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1.  INTRODUCTION

Phenotypic plasticity, or the ability of a genotype to
develop a phenotype well-adjusted to the environ-
ment, can be crucial for an organism to establish and
persist in a new environment (Yeh & Price 2004, Far-
iñas-Franco et al. 2014). Understanding the capacity
for organisms to adjust their phenotype to specific as-
pects of a new environment is essential for increasing
the success rate of transplantation projects (Yeh &
Price 2004, Weeks et al. 2011, Fariñas-Franco et al.
2014). Organisms may be transplanted to new envi-

ronments for multiple reasons, such as reintroduction
of a lost population (e.g. wolves into Yellowstone Na-
tional Park, USA; Bangs & Fritts 1996), commercial
purposes (e.g. mussels in intertidal or subtidal zones;
Kamermans et al. 2002) and more recently for the
provision of specific ecosystem services (e.g. coastal
protection by oysters; Coen et al. 2007, Scyphers et
al. 2011).

Transplantation failure may be partly explained
by the organisms having a phenotype mismatching
the new environment, and a low plastic response
(Fariñas-Franco et al. 2014). For transplantation pur-
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ABSTRACT: Phenotypic plasticity is important for organisms to adjust to a new environment.
Therefore, the transplantation success of an organism to a new environment can be increased with
knowledge of its capacity for phenotypic plasticity in different life stages, and the phenotypic
adjustments it needs to make in specific environmental situations. Both the capacity for pheno-
typic plasticity and the necessary phenotypic adjustments for transplantation were tested in a
mesocosm experiment using blue mussels Mytilus edulis as a model organism. This study tested
(1) to what extent mussel seed coming from collectors in the water column are still capable of
adjusting their phenotype, and (2) whether exposure to air or wave action is more important as a
driver of phenotypic adjustments for mussels living in intertidal conditions. We found that mussel
seed had a high capacity for phenotypic plasticity, and were capable of adjusting their morphol-
ogy to accommodate different intertidal hydrodynamic conditions. Exposure to air influenced the
shell shape, condition, byssal attachment strength and aggregation behaviour, but exposure to
waves played the most important role in determining the phenotype of mussels. Wave-exposed
mussels grew bigger, rounder, had thicker shells and a stronger byssal attachment strength than
mussels exposed to either calm tidal or calm submerged environments. This knowledge is impor-
tant for selecting a suitable source population and transplantation location.
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poses, it would be ideal to use a donor population
that already possesses the phenotypic characteristics
typical for the receiving habitat (Preston et al. 2010).
However, access to such donor stock is seldom possi-
ble, either because they no longer exist, or the re -
moval of individuals from an existing, comparable
population would lead to unintended damages
 (Fariñas-Franco et al. 2014). In such cases, it is impor-
tant to find a sustainable alternative source stock that
possesses a high phenotypic plasticity, making it
capable of adjusting to a new environment.

Low phenotypic plasticity can be either an inherent
property of the organism, or the result of being in a
life stage with a low plastic response. Phenotypic
plasticity is likely to be age-dependent and to decline
with age (Fischer et al. 2014, Nilsson-Örtman et al.
2015, Chevin & Hoffmann 2017). In their early life
stages, organisms receive and interpret environmen-
tal cues that determine whether (and how) to invest in
energetically expensive phenotypic adjustments that
will increase their fitness. Later in life it is often less
favorable to invest in phenotypic adjustments, as the
costs are too high and the benefits may not be
achieved before death (Fischer et al. 2014). Using ju-
venile life stages with a high potential for phenotypic
plasticity (rather than adults) for transplantation pur-
poses may therefore increase transplantation  success.

Understanding how organisms adjust to a new en-
vironment, and which environmental factors are the
drivers of these adjustments can prevent the trans-
plantation of organisms with ill-adjusted phenotypes.
However, because of the interactions among multiple
environmental factors in natural systems, it is often
difficult to disentangle which environmental factors
are responsible for certain phenotypes, and to what
extent. Experiments under controlled conditions can
increase our understanding of an organism’s capacity
for phenotypic plasticity and the environmental driv-
ers determining its phenotype. This knowledge is im-
portant for selecting a suitable source population and
transplantation location. To increase transplantation
success, it is therefore of utmost importance to gain
knowledge about which specific phenotypic adjust-
ments arise as a result of specific environmental fac-
tors, and if the age-class used still possesses a suffi-
ciently high capacity for phenotypic plasticity to be
able to adjust to these specific environmental condi-
tions. We addressed both questions using blue mus-
sels Mytilus edulis as model organisms, given the in-
terest in mussel transplantations to the intertidal
zone and the fact that previous intertidal transplanta-
tions of mature subtidal mussels have failed due to
phenotypic mismatching (de Paoli et al. 2015).

