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Despite many theories, the recent evident decreases in blue mussel (Mytilus edulis)
abundance in southern Norway and western Sweden (eastern North Sea) have not yet
been explained. To test the possible role of increased predation, an ongoing mesocosm
experiment exploring general effects of two mesopredators on the structure of littoral
macroalgal and macrofaunal communities was used. These mesopredators were the
green crab (Carcinus maenas) and the goldsinny wrasse (Ctenolabrus rupestris) which
were distributed in a crossed manner to 12 large mesocosms containing diverse rocky
shore communities. For the purposes of this study, boulders covered with recently
recruited blue mussels and barnacles (Balanus improvisus) from a natural shore were
brought in to the mesocosms during two seasons (August and October), and the
coverage of the animals (just blue mussels in summer, both mussels and barnacles
in autumn) was registered repeatedly over 24 h. The mussels were rapidly consumed
by crabs and wrasses, whereas high survival was recorded on boulders in the controls
without predators. The barnacles were only eaten by the crabs and not before most of
the mussels had been consumed. As both the green crab and the goldsinny wrasse
have been reported to increase in abundance, probably related to overfishing of top
predators, the resulting higher predation pressure on especially small blue mussels
(recruits) may contribute to the mussel decline along these temperate rocky shores.
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INTRODUCTION
During the last years, there has been a concern about decreasing abundances of the blue mussel
Mytilus edulis in coastal waters of southern Norway and western Sweden (Skagerrak and eastern
North Sea) that has been reported by both scientists and people collecting mussels for recreational
purposes (Andersen et al., 2016; Frigstad et al., 2018; Lundström, 2020). The blue mussel has also
become much harder to locate at long-term monitoring stations for contaminants in southern
Norway (Green et al., 2018). Increased Mytilus spp. mortality have in other countries been linked
to diseases, climate change, habitat disruption, and predation (e.g., Rilov and Schiel, 2006; van
der Heide et al., 2014; Eggermont et al., 2017; Seuront et al., 2019), but so far the causes for the
reduction of Mytilus abundance in Skagerrak have not been clarified. The same factors mentioned
above in international studies, including hybridisation between the three occurring Mytilus species,
have been suggested as potential causes of M. edulis losses in South Norway. At the southeast coast
of Norway, Brooks and Farmen (2013) found M. edulis to be the only species, whereas the rarer
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Mytilus trossulus and Mytilus galloprovincialis were found at
other parts (and downstream) along the Norwegian coast, which
contradicts the hybridisation theory at least for the south-eastern
part of the coast. Observations of high mussel abundance on
ropes in harbors and normal recruitment and growth in mussel
farms do not support the disease/parasite theory, nor a negative
role of higher water temperatures. However, the ropes can serve
as refuges from some sort of predation, in particular from
mobile benthic species. Thus, the observations of high mussel
abundances on ropes support an increased predation pressure as
being a potential cause of reduced M. edulis populations.
The general efficiency of predators in reducing mussel
abundance is well known since the study by Paine (1966) in
his highly cited paper. The efficiency of sea stars as blue mussel
predators has been documented in southern Norway (Christie,
1983). Further, Elner (1978) showed the role of crabs and
Peteiro et al. (2010) the role of fish predation for reducing
blue mussel abundance, while Rilov and Schiel (2006) found
increasing populations of both labrid fish and crabs to reduce
mussel abundance.
During the last decades, the coastal ecosystems in Skagerrak
have undergone dramatic changes (Weijerman et al., 2005;
Moy and Christie, 2012; Östman et al., 2016). As a response
to the drastic reduction in abundance of the top predator
coastal cod, Gadus morhua (Cardinale and Svedäng, 2004;
Baden et al., 2012), several mesopredators have increased
considerably in abundance (mesopredator release sensu Prugh
et al., 2009) posing an increased predation risk. Small fish
and crustacean predators have been reported to increase in
rocky shore ecosystems; typical examples of species that have
become more common is the goldsinny wrasse (Ctenolabrus
rupestris) (Gjøseter and Paulsen, 2004; Bergström et al., 2016
and references therein) and the green crab (Carcinus maenas)
(Eriksson et al., 2011; Infantes et al., 2016). To test possible
effects of increasing densities of these two mesopredators on
mussels, a sudden intense recruitment of blue mussels in July–
August 2019, in both the inner and outer Oslofjord, were
used by taking advantage of an ongoing large mesocosm
experiment. This was a long-term experiment running from
June to October, and the mussel experiments were initiated as
short-term add-on experiments in these mesocosms. To test how
these two mesopredators directly affect blue mussels, boulders
with attached mussels were simply transplanted into the 12
controlled mesocosms. A new, less intense recruitment event
in October 2019 allowed repetition of the summer experiment
in autumn and testing the mesopredator impact on both
mussels and barnacles.

