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ABSTRACT: Mussels secrete byssal threads regularly to the substratum, and the strength of these
threads can fluctuate with time. The present study examined weekly variations in the attachment
strength of 2 yr old cultured mussels Mytilus edulis on submerged longlines in a semi-enclosed
lagoon from late May to mid-October. Some possible factors influencing attachment strength were
investigated: environmental factors (temperature, food availability, wind velocity and hydrodynamic
conditions such as current velocity, turbulence and wave height) and reproductive condition were
measured concurrently. Attachment strength was measured directly on cultured mussels using a
dynamometer. Attachment strength varied 2-fold from summer to fall, a difference related not only to
the number of byssal threads but also to their individual strengths. The hierarchical influence of each
factor on attachment strength is discussed. Our results suggest that spawning seemed to be corre-
lated with an important decrease (—32 %) in attachment strength, and that water temperature (nega-
tive relationship) and turbulence (positive relationship) were the most important factors explaining
the variation in mussel attachment strength. In contrast to previous studies carried out in intertidal
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zones, no trade-offs were observed between reproduction and attachment strength.
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INTRODUCTION

Mussels can attach themselves to solid substrata by
producing byssal threads. The byssus, composed of
multiple extracellular collagenous byssal threads, is
secreted by a gland at the base of the foot. Byssal
threads have a limited lifetime (probably 4 to 6 wk for
Mytilus edulis; Carrington 2002a, Moeser & Carring-
ton 2006), and mussels secrete new threads regularly.
In most of the studies on attachment strength of mussel
byssus, the number of threads is used to characterize
attachment strength (more threads = stronger attach-
ment), and single explanatory factors are usually stud-
ied by controlled laboratory experiments (Young 1985,
Lee et al. 1990, Dolmer & Svane 1994, Clarke 1999,
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Selin & Vekhova 2004, Alfaro 2005). In other studies,
the byssal thread counts have been complemented by
a measure of the actual force required to pull the mus-
sel off of its attachment. Such studies have usually
been performed in the field on wild mussels attached
to rocky shores (Price 1982, Carrington 2002a, Zardi et
al. 2007).

A number of factors can influence the attachment
strength of mussels. For example, byssal thread pro-
duction increases with water temperatures ranging
from 0 to 25°C, but is inhibited above 26°C (Young
1985, Lee et al. 1990, Selin & Vekhova 2004). Food
availability can also influence attachment strength by
decreasing thread production when food is limited
(Price 1980, Young 1985, Clarke 1999, Carrington
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2002a). Mussels living in the intertidal zone are also
challenged by substrate instability and hydrodynamic
forces generated by wave action (Price 1982, Bell &
Denny 1994, Bell & Gosline 1997, Carrington 2002a,
Hunt & Scheibling 2002), and byssal thread production
seems to be influenced by various aspects of water
motion, such as current velocity (1-directional water
motion; Lee et al. 1990, Dolmer & Svane 1994, Bell &
Gosline 1997, Alfaro 2005, Moeser et al. 2006) and tur-
bulence (multi-directional water motion; Young 1985).
Endogenous factors such as reproductive condition may
also be linked to mussel attachment strength (Hawkins
& Bayne 1985, Seed & Suchanek 1992). Several studies
have observed an inverse relationship between repro-
ductive cycle and attachment strength, suggesting that
mussels may not always have energy available for
byssal thread production (Price 1980, 1982, Carrington
2002a, Zardi et al. 2007). Mussel attachment strength
does not just depend on the number of byssal threads
produced, but also on the material properties of the
threads (Moeser & Carrington 2006).