Blue mussels are a typical example of organisms
that can occur in a wide range of geographical sites
and at different positions on the shore where they are
exposed to a wide variety of abiotic and biotic condi-
tions (Steffani & Branch 2003, Telesca et al. 2018).
Multiple studies have shown that mussels can inhabit
this diverse range of environments due to their phe-
notypic plasticity (Reimer & Tedengren 1996, Bead-
man et al. 2003, Telesca et al. 2018). A clear distinc-
tion is often made between mussels inhabiting the
intertidal versus the subtidal zone. In the intertidal
zone, mussels are exposed to the air and tidal flow
and, at many exposed shores, also to wind-generated
waves. In comparison, hydrodynamic conditions are
often less dynamic in the subtidal zone (Gaylord et al.
2003, Carrington et al. 2008). Mussels can inhabit
wave-exposed or sheltered shores and occur at dif-
ferent shore elevations varying in emersion time
(Brinkman et al. 2002). This broad range of hydro -
dynamic conditions may result in strong morphologi-
cal differences between mussels. Compared with
intertidal mussels, subtidal mussels have lighter
shells and a weaker byssal attachment strength (de
Paoli 2017). Mussels on highly wave-exposed shores
can have a stronger attachment strength (Witman &
Suchanek 1984, Hunt & Scheibling 2001, Carrington
et al. 2008), thicker shells (Steffani & Branch 2003)
and a more streamlined shell shape (Seed 1968, Stef-
fani & Branch 2003, Fariñas-Franco et al. 2014) than
mussels on sheltered shores without high-energy
wind-generated waves.

In the Dutch Wadden Sea, transplantations of sub-
tidal mussels to the intertidal mudflats were carried
out to restore intertidal mussel beds (Ens & Alting
1996, de Paoli et al. 2015). However, due to their rel-
atively mature stage at transplantation, the subtidal
mussels were not able to adjust their morphology to
the harsh intertidal conditions, and the mussels failed
to settle (de Paoli 2017), Consequently, de Paoli
(2017) suggested that juvenile mussels could poten-
tially be a better donor source for intertidal trans-
plantations, as young mussels may still possess a
sufficiently high capacity for phenotypic plasticity,
making them capable of adjusting to a new environ-
ment. In the Eastern Scheldt estuary in the SW delta
of the Netherlands, most intertidal mussel transplan-
tations are done for commercial purposes and are
mainly situated in sheltered areas (Dame et al. 1991).
Mussel farmers are currently increasing their use of
seed mussel collectors (SMCs) as a source of mussels
rather than dredging the seed from natural beds
(Capelle 2017). These SMCs consist of ropes hanging
in the water column on which mussel spat can settle.
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The commercial techniques available for collecting
mussel seed makes it a potential valid and sustain-
able donor population for transplantation purposes.
Mussel seed collected from these SMCs can subse-
quently be transplanted to either other subtidal areas
or intertidal areas (the focus of this study). Moreover,
mussels originating from collectors in the water col-
umn are normally still relatively young (i.e. 4 mo old)
and may therefore be highly plastic (Seed 1968, Fis-
cher et al. 2014, de Paoli 2017). However, it is not
fully clear yet (1) to what extent mussels in this age
class are capable of adjusting their phenotype, and
(2) whether the most important driver of specific phe-
notypic adjustments for living in intertidal conditions
is exposure to waves, or to air.

In this study, we tested the extent to which Mytilus
edulis seed originating from SMCs in the water col-
umn is still capable of adjusting its morphology and
behavior to hydrodynamic conditions typical of the
intertidal zone. In addition, we tested whether wave
exposure or exposure to air is most important in driv-
ing specific phenotypic adjustments. A mesocosm
experiment was performed to distinguish be tween
phenotypical adjustments induced by exposure to
high wave energy (as present in many tidal systems)
and those by exposure to air in combination with
tidal flow (present in each tidal system). We hypo -
thesized that mussel seed coming from collectors in
the water column is highly plastic and still capable of
adjusting its morphology to exposure to waves and to
air, making it a highly suitable source for inter -
tidal transplantation purposes. We also expected that
ex posure to waves has a stronger effect on mussel
characteristics than exposure to air.