macrofauna have been established over several years. These
mesocosms are supplied with a continuous flow of 4 m3 h−1 of
seawater from 1 m depth in the fjord and they are equipped
with wave machines and tidal regulation. For further description
of the mesocosms, see Bokn et al. (2003) and Kraufvelin et al.
(2006a,b, 2010, 2020). In 2019, the project CRABFISH started
in early June and ended in mid-October, being set up for
testing predatory top-down effects by the goldsinny wrasse
(C. rupestris) and the green crab (C. maenas) on the entire
seaweed ecosystem. The mesocosms were distributed among
four treatments; three mesocosms did not receive any predators
(“Control”), three mesocosms were allocated 50 green crabs
each (“Crabs,” i.e., ca 4 crabs per m2 bottom area or m3
of water), three mesocosms were assigned 50 wrasses each
(“Fish,” i.e., the same fish density as for crabs), and the three
remaining mesocosms received 50 green crabs and 50 wrasses
each (“CrabFish,” i.e., ca 4 crabs and 4 fishes per m2 bottom area
or m3 of water). Population densities of C. maenas (Moksnes,
2002) and wrasse (Gjøsæter, 2002; Skiftesvik et al., 2014) are
hardly quantified in the field, but found to vary over short
distances. However, Sayer et al. (1993) reported a density of 4
individuals per m2 of goldsinny wrasse to be high. The density
of crabs and fishes remained at the initial level throughout
the study (own recordings), but some crabs were observed to
climb out of the mesocosms at night and migrated randomly
to neighboring mesocosms (extending the meaning of the word
walkover). To maintain the three control mesocosms and the
three fish-only mesocosms without crabs, the mesopredators
occurring in wrong mesocosms had to be caught regularly using
baited traps and put back into the nearest Crab or CrabFish
mesocosms. Despite these efforts, an effect of crabs on blue
mussel cover was observed in the “Control” mesocosms in the
August experiment (one crab attacking mussels in each of two
control mesocosms).
In late July, high abundance of small M. edulis (shell length
2–3 mm) was observed in the shallow coastal areas outside the
research station at Solbergstrand, covering cobblestones,
boulders, seaweeds and seagrass blades. Twelve stones
(cobbles/boulders, see Wentworth scale), with a flat top
surface area of about 25 × 30 cm were collected from the fjord
and one boulder was transplanted into each of the mesocosms
in early August. The initial blue mussel cover (i.e., percent cover
at the top surface of the boulder) and cover of mussels at short
(h) time intervals up to 24 h, were estimated to the nearest
5% by snorkeling in the mesocosms (trying not to disturb the
predators). Pictures were taken along with the snorkeling for
controlling the cover estimates (see Figure 1B). Ahead of each
cover estimate, the amount of mesopredatory crabs and wrasses
on and adjacent to each blue mussel boulder was counted.
Later in August, the fjord population of the blue mussels
had disappeared (own observations by snorkeling), but a new
recruitment event was observed in early October, although less
intense with a resulting lower blue mussel density/cover than
in August. Hence, it was possible to repeat the experiment in
October. This time, 72 stones, each with a top surface area of ca.
10 × 15 cm were collected from the same site at Solbergstrand as
in August, and six stones were transplanted into each mesocosm.