Since so many factors can influence mussel attach-
ment strength, it is not surprising to observe seasonal
fluctuations of attachment strength in natural popula-
tions (Price 1980, 1982, Hunt & Scheibling 2001,
Carrington 2002a). Many of the factors cited above co-
vary naturally, making it difficult to determine which
factors are the most important for attachment strength.
Nevertheless, several studies of wild mussels living in
the intertidal zone suggest the importance of wave
action (Price 1980, 1982, Hunt & Scheibling 2001, Car-
rington 2002a). Suspension-cultured mussels kept on
ropes in the water column in sheltered areas are sub-
mitted to different hydrodynamic conditions, where
waves, current velocity and turbulence may not have
the same influence on attachment strength. As no stud-
ies have ever been done on the attachment strength of
suspension-cultured mussels, this information is not
available.

The main purpose of the present study was to exam-
ine the temporal variation in attachment strength for
the first time in suspension-cultured mussels in a semi-
enclosed lagoon and to identify explanatory factors,
particularly reproduction and environmental condi-
tions. In the Magdalen Islands, loss of mussels by
detachment is significant and decreases the productiv-
ity of mussel culture farms (Mallet & Myrand 1995,
Bourque & Myrand 2006). On the east coast of Canada,
2 species of blue mussel are present, Mytilus edulis
and M. trossulus, but >98 % of the mussels in lagoons
of the Magdalen Islands are M. edulis (Tremblay et al.
1998). The first specific objective was to measure the
variability in mussel attachment strength on the sus-
pended culture structures known as sleeves from
spring to fall on a weekly basis. This is a more frequent

sampling regime than those of previous studies, which
were based on monthly samplings. Concurrently, mus-
sel reproductive condition was quantified and the fol-
lowing environmental characteristics were monitored:
temperature, food availability, wind velocity and
hydrodynamic conditions (current velocity, turbulence
and wave height). A hierarchy of these factors was
established according to their relationship to mussel
attachment strength. A second objective consisted in
an evaluation of the strength of individual byssal
threads in 2 different periods (summer and fall).

MATERIALS AND METHODS

A preliminary study was conducted from 25 June to
13 October 2004. This effort guided a more extensive
sampling from 24 May to 17 October 2005 that in-
cluded attachment strength measurement, reproduc-
tive condition determination, seston characterization
and environmental monitoring of the water column.

Site. Experiments took place in House Harbour
lagoon in the Magdalen Islands, Gulf of St. Lawrence,
Canada, where blue mussels Mytilus edulis are culti-
vated (Fig. 1). The maximum depth of House Harbour
lagoon as well as at the experimental site is approxi-
mately 6 m. The lagoon is connected to the open sea by
a relatively narrow channel. The maximum tidal
amplitude is only about 0.5 m, tidal current velocities
are relatively low (<0.05 m s7!), and wind is very
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Fig. 1. Location of the experimental site in House Harbour
lagoon in the Magdalen Islands. The 2 stars indicate the
positions of the tidal gauges
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important to the mixing of the water column in this
shallow lagoon (Koutitonsky et al. 2002, Koutitonsky &
Tita 2006).

Attachment strength and reproductive condition. In
early May, when mussels are tightly attached to the
culture substrate (polypropylene rope), 69 sections of
0.6 m of the culture substrate holding 2 yr old com-
mercial mussels (approximately 60 mm shell length)
were prepared. These experimental sections (hereafter
referred to as ‘sleeves') were suspended on a sub-
merged longline kept at about 2 m from the surface.
Every week, 3 sleeves were harvested randomly from
the longline, carefully brought back to the laboratory,
and held vertically in a flow-through tank supplied
with seawater pumped from the lagoon until attach-
ment strength was measured (within 24 h).