2.  MATERIALS AND METHODS

2.1.  Experimental setup

The mussel seed used in the present study was har-
vested in September 2015 from SMC-ropes that had
been deployed for 6 mo in the Eastern Scheldt in the
Netherlands near Neeltje Jans. To test mussel seed
plasticity as a response to different hydrodynamic
conditions, mussel seed was placed in tanks and ex -
posed to 3 different hydrodynamic regimes for a
period of 4.5 mo (134 d). The 3 hydrodynamic re -
gimes included (1) calm, submerged (CS) conditions,
(2) calm, tidal cycle (CT) conditions without waves
and (3) wave-exposed, submerged (WS) conditions.
Each of these treatments was carried out in triplicate,
resulting in 9 experimental units.

CS conditions. The CS condition treatments were
carried out in 1 × 1 × 1 m tanks filled with 900 l of sea-
water. Water motion was created by a continuous in-
and outflow of water with a steady flow rate of 6 l h−1

tank−1.
CT conditions. The CT condition treatments were

carried out in tanks similar to the CS treatments. The
tidal cycle in this treatment consisted of a sequence of
8 h immersion followed by 4 h exposure to the air
twice every day. In this way, the mussels were sub-
merged for 66.7% and exposed to air 33.3% of the
day, representing the tidal regime of intertidal com-
mercial mussel plots in the Eastern Scheldt (Capelle at
al. 2014), and corresponding to the preferred im -
mersion time of natural intertidal mussel beds in the
Wadden Sea presented by Brinkman et al. (2002).
Emptying and filling the tanks with water took ap -
proximately 2 h for a volume of approximately 900 l.
Based on a ground surface of 1 × 1 m, this translates to
an average flow rate of 0.00125 cm s−1. This flow rate
was negligible compared to normal tidal currents,
which often reach up to 30 cm s−1 (Bouma et al. 2005).

WS conditions. The treatment with wave exposure
was carried out in a piston-paddle wavetank measur-
ing 85 × 205 cm that was filled with water to 50 cm,
resulting in a water volume of 902 l. In the WS treat-
ment, wave force was created with a wavepaddle
moving in a horizontal motion. This created water
movement strong enough to sway the seeded mussels,
but not strong enough to dislodge them. The continu-
ous movement of the paddle produced waves with a
crest height of approximately 5−10 cm. Using an
acoustic Doppler velocity meter (ADV) placed in the
centre of the wave tank above the mussels, the aver-
age maximum orbital velocity in all 3 wavetanks was
measured at 0.6 ± 0.006 m s−1. This orbital velocity can
be considered congruent to a high-energy environ-
ment according to the Dutch Ministry of Infrastructure
and the Environment (Rijkswaterstaat), which consid-
ers a high-energy intertidal location as one with an
orbital velocity above 0.2 m s−1 (Bouma et al. 2006).

All 9 experimental tanks were filled with a layer of
sand 10 cm deep to simulate the natural mudflats in
the Netherlands. Each tank contained an airstone,
3 cm in diameter, to keep all tanks continuously aer-
ated. In addition, the water levels in all tanks were
regulated with an inflow and outflow port, supplying
seawater from the Eastern Scheldt with a steady flow
rate of 6 l h−1 tank−1. Although the water of the East-
ern Scheldt probably contained some food particles,
to ensure sufficient food availability, mussels were fed
daily with 50 ml of instant algae (shellfish diet 1800;
Reed Mariculture) at a concentration of 2 billion cells
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ml−1 tank−1. A data logger (HOBO pendant tempera-
ture/ light data logger UA-002-08) was installed into
every experimental unit to monitor the temperature
(°C) and light intensity (lux) every hour. The experi-
ment took place in a glasshouse so that the tanks were
exposed to daily light and temperature changes. Aver-
age (±SE) temperature over all tanks was 10.67 ±
0.24°C during the day (06:00−17:59 h) and 10.06 ±
0.21°C at night (18:00−05:59 h). The average light
intensity was 1127 ± 145 lux during the day and 3.5 ±
1.0 lux at night.

A subsample of 100 SMC mussels was taken to
measure initial shell length, width and height and to
determine the condition of the mussels before the ex-
periment began. The initial shell thickness was meas-
ured for 30 SMC mussels (see Table 1). At the start of
the experiment, 5 kg of mussel seed was dispersed ho-
mogeneously over 1 m2 in the CT and CS tanks. As the
bottoms of the WS tanks had different dimensions from
the CT and CS tanks, the mussels were seeded in
the middle of the wave tank in a rectangle of 0.85 ×
1.20 m to ensure similar mussel densities in each tank.