MATERIALS AND METHODS
At NIVA’s research station Solbergstrand by the Oslofjord in
southeastern Norway, rocky shore mesocosm experiments have
been carried out in 12 large outdoor concrete basins, each
containing 12 m3 of seawater (see Figure 1A). The mesocosms
are 4.75 × 3.65 m at surface level and 1.3 m deep at high
tide. Diverse shore ecosystems based on seaweeds and associated
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Mytilus-October, and Balanus-October) were done. This is a
type III ANOVA, rather than a sequential type I ANOVA
test (Wood, 2011). The figures are produced using ggplot2
(Wickham, 2016) and tidyverse (Wickham et al., 2019). GAM
was chosen to be able to identify any non-linear (curvilinear or
asymptotical) trends in cover over time (Hastie and Tibshirani,
1990).
Seawater temperature and salinity were registered both in
August and in October.

RESULTS
The temperature was 20–21◦ C and 12◦ C in August and
October, respectively, whereas salinity was 20 psu in August and
25 psu in October.
In the August study, the initial coverage of small blue mussels
was 100% on all boulders, while it was around 40–50% in
October. Both predators were observed to be feeding on the
mussels within short time. In both experiments, the cover of
mussels was reduced to almost zero within 24 h in all mesocosms
that received either crabs, fish or both predators (Figure 2). The
cover of blue mussels declined most rapidly in the mesocosms
with both predator species present, followed by the mesocosms
with crabs and then the ones with fish alone. With both predator
species present, the cover was reduced to zero within 5 h in both
August and October. The Wald tests revealed a significant effect
of treatment and of the interaction between treatment and time,
for each of the three GAMs (Table 1). All smooth terms of the
treatment levels vs. time showed a significant decline in cover
over time for each GAM, except for the controls in October (both
species) and for B. improvisus in the fish treatment. There was a
small, but significant predation effect in the control mesocosms
in August due to the walkover by one crab in each of the two
Controls (the smooth term of the treatment level Control vs. time
was significantly different from zero in the Mytilus-August GAM;
F = 8.1, p = 0.005, Table 1). However, no predation effect was
observed in the control mesocosms in October (i.e., the smooth
term of the treatment level Control vs. time was not significant in
the Mytilus-October GAM).
The barnacles were observed to be eaten only by the crabs
(Figure 3); this is confirmed by the fact that the smooth
term of the treatment level Fish vs. time was not significantly
different from zero in the Balanus-October GAM (Table 1).
The consumption of barnacles took mainly place after an initial
decline in mussels (mainly after 5 h). As for the mussels, the crabs
were able to reduce/consume the provided barnacles within 24 h.
All models performed well and explained a substantial
part of the variation in cover over time and between
treatments. The explained deviance was above 70% for all
GAMs (Table 1).
Only a smaller fraction of the total mesopredator individuals
present in each mesocosm was observed to attack the blue
mussels on the boulders. Only rarely, more than 5 crabs or 10 fish
individuals were observed to be actively feeding on the mussels
at a single occasion. Our own observations of the development
of the blue mussel recruitment events in the fjord outside the

FIGURE 1 | Images showing an overview of the 12 mesocosms at NIVAs
Research Station at the Oslofjord (A), and an example of green crabs and
goldsinny wrasses attacking a stone with juvenile mussels (B).

The initial cover and the cover of mussels at short time intervals
up to 24 h were estimated as above. The blue mussels in October
2019 were of the same size as those in August 2019. Because crabs
were observed eating barnacles (Balanus improvisus) attached to
the lower parts of the stones, after they had eaten the mussels
in August, the percent cover of barnacles on the stones was also
estimated in the October experiment. Unfortunately, there were
no resources available for taking action to perform well-designed
field experiments using e.g., cages for those two settlement
occasions, as the settlements came unexpected.
The differences in the development of mussel and barnacle
cover between treatments were analyzed with generalized
additive models (GAM, Wood, 2011). Cover was used as
response variable and time and treatment as explanatory
variables. The model included interaction between the two
explanatory variables (time and treatment), and allowed a
different smooth for each treatment level, using treatment
as the “by” variable in the R-package mgcv (Wood, 2011).
The analysis was done in R (version 3.5.2, R Core Team,
2019). Wald tests of the significance of each parametric and
smooth term of the models (i.e., one GAM was created for
each species per experimental month; i.e., Mytilus-August,
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FIGURE 2 | Predicted and observed development in M. edulis cover over time in a 24 h experiment in August (A) and in October (B) 2019, given four different
treatments (Control: no predators added, Crab: only crabs added as predator, Fish: only fish added as predator, CrabFish: i.e., both crabs and fish added as
predator species to the mesocosms). The shaded area shows the 95% confidence levels of the predicted GAM values (i.e., cover as a function of treatment +
time × treatment) and the points represent the observed cover at different times. There were always three replicates, and some overlapping points are not visible.
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TABLE 1 | Summary of the three GAMs performance; i.e., R-square adjusted and explained deviance, and the results of the Wald test of each model.
Mytilus August model (R-sq. adj = 0.77, dev. explained = 80.3%, n = 72)
Parametric terms