Attachment strength was measured weekly on 45
mussels (15 mussels sleeve™) in 2004 and on 30 mussels
(10 mussels sleeve™!) in 2005. The sleeve was first fixed
tightly with a net in a horizontal position on a wooden
board; sleeves were kept wet during measurements.
The chosen mussels were located on the outer surface
of the sleeve (thus not overgrown by neighbors) and
oriented with their long axis perpendicular to the sleeve
(Fig. 2). The net was cut just around the mussel, and a
small hole was drilled through the mussel shell. A hook
was inserted through the hole and connected to a digi-
tal dynamometer (AFG 250 N + 0.05 Quantrol; Dillon)
fixed on an endless screw stand just above the mussel.
The individual mussel was pulled vertically from the
sleeve with a small motor running at constant low
speed until complete dislodgement of the mussel oc-
curred. The maximum force (measured in Newtons)
applied before dislodgement was recorded using the
QGraph Quantrol software (Dillon) and represents the
attachment strength. Only mussels at the outer surface
of the sleeves could be measured due to the impossibil-
ity of measuring mussels in the middle without disturb-
ing the mussel assemblage. This method measured the
global rather than the self-attachment strength of a
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Fig. 2. Diagram of the device used to measure the attachment
strength of suspension-cultured mussels with a dynamometer

Mussel pulled up by dynamometer

given mussel because the mussels on a sleeve attach
their byssal threads to the shells of other mussels. As a
result, the experimental mussels were kept attached to
the sleeve by their neighbors' threads as well as by
their own when tested with the dynamometer. After
attachment strength measurement, shell length was
measured using a vernier caliper. Because the range of
mussel size was small within all the samples (mean
length + SD: 68.3 £ 5.0 mm, n = 630), no normalization
of the attachment strength to mussel size was applied.
Each mussel was dissected, and the gonad index was
calculated as the dry whole mantle weight (72 h at
70°C) divided by the whole body weight (the sum of the
dry weights of the mantle and remaining tissues). In-
dexes related to tissue mass have been found to be
good indicators of spawning events, particularly for
suspended cultured mussels in Magdalen Island la-
goons (Myrand et al. 2000, Lemaire et al. 2006). Mussel
gonads also occupy a volume of the visceral mass when
mature, and measurements involving only the mantle
underestimate reproductive condition. However, as
spawning events are mostly synchronized in suspen-
sion culture of mussels (Myrand et al. 2000), this under-
estimation is likely to be constant.

Individual force of byssal threads. An additional
10 mussels were taken randomly from sleeves on 2
different dates in the summer (2 August 2005) and fall
(17 October 2005). Mussel byssus was removed care-
fully from its substrate, thread by thread, at the plaque
region of the thread, and the byssus was cut off at the
shell margin. The byssus was then dehydrated by air
exposure in an open plastic bag until tensile tests were
performed (Brazee & Carrington 2006). The byssus
(byssal threads and stem) of each mussel was re-
hydrated for 30 min in seawater before testing. The 2
ends of the byssal threads (distal [or disc] region and
proximal [or stem] region) were mounted within a pair
of grips using cardstock and cyanoacrylate glue. The
grips were attached to the mobile crosshead of a
tensometer (Instron 5565). Threads were submerged in
seawater at 15°C and extended 10 mm min™' until
failure occurred. Force (+0.02 N) was recorded every
second, and the maximum value was used as the
thread strength (Moeser & Carrington 2006).