2.2.  Sampling

Final measurements were taken on Day 134, when
no further changes in mussel patch shape or location
were observed. To do this, 25 mussels from every
tank were randomly chosen and measured for byssal
attachment strength, mussel condition, and shell
length, width, height, and thickness, resulting in a
total of 225 mussels.

Byssal attachment strength. The byssal attachment
strength of the 25 selected mussels from every tank
was measured using a digital gauge with an accu-
racy of 0.02 N (Zauter FK50). A tick tweezer hanging
on fishing wire attached to the digital gauge was
carefully clamped around each mussel. The maxi-
mum force (in N) needed to detach the mussel was
measured by pulling the force meter in a 180° direc-
tion from the point of attachment. The detachment
force was corrected for the wet weight of each mus-
sel by subtracting the weight of the mussel from the
attachment strength (in g) followed by a conversion
to N. Byssal attachment strength (in N) was divided
by the condition index (CI; in mg cm−3) for every
mussel to take the potentially strong correlation be -
tween byssal attachment strength and the condition of
a mussel into account (Babarro et al. 2008, Lachance
et al. 2008).

Shell morphology. After detachment, every mussel
was individually measured for shell length (L, maxi-

mum distance from the umbo to the opposite shell
edge), shell width (W, maximum distance between the
left and right closed shells) and shell height (H, maxi-
mum dorsal−ventral distance). Measurements were
done with a digital caliper with 0.1 mm accuracy
(Mitu toyo Absolute IP67). To compare the shell shape
between the 3 treatments, linear shell measurements
were calculated following the method of Fariñas-
Franco et al. (2014): (1) H:L ratio, as a measure of shell
elongation; (2) W:H ratio for shell inflation; and (3)
W:L ratio, as a measure of shell obesity. Shell thick-
ness was measured in the center of the adductor mus-
cle scar of the right valve using a Hogetex point mi-
crometer 0−25 mm with 0.001 mm accuracy.

Condition and mortality. The ash free dry weight
(AFDW) for each mussel was obtained by drying the
flesh of the mussel at 70°C and ashing it at 560°C
until the difference in weight was less than 1% per
30 min. The CI (in mg cm−3) for each mussel was cal-
culated via AFDW l−3 (Beukema 1976). Mussels that
died during the experiment were counted and re -
moved weekly to prevent pollution of the water and
to keep track of mortality.

Patch characteristics. At the end of the experiment,
every tank was photographed from above to deter-
mine the aggregation behavior of the mussels under
different hydrodynamic conditions. Mussel patch
characteristics were analyzed in the photographs by
converting mussel patches into polygons to calculate
the number of patches (NP), the average perimeter
(P) to area (A) ratio (P:A) of the patches and the
within-patch density (WPD), which was calculated as
NP / A for each experimental tank, using the program
image-J v.1.52a (National Institutes of Health).

2.3.  Statistical analysis

All statistical analyses were carried out using R Stu-
dio (R Core Team 2018). Prior to model fitting, all data
were visually validated for normality (Q−Q plot) and
homogeneity of residuals. In all models, the hydro -
dynamic treatment was used as the predictive factor.
To determine if the experimental tank should be in-
corporated in a model as a random factor, Aka ike’s in-
formation criterion (AIC) was used to compare models
with and without random factors, and the best fitting
model was selected. Based on the validation for nor-
mality and homogeneity of residuals, as sumptions
and the selection of the best fitting model, linear shell
measurements and the P:A ratio of the mussel patches
were analyzed using 1-way ANOVA models with a
Gaussian distribution. The byssal at tach ment strength,
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the CI data and the at tachment strength corrected for
CI data (i.e. attachment strength divided by CI) fol-
lowed the normality and homogeneity assumptions
after a log transformation and were further analyzed
using 1-way ANOVA. Shell thickness data was log-
transformed and analyzed with a linear mixed model
(LMM) with the ex perimental tank as a random factor.
Mortality data could not be analyzed with a Gaussian
model, and a generalized linear model (GLM) was used
with a quasi-Poisson distribution to correct for
overdispersion. Pairwise comparisons were made
with a Tukey test (package ‘multcomp’; Hothorn et al.
2008) for the 1-way ANOVAs and Tukey adjusted
comparisons of estimated marginal means (package
‘lsmeans’; Lenth 2016) for the LMM and GLM.