df

F

p-value

Treatment

3

27.47

2.4E-11

Ref.df

F

p-value

Approximate significance of smooth terms

edf
1

1.001

8.125

0.00591

s(time):TreatmentCrab

s(time):TreatmentControl

2.106

2.327

22.769

6.27E-09

s(time):TreatmentCrabFish

2.631

2.871

18.302

5.92E-09

s(time):TreatmentFish

1.561

1.831

25.862

8.79E-08

Parametric Terms

df

F

p-value

Treatment

3

35.84

4.52E-11

Ref.df

F

p-value

Mytilus October model (R-sq adj = 0.91, dev. explained = 92.5%, n = 48)

Approximate significance of smooth terms

edf

s(time):TreatmentControl
s(time):TreatmentCrab

1

1

0

1

1.809

2.038

60.77

<2e-16

s(time):TreatmentCrabFish

2.582

2.835

45.53

<2e-16

s(time):TreatmentFish

1.355

1.59

60.58

2.03E-12

Parametric Terms

df

F

p-value

Treatment

3

7.83

0.000316

edf

Ref.df

F

p-value

s(time):TreatmentControl

1

1

0

1

s(time):TreatmentCrab

1

1

29.94

1.84E-06

s(time):TreatmentCrabFish

1

1

48.63

5.53E-09

s(time):TreatmentFish

1

1

0

1

Balanus October model (R-sq. adj = 0.67, dev. explained = 71.8%, n = 48)

Approximate significance of smooth terms

One GAM each was created for blue mussel M. edulis cover for August and October 2019, respectively, and one GAM for the barnacle B. improvisus cover in October
2019, all on boulders deployed to mesocosms. The treatments were the presence of two predator species; Crab alone, Fish alone, both species together (CrabFish), and
both species absent (i.e., the Control). The GAMs included treatment and the interaction between time and treatment (The R-formula of the models was on this form:
Cover ∼s(time, bs = “cr,” by = Treatment, k = 4, m = 1) + Treatment + 1).

the crabs started to crush the mussels in the “CrabFish”
treatments, this activity attracted the wrasses, probably due to
some chemical cues. Thus, there was a co-consumption by
the two species making the mussel reduction more efficient
on the boulders than what was possible by consumption by
either crabs or fish alone. The crabs preferred the small
mussels, and they started to eat the barnacles first after most
mussels were consumed. The low interest in barnacles among
the wrasses are in accordance with gut content analysis by
Kraufvelin et al. (2020), revealing small blue mussels to be their
preferred prey organisms.
The two experiments (in August and October 2019) were
performed in large littoral mesocosms with diverse natural
seaweed ecosystems, where the predators had sufficient access to
alternative prey items such as gastropods, amphipods, isopods,
polychaetes and other invertebrates (Kraufvelin et al., 2002,
2006a,b, 2010, 2020; Bokn et al., 2003; Díaz et al., 2012). The
rapid attraction to and predation on mussels by the two predator
species within these mesocosms, indicate a high preference of
juvenile blue mussels as prey. However, only between 5 and 20%

research station, indicated a total disappearance of small mussels
during a few weeks in August 2019. One month after the second
recruitment in October, only a few small blue mussels were
observed to remain in the uppermost parts of the intertidal zone,
while the rest of the mussels was gone.