Seston characterization. During each weekly sam-
pling, 3 water samples of 2 1 were taken with a Niskin
bottle at the depth of mussel sleeves (2 m). The sea-
water was kept in cool conditions in the dark until fil-
tration on the same day through washed and pre-
weighed GF/C filters following the method of Aminot
& Chaussepied (1983) to obtain the total particulate
matter (TPM) and the particulate inorganic matter
(PIM). The seston component used in the present study
was the particulate organic matter (POM), which was
calculated by subtracting PIM from TPM.
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Environmental monitoring. To monitor the water
column characteristics, an acoustic doppler current
profiler (ADCP) Workhorse Sentinel 1200 KHz (RD
Instruments) and an acoustic doppler velocimeter
(ADV) Vektor 6 MHz (Nortek) were placed near the
bottom of House Harbour lagoon next to the experi-
mental longline from 15 June to 19 October 2005. The
ADCP measured the current velocity at 30 cm depth
intervals throughout the whole water column every
20 min, but only the current velocity data recorded at
the sleeve level were used in the analysis. The ADV
probe components consisted of an acoustic transmitter
and 3 acoustic receivers measuring water velocity on
the x-, y- and z-axes at 50 cm above the bottom surface
at 8 Hz. Total turbulence fluctuations (AVs) as well as
those on the x (Au), y (Av) and z (Aw) axes were
defined as the standard deviation of Vy, u, v and w,
respectively, within the ADV sampling period. Fur-
thermore, the ADV measured water temperature every
60 min and wave height every 20 min using data
recorded during a period of 5 min at 8 Hz. The wind
velocity data were measured by Environment Canada
at the local airport, about 1 km from the experimental
site. Two tide gauges (Coastal Leasing Micro Tide
2 Hz) recording at 20 min intervals were placed at 2
different sites (Fig. 1). Tide and current data were used
in the calculations of hydrodynamic parameters. For all
the water column data, daily mean values were calcu-
lated from the hourly values, and weekly means were
then determined from the daily mean values. Signifi-
cant wave height (H;) corresponds to the average
height of the highest one-third of all waves occurring
during a particular time period (Open University 1989)
and was used as the wave parameter in analyses. The
salinity in the lagoon was not measured due to its
stability (28 to 31) (Myrand et al. 2000).

Statistical analysis. The sample size was 45 mussels
wk! in 2004, but was decreased to 30 mussels wk™! in
2005 following a statistical power analysis. The coeffi-
cient of variation was determined for each sampling
date with n = 45 (15 mussels sleeve™!) and compared to
the coefficient of variation with n = 30 (10 mussels
sleeve™!). The analysis revealed no significant change
in the precision of the results (Statistical Consultation

Services, Héléne Crépeau, Mathematical Department,
Laval University, pers. comm.).

All statistical analyses were performed using Systat
11 (Systat Software), and data were log or square-root
transformed when necessary to satisfy test conditions.
A 2-way hierarchical ANOVA tested for a difference in
attachment strength between sampling dates in 2004
and 2005, with date and sleeve (nested factor) as fac-
tors. Since we were primarily interested to compare
only the differences between successive dates, {-tests
with sequential Bonferroni correction were deemed
more appropriate than a complete multiple post hoc
comparison table. A 1-way ANOVA evaluated the
temporal variation of organic seston in 2005, and the
same multiple planned comparison tests identified
specific differences among dates. A t-test was used to
compare the strength of individual byssal threads
between dates.

For the 2004 and 2005 data, simple Pearson correla-
tions were used to evaluate the relation between mus-
sel attachment strength and individual factors. For
2004, these factors were temperature, wind velocity
and gonad index; for 2005, they were temperature,
turbulence, H;, gonad index, organic seston, current
velocity and wind velocity. In addition, for both 2004
and 2005, a forward stepwise multiple regression was
used to create a model using the most significant fac-
tors of those cited above to explain the variations of the
response variable (attachment strength). For the multi-
ple regression with 2004 data, the gonad index was log
transformed to linearize the relationship to attachment
strength; no collinearity was found between the 3 fac-
tors (temperature, wind velocity and gonad index)
(coefficient of correlation < 0.462). For the 2005 multi-
ple regression analysis, gonad index, organic seston,
turbulence and H; were log transformed to linearize
the relationship between the explanatory factors and
the response variable. Collinearity was found between
temperature and turbulence, gonad index and wind
velocity (coefficients of correlation = -0.665, —0.645
and -0.704, respectively; Table 1). Thus, a second
multiple regression analysis was conducted without
temperature. This multiple regression analysis was
also performed with another probability threshold

Table 1. Pearson correlation matrix with correlation coefficients between all factors in 2005. H;: significant wave height

Temperature Turbulence H; Gonad index Organic seston Current velocity Wind velocity
Temperature 1.000
Turbulence -0.665 1.000
H; -0.405 0.344 1.000
Gonad index -0.645 0.313 0.120 1.000
Organic seston -0.107 0.560 -0.194 -0.156 1.000
Current velocity -0.024 -0.085 0.048 0.182 -0.068 1.000
Wind velocity -0.704 0.472 0.101 0.408 0.010 -0.235 1.000
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(0.20 instead of 0.05) to include a second factor in the
model (Quinn & Keough 2002).