3.  RESULTS

3.1.  Condition and byssal attachment strength

The mean initial CI of a subsample of 100 mussels
was 2.21 ± 0.74 mg cm–3 at the start of the experiment

(Table 1). This CI decreased slightly for mussels placed
in the CS (by 12%) or CT conditions (by 18%), but in-
creased in the WS conditions by 61%. The hydrody-
namic treatment had a significant effect on the condi-
tion of the mussels (1-way ANOVA, F2,220 = 199.7, p <
0.001). The CI was significantly higher for mussels in
the WS treatment than for mussels in the CT (Tukey, p <
0.001) or CS (Tukey, p < 0.001) treatments. The byssal
attachment strength was also stronger for mussels in
the WS treatment (p < 0.001) than for mussels in CT or
CS treatments (Tukey, p < 0.001). Mussels in the CT
tanks had a significantly stronger byssal attachment
strength than the mussels in the CS tanks (Tukey, p <
0.001). A strong positive correlation was found be-
tween byssal attachment strength and the CI of the
mussels (R2 = 0.49, F1,213 = 201.5, p < 0.001) (Fig. 1A).
However, even after correction for condition (i.e. at-
tachment strength divided by CI), byssal attachment
strength was still found to be stronger for mussels ex-
posed to waves (WS) compared with mussels placed
in calm conditions (both CT and CS: Tukey, p < 0.001).
CT mussels also had a stronger attachment strength
then CS mussels (Tukey, p < 0.001) (Fig. 1B).
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                 Hydrodynamic       Shell length             Shell width             Shell height           Shell thickness                 CI
                     treatment                 (mm)                        (mm)                        (mm)                         (mm)                   (mg cm−3)

t = 0                                     31.07 ± 1.42 (100) 10.52 ± 0.79 (100) 15.61 ± 0.89 (100)   0.251 ± 0.026 (30)  2.21 ± 0.74 (100)

t = 134 d             CS              34.78 ± 3.13 (75)     11.81 ± 1.22 (75)     17.10 ± 1.52 (75)     0.246 ± 0.043 (75)    1.94 ± 0.47 (75)
                           CT              34.69 ± 2.57 (75)     12.00 ± 1.12 (75)     17.15 ± 1.28 (75)     0.252 ± 0.035 (75)    1.82 ± 0.45 (75)
                           WS             36.00 ± 3.08 (73)     12.57 ± 1.23 (73)     17.66 ± 1.51 (73)     0.273 ± 0.059 (73)    3.63 ± 0.73 (73)

Table 1. Average ± SD values of corporal parameters shell length, width, height, thickness, and condition index (CI) of Mytilus
edulis mussel seed at arrival (t = 0) and after 134 d being subjected to calm submerged (CS), calm tidal cycle (CT) or 

wave-exposed submerged (WS) conditions. Numbers in parentheses: sample size (no. of mussels measured)

Fig. 1. (A) Correlation between byssal attachment strength and condition index (CI) of Mytilus edulis mussels coming from seed
mussel collectors subjected to 3 different hydrodynamic treatments: calm submerged (CS), calm tidal cycle (CT), or wave-ex-
posed submerged (WS) conditions. (B) Attachment strength divided by CI per hydrodynamic condition. Numbers inside bars:
number of mussels measured; different letters above bars: significant differences among treatments. Data are means ± SE
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3.2.  Shell morphology

Mean (±SD) mussel length in the subsample
taken prior to the experiment was 31.07 ± 1.42 mm,
width was 10.52 ± 0.79 mm, and height was 15.56 ±
0.89 mm (Table 1). Average shell measurements in -
creased in all treatments, but the increase was
highest in the WS treatment (Table 1). Hydrody-
namic treatment had a significant effect on shell
length (1-way ANOVA, F2,220 = 4.546, p = 0.012),
height (1-way ANOVA, F2,220 = 3.394, p = 0.035),
width (1-way ANOVA, F2,220 = 7.927, p < 0.001),
and thickness (LMM, F2,222 = 4.718, p = 0.010).
Mussels from the WS treatment had significantly
longer (Tukey, p = 0.033), higher (Tukey, p = 0.050),
and wider (Tukey, p < 0.001) shells compared to
mussels from the CS treatment. Similarly, the shells
of mussels coming from CT conditions were shorter
(Tukey, p = 0.020) and narrower (Tukey, p = 0.012)
compared with the WS mussels. Linear shell meas-
urements were calculated as in Fariñas-Franco et
al. (2014) to get a better insight into how these
shell size measurements influence the actual shape
of the mussels. The hydrodynamic treatments had a
significant effect on the inflation (W :H ratio, 1-way
ANOVA, F2,220 = 6.399, p = 0.002) and obesity (W:L
ratio, 1-way ANOVA, F2,220 = 5.729, p = 0.004) of
the mussel shell, but not on elongation (H :L ratio).
The WS mussels formed rounder shells, with a
more inflated (Tukey, p = 0.001) and obese (Tukey,
p = 0.003) shape in comparison with mussels from
the CS conditions (Fig. 2). WS mussels had a rounder
shell shape in comparison with both CS and CT
mussels. The average (±SD) initial shell thickness
at the start of the experiment was 0.251 ± 0.79 mm