DISCUSSION
This pilot experiment shows the predation efficiency of two
common mesopredator species, the goldsinny wrasse and the
green crab, and their ability to reduce high and intermediate
cover of small blue mussels to local extinction during a
very short time period (within hours). The green crabs were
most efficient in removing the blue mussels (as well as the
barnacles), while the wrasses only predated on the mussels.
Both species introduced together was the most efficient predator
combination on blue mussel abundance. Hence, the presence
of the other predator did not hamper the predation activity
of either of the two predator species. On the contrary, when
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FIGURE 3 | Predicted and observed development of B. improvisus cover over time in a 24 h experiment in October 2019, given four different treatments (Control: no
predators added, Crab: only crabs added as predator, Fish: only fish added as predator, CrabFish: i.e., both crabs and fish added as predator species to the
mesocosms). The shaded area shows the 95% confidence levels of the predicted GAM values (i.e., cover as a function of treatment + time × treatment) and the
points represent the observed cover at different times.

of the predators present in the mesocosms were observed in close
proximity to the stones with mussels.
Many different predators are known to prey on blue mussels.
The common starfish (Asterias rubens) is an important predator
on adults and recruits of blue mussels in the NE Atlantic
(see Hiscock et al., 2019) and also the eider duck, Somateria
mollissima (Bustnes and Erikstad, 1990; Westerbom et al.,
2002) is an important predator. Our experiment suggests that
increasing populations of other small predators such as the green
crab and the goldsinny wrasse may cause a severe threat to blue
mussel beds/reefs and especially to mussel recruitment. This is
primarily because of their preference of juvenile blue mussels
as prey and their efficiency as predators preventing recruitment
to larger size groups. In particular, the co-consumptive effect of
the two predators might increase this threat. Recent observations
of high mortality of hundreds of starved eider ducks in south
Norway in winter/spring 2020, reported through media, has been
suggested to be caused by a lack of larger blue mussels. This
highlights the need to understand the role of these mesopredators
for the structure and function of coastal ecosystems.
Top-down cascade effects favoring small mesopredators,
such as small fish and crabs, are likely initiated because of
reduced number and size of top predators and may cause
significant community changes. Moksnes et al. (2008) and
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Östman et al. (2016) reported similar effects of small fish
in natural environments, and Kraufvelin et al. (2020) in
mesocosms. Furthermore, this study supports the wide attention
on increasing top down control by different crab species due to
reductions of other populations of top predators (Hughes et al.,
2013; Fagerli et al., 2014; Infantes et al., 2016; Christie et al.,
2019). As our study indicates, increasing predator abundance is
expected to lead to increased predation that affects particularly
preferred prey organism as mussels. Rilov and Schiel (2006)
describe a similar scenario where increased densities of crabs
and wrasses caused increasing decline in juvenile mussels. As
higher mesopredator population densities are expected to cause
increased predation effects, the level of mesopredator increase
in an area may be crucial for continued existence or extinction
of mussel beds/reefs. As blue mussel beds create habitats for
diverse communities (Norling and Kautsky, 2007; Díaz et al.,
2015; Norling et al., 2015; Westerbom et al., 2019), changes
in predator population levels may lead to large structural and
functional changes in shallow reef ecosystems.
The field observations indicate that M. edulis can settle and
recruit during several seasons (see also Bayne, 1964), with the
potential of avoiding predation pressure at least during some
of the recruitment events. However, our experiment showed
high mesopredator activity in both summer and autumn by two
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All applicable international, national (Norwegian Food Safety
Authorities) and institutional guidelines for the care and use of
animals were followed.

predators that quickly can change from other prey organisms
to small mussels. Also, our field observations indicate efficient
predation on mussel recruits in the natural environment within
a few weeks. In addition to green crabs and the goldsinny wrasse
that both have become more abundant in this area (Gjøseter
and Paulsen, 2004; Eriksson et al., 2011; Bergström et al., 2016;
Infantes et al., 2016), other species of small fish, hermit crabs
(Pagurus sp.), sea stars (A. rubens), and eider ducks (S. mollissima,
although on larger size classes) are relevant blue mussel predators
in the area, further increasing the predator pressure. Our
experiment highlights the importance and efficiency of boosted
mesopredator density on blue mussel mortality, but it cannot
exclude the contribution from other predators and factors for the
recent decreases in blue mussel abundance on rocky shores of the
eastern North Sea.
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