtidal mussel culture restricts the sea stars to those 

mussels that are on the bed surface, the others, sometimes smaller mussels, are protected by 

aggregation (Dolmer 1998). Sea stars in field observations mostly fed on mussels that were of 

the same size or larger than the average mussel population.  

Yet, another study compared the predatory responses of blue mussels (Mytilus edulis) 

produced in suspended long line cultures (mussel production) with the responses from 

mussels collected from natural mussel bottom beds (Christensen et al. 2012). The aim of the 

study was to investigate whether mussels collected from suspended cultures could be used for 

bottom culture production and in habitat improvement. Suspended mussels had an active 

response to the predatory shore crab (Carcinus maenas) by developing a significantly firmer 

attachment to the substrate (more byssus production) and a closer aggregated structure. 

Bottom mussels had a more passive strategy by developing a thicker shell and a relatively 

larger size of the posterior adductor muscle. Mussels from suspended cultures grow longer 

and had lower mortality when comparing with bottom mussels. It was concluded that 

suspended mussels probably could be used in habitat improvement in mussel beds.  

A study compared density and morphology of mussels Mytilus trossulus predated by sea 

ducks, and found that differences in environmental conditions and predation regimes were 

responsible for differences between aquaculture and intertidal mussels. Mussel density was 

much bigger in aquaculture mussels, and these mussels were larger, had lower shell mass and 

weaker byssus attachments (Kirk et al. 2007). The predator sea ducks seem to profit from the 

introduction of the aquaculture mussels.  

A solution for the eutrophication of marine water in Sweden and elsewhere could be mussel 

farming (aquaculture), which removes nitrogen while generating seafood, fodder and 

agricultural fertilizer, thus recycling nutrients from sea to land (Lindahl et al. 2005). When 

mussels could be very good for environment, then it should be interesting in general to study 

mussels and their environmental threats.  

 

The predation test 

Total foraging time can be defined as the sum of searching time and handling time. Handling 

time can be defined as the sum of breaking time and eating time for predators attacking and 

consuming a prey. In the predator test I analysed within what time a predator during handling 

time attacked a mussel prey.  
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The attack behaviour and predatory success of sea stars on blue mussels are related to the 

mussels’ size and morphology. If the sea star is not able to open the mussel by a short force 

pulse or by exhaustion, it seems to choose another strategy and wait out its prey (Norberg and 

Tedengren 1995). Selection of prey by a predator can be influenced by the size and 

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

In the shore crab predator test, the shore crabs probably were too hungry and it was concluded 

that the shore crabs probably had no preference for any mussels of any treatment and survival 

of the mussels did not differ depending on the mussels’ previous exposure.  

In the sea star predator test, the number of surviving mussels tended to be higher in the sea 

star and combined shore crab and sea star treatments, and lowest in the shore crab and control 

treatments. This could mean that there is a “predator choice”, since the sea stars tended to be 

more successful in predation on mussels that have not developed inducible defences (the 

shore crab and control treatments) against the predator during the 5 weeks of the experiment.  

 

Conclusion 

According to hypothesis a good defence against predation from shore crabs should be a 

thicker shell and a larger size, and a good defence against sea stars should be a strong 

posterior adductor muscle. The results also show that shore crab mussels grow more than the 

sea star mussels, but sea star mussels instead have the highest increase in their posterior 

adductor weight, and mussels exposed to both predators show intermediate values. Thus, there 

is a trade-off between allocating resources to these traits, but a heavier shell is evident in all 

predatory treatments.   

According to hypothesis a good byssus production and attachment can also be a good defence 

against both predators. The results confirmed that the byssus production increased in presence 

of the predator shore crab and/or sea star, but only the control mussels and those exposed to 

both predators aggregated more. These results demonstrate clear phenotypic plasticity and 

inducible defences in blue mussels. Furthermore, it shows that different traits are adaptive and 

resources are allocated differently depending on the predatory regime.  
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Appendix 1. The average ± standard variation per treatment for the mean 

measurements per tank of the mussels at start of experiment, and for all 

remaining mussels at end of experiment, and for the dissection of all mussels.  

Treatment/ Parameter C (N=12) K (N=12) K+S (N=12) S (N=12) 

Starting 

value 

Control 

(N=30) 

Start length (mm) 25.14±0.56 25.15±0.69 25.23±0.65 25.17±0.28 24.95±1.77 

Start width (mm) 13.03±0.36 13.17±0.36 13.16±0.32 13.12±0.14 12.93±0.99 

Start height (mm) 8.83±0.22 8.88±0.30 8.91±0.28 8.83±0.21 8.88±0.70 

Start volume (cm3) 1.52±0.11 1.54±0.13 1.55±0.12 1.53±0.05 1.50±0.32 

End length (mm) 29.19±1.06 29.07±0.83 28.49±0.64 27.68±0.41  

End width (mm) 15.02±0.56 15.21±0.53 14.8±0.30 14.38±0.25  

End height (mm) 10.40±0.41 10.47±0.41 10.25±0.31 9.92±0.29  

End volume (cm3) 2.40±0.27 2.43±0.23 2.27±0.16 2.07±0.11  

Length growth (mm) 4.05±0.78 3.92±0.49 3.27±0.54 2.51±0.32  

Width growth (mm) 1.99±0.39 2.03±0.29 1.63±0.29 1.26±0.23  

Height growth (mm) 1.57±0.30 1.59±0.21 1.34±0.23 1.09±0.15  

Volume growth (cm3) 0.881±0.21 0.886±0.14 0.714±0.13 0.542±0.08  

Posterior adductor muscle 

weight (mg) 
6.76±0.93 7.06±1.02 7.42±1.48 7.96±0.67 4.20±2.91 

Mussel meat weight (mg) 58.65±6.33 59.52±5.84 60.67±6.17 58.00±3.35 54.47±16.64 

Shell weight (g) 0.632±0.059 0.736±0.068 0.675±0.069 0.610±0.032 0.372±0.098 

Shell weight/ volume 

growth (g/cm3) 
0.744±0.144 0.840±0.082 0.987±0.152 0.147±0.162  

Adductor weight/ volume 

growth (mg/cm3) 
8.03±2.27 8.07±1.31 10.78±2.03 15.03±2.85  

Height growth/ length 

growth 
0.389±0.026 0.406±0.036 0.410±0.035 0.437±0.049   

 

  