(Table 1, subsample of n = 30). WS-exposed mussel
seed developed a slightly but significantly thicker
shell in comparison with CT (Tukey, p = 0.022) and
CS (Tukey, p = 0.012) mussel seed (Fig. 3).

3.3.  Mortality

At the end of the experiment, mean mortality over
all treatments was 71.62%. After correction for
overdispersion, mortality was significantly higher in
the WS treatment than in the CT (GLM, p = 0.012)
and CS treatments (GLM, p < 0.001) (Fig. 4).
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Fig. 3. Mean (±SE) shell thickness of the adductor muscle
scar of the right valve of Mytilus edulis mussels coming from
seed mussel collectors subjected to 3 different hydrody-
namic treatments: calm submerged (CS), calm tidal cycle
(CT), and wave-exposed submerged (WS) conditions. Differ-
ent letters above bars: significant differences among treat-
ments; numbers inside bars: number of mussels measured

Fig. 2. Linear morphometric plots for Mytilus edulis mussels coming from seed mussel collectors. Data are means (±SE) of initial
measurements (n = 100 mussels) and after 134 d being subjected to calm submerged (CS; n = 74 mussels), calm tidal cycle (CT; n =
75 mussels), and wave-exposed submerged (WS; n = 73 mussels) conditions. (A) Width:height (W :H ) ratio (inflation) against 

height:length (H :L) ratio of mussel shells (elongation); (B) W :H ratio (inflation) against W :L ratio (obesity)
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3.4.  Patch characteristics

The pictures taken at the end of the experiment
showed that mussels placed in the CT tanks formed
significantly smaller patches (i.e. higher P:A ratio)
than those placed in CS (Tukey, p = 0.004) or WS
(Tukey, p = 0.004) conditions (Figs. 5A & 6). The WPD
was lower in the WS treatment compared with the
mussel density in patches of CS tanks (Tukey, p =
0.008; Fig. 5B).

4.  DISCUSSION

Organisms living in the intertidal zone have to
adapt to a complex interplay of multiple environ-
mental drivers, such as regular periods of immer-
sion and exposure to air as well as exposure to
high wave energy (Arsenault et al. 2001, Steffani
& Branch 2003, Moschino et al. 2015). These envi-
ronmental stressors can induce phenotypic adapta-
tion, potentially leading to an additive outcome in
comparison with isolated effects (Moschino et al.
2015). Under natural conditions, it is often difficult
to disentangle which environmental factors are the
drivers of phenotypical adjustments. Understanding
how specific environmental factors influence phe-
notypical adjustments can help to identify optimal
source populations and suitable locations for trans-
plantation. In this study, we separated 2 hydrody-
namic stressors thought to in fluence the phenotypic
expression of intertidal mussels: exposure to wave
action (Steffani & Branch 2003, Kandratavicius &
Brazeiro 2014) and exposure to air (Moschino et al.
2015). When comparing the effects of exposure to
high-energy waves and exposure to air on mor-
phological characteristics of mussels in a mesocosm
experiment, we found that exposure to air affected
the shell morphology and byssal attachment
strength to a lesser extent than exposure to high-
energy waves. Interactive effects were not included
in this study, as the focus was placed on the indi-
vidual effects of exposure to waves and air on the
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Fig. 4. Mean (±SE) mortality of Mytilus edulis mussels after
134 d in 3 different hydrodynamic treatments: calm sub-
merged (CS), calm tidal cycle (CT), and wave-exposed sub-
merged (WS) conditions. Numbers inside bars: number of
experimental tanks measured; different letters above bars: 

significant differences among treatments

Fig. 5. Different Mytilus edulis mussel patch characteristics formed in 3 different hydrodynamic treatments: calm submerged
(CS), calm tidal cycle (CT), and wave-exposed submerged (WS) conditions. (A) Average perimeter to area ratio (m m−2) of mussel
patches per hydrodynamic treatment; (B) within-patch density (WPD) (average number of mussels within mussel patches per
hydrodynamic treatment). Numbers inside bars: number of experimental tanks measured; different letters above bars: significant 

differences among treatments. Data are means ± SE
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phenotype of the mussels, and because a simula-
tion of interactive effects was not practically feasi-
ble. These results suggest that mussel seeds com-
ing from collectors in the water column are
capable of adjusting their morphology to hydrody-
namic conditions typical of the intertidal zone.

4.1.  Factors affecting byssal attachment strength

Mussels growing at natural wave-exposed sites
often invest more energy in the production of
byssal threads than those in locations with less
wave exposure, resulting in stronger attachment
strength and thereby a lower chance of dislodge-
ment (Hunt & Scheibling 2001, 2002, Steffani &
Branch 2003). This field observation was sup-
ported by the present ex periment. Byssal attach-
ment strength was strongest for mussels from the
WS treatment followed by mussels from the CT
treatment and was lowest for mussels in the CS
treatment. Byssal attachment strength and condi-
tion (i.e. CI) of the mussel were positively corre-
lated. It is possible that orbital water motion in the
WS treatment may have resulted in higher food
availability, which may have led to a higher CI
and byssal attachment strength. Food availability
has been shown to have a positive effect on byssus
secretion and attachment force in juvenile mussels
(Babarro et al. 2008). Mussels from the CT treat-
ment also had higher byssal attachment strength
than mussels from the CS treatment. However,

unlike the WS mussels, the CI of the CS mussels
de creased during this experiment. Despite the
re duction in condition, mussels in the CT tanks pro -
duced a stronger attachment strength than mussels
from CS tanks. The production of byssal threads is
energetically costly (Hawkins & Bayne 1985),
suggesting that the increase in byssal attach ment
strength found in the WS and CT treatment mus-
sels was probably the re sult of adjustment to hydro -
dynamic stressors (either ex posure to waves or to
air) rather than food availability. The stronger
attachment strength in mussels in the CT treat -
ment compared with the mussels from the CS
tanks could be the result of either exposure to air
or to the water motion caused by emptying and
filling the tanks with water. However, the average
flow rate (0.00125 cm s−1) during filling and emp-
tying was negligible compared with normal tidal
currents, which reach easily up to 30 cm s−1

(Bouma et al. 2005). Nevertheless, this ‘tidal flow’
caused by pumping may still have influenced the
attachment strength of the mussels. Alternatively,
attachment strength may vary according to the
position of the mussel within a patch. Mussels
positioned at the edge of a patch have an in -
creased risk of dislodgement and may therefore
develop stronger byssus threads than those posi-
tioned in the middle of a larger patch (wa Kangeri
et al. 2014). The CT tanks contained relatively
more edge-positioned mussels than the WS and
CS tanks, which may explain the average higher
attachment strength.
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Fig. 6. Photographs of Mytilus edulis mussels taken after 134 d of pattern formation under 3 different hydrodynamic treat-
ments: calm submerged (CS), calm tidal cycle (CT), and wave-exposed submerged (WS) conditions, with waves coming from 

the bottom of the picture
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4.2.  Factors affecting condition

The largest mussels with the highest CI were those
in the WS treatment, while the mussels with the low-
est CI were those in the CT treatment. This supports
the conclusions of previous studies, where higher
growth rates and CIs were recorded at subtidal and
wave-exposed intertidal sites compared with inter-
tidal sheltered sites — presumably because food
availability is higher when water velocities are
greater and feeding time is not restricted by the tidal
cycle (McQuaid & Lindsay 2000, Moschino et al.
2015). In the mesocosm experiment, edible particles
may have sunk to the bottom in the CS and CT tanks,
while orbital water motion in the WS tanks may have
caused continuous resuspension of organic material,
thereby causing a higher food availability. Despite
the larger energy investment in byssal attachment
strength and stronger shells required of mussels in
the WS tanks, higher food availability may have
resulted in better condition of mussels in the WS
tanks. The results of this experiment indicate that an
increase in water velocity has a positive effect on
mussel growth and condition. However, in some
locations with extreme wave exposure, mussel condi-
tion and growth can be limited (Harger 1970, Steffani
& Branch 2003). High water velocities can inhibit the
filtration rates of mussels, reducing their energy
availability for growth (Newell et al. 2001). High
hydrodynamic forces may also lead to a higher
demand for byssus thread production, leaving less
energy available for growth. This indicates that an
increase in water flow may have a positive effect on
mussel condition until feeding efficiency and energy
partitioning thresholds are surpassed (Steffani &
Branch 2003).

4.3.  Factors affecting shell morphology

Mussels on wave-exposed shores often have thicker
and narrower shells than mussels on sheltered shores
(Steffani & Branch 2003, Babarro & Carrington 2011).
An increase in shell thickness can be a protective
measure against the destructive effects of hydrody-
namic stress (Raubenheimer & Cook 1990). Despite
the short duration of the experiment, the mussels ex-
posed to waves showed a slight but significant in-
crease in shell thickness. This increase could be a re-
sult of exposure to wave energy but, as the increase
was quite small (approximately 8%), biological sig-
nificance should be interpreted with caution. It would
be desirable to conduct a follow-up experiment over a

longer time span to better elucidate biological rele-
vance. The rounder shell shape developed by the
mussels in the WS tanks contradicts the results of pre-
vious studies showing that mussels at wave- exposed
sites tend to have a more narrow shell shape to
reduce the effect of hydrodynamic forces (Steffani &
Branch 2003, Fariñas-Franco et al. 2014). A possible
explanation for this discrepancy might be that the
mussels from the WS tanks had rounder shells simply
because they had a higher growth rate and CI, forcing
them to expand their shells more.

4.4.  Factors affecting mussel mortality

In natural populations, mussel mortality can vary
tremendously depending on environmental condi-
tions (Petraitis 1995, McQuaid & Lindsay 2000,
Capelle et al. 2017). Overall mortality during this ex -
periment was high; approximately 72%. This high
mortality rate can be linked to the timing of translo-
cation of the mussels, as mussel condition is known to
decrease closer to winter (Nagarajan et al. 2006).
Furthermore, mussels can suffer from stress-related
loss of condition due to handling during translocation
(Calderwood et al. 2014). A ‘phenotype− environment
mismatch’ of mussels transplanted into the experi-
mental tanks may have also played a role. Pheno-
type−  environment mismatch describes the reduction
in fitness when an organism specialized to one envi-
ronment finds itself in an alternative environment
(DeWitt et al. 1998). If the mortality rate was a conse-
quence of phenotype− environment mismatching, the
lowest mortality would be expected in mussel seeds
in the CS treatment (as these originated from collec-
tors in the water column), and highest in the CT and
WS tanks. This was, however, only partly the case as
mussels in the WS treatment experienced higher
mortality than those in the CS treatment, but those in
the CT treatment did not. The CI in the WS tanks
even increased during the experiment, while a
pheno  type−  environment mismatch should be ex -
pected to decrease fitness. It is possible that a pheno-
type− environment mismatch only played a role at the
start of the experiment, and resulted in higher mor-
tality only in the most extreme treatment (exposure
to wave energy).

4.5.  Factors affecting mussel patch formation

Waves and tides also had a significant effect on
mussel patch formation. Mussel seeds have been
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shown to actively aggregate into patches within the
first few hours after transplantation (van de Koppel
et al. 2008). By aggregating into clumps, mussels
de crease the risk of dislodgement and predation
(Hunt & Scheibling 2001, 2002). By isolating 2
hydrodynamic conditions typical of the intertidal
zone (i.e. exposure to waves and exposure to air),
this experiment showed that different hydrodynamic
conditions result in different mussel patch shapes.
The average P :A ratio was significantly higher for
mussel patches in the CT tanks than any other treat-
ment. These mussels may simply have had less time
to aggregate into patches with a larger area as they
were only submerged two-thirds of the time. In the
WS tanks, mussels formed a banded pattern perpen-
dicular to the wave direction, while the patches in
the CS and CT tanks had a rounder shape. This
banded pattern is probably a result of dislodged
mussels rolling against mussels behind and reat-
taching, thereby forming band-shaped patches (van
de Koppel et al. 2005).

5.  CONCLUSIONS AND IMPLICATIONS

Characterizing how specific morphological differ-
ences arise through specific environmental cues can
give a better understanding of the capacity for plasti-
city of an organism at different life stages, and
thereby its ability to establish and persist in various
environments. Mesocosm experiments such as that
carried out in this study may provide mechanistic
insight into how an organism can adjust its pheno-
type when settling, or when transplanted in a new
en vironment. By identifying optimal life stages and
source populations for transplantations based on
environmental factors and species plasticity, this
experimental approach may help to prevent costly
mistakes in restoration efforts.
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