The mean attachment strength for a given sampling
date was related to the mean of the previous 7 d of
environmental measurements (current velocity, tur-
bulence, temperature, wind velocity, wave height),
thereby estimating the environment conditions be-
tween the 2 sampling dates. For organic seston and the
gonad index, which were sampled less frequently, the
measurements from the same sampling date were
used. These data forms were used in all analyses and
figures showing the relationship between factors and
attachment strength.

RESULTS
2004

In the preliminary 2004 study, attachment strength
showed significant variations during the sampling
period (Table 2). A decrease in attachment strength
was observed at the beginning of the sampling period
(from 25 June to 19 July), with a significant difference
(tgs = 3.04, p = 0.003) between 5 and 12 July (Fig. 3A).
Attachment strength was generally low during the
summer (mean = 22.5 N between 25 June and 30
August), then increased steadily from the beginning of
September to a peak of 42.6 N in mid-October, the last
sampling date (Fig. 3A). The gonad index also showed
significant variations during the sampling period
(Table 2), but no significant differences between 2 suc-
cessive dates were revealed with the t-tests (Fig. 3B).

Temperature varied between 10.3 and 20.6°C
during the sampling period, with higher values
from mid-July to the end of August, after which it
decreased in the fall (Fig. 3C). Wind velocity was
relatively constant until the end of August, after
which it increased through September until the
beginning of October (Fig. 3D).

Table 2. Hierarchical ANOVAs measuring the differences
between dates in 2004 for: attachment strength (AS) and
gonad index (GI), n = 644; AS and GI were square-root

transformed

Source df MS F P
Attachment strength

Date 14 12.069 7.946 <0.001
Sleeve (Date) 30 1.519 2.060 0.001
Error 599 0.737

Gonad index

Date 14 0.021 2.340 0.025
Sleeve (Date) 30 0.009 1.560 0.030
Error 599 0.006

Correlations between each factor (gonad index,
temperature and wind velocity) and the attachment
strength were revealed by simple Pearson correlations.
Only the negative correlation with temperature was
significant (Table 3). Gonad index was the second most
correlated factor to attachment strength, although not
significantly so. A forward stepwise multiple regression
analysis was conducted to examine the relative impor-
tance of each factor. Temperature was the first factor to
be entered into the model, and it explained 52 % of the
attachment strength variation. The regression stopped
at the second step, after the addition of wind velocity,
and the model including these 2 factors explained 61 %
of the attachment strength variability (Table 4). More-
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Fig. 3. Mytilus edulis. Weekly values measured from 25 June
to 15 October 2004: (A) attachment strength (mean + SE),
(B) gonad index (mantle dry weight [DW] / whole tissue
DW; mean =+ SE), (C) temperature and (D) wind velocity. An
asterisk between 2 successive dates indicates a significant
difference revealed by planned comparisons using a f-test
followed by a sequential Bonferroni correction. N: Newton
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Table 3. Simple Pearson correlations between each expla-

natory factor and attachment strength in 2004 (n =

% coefficient of determination

Table 4. Results of forward stepwise multiple regression with

15). attachment strength as the response variable and tempera-
ture, wind velocity and gonad index as explanatory variables

in 2004; adjusted R? = 0.607; n = 15

Factor r? P
Regression Source of Standard P
Temperature (°C) _0.52 0.015 step no. variance coefficient
Gonad index 0.20 0.545 1 Temperature -0.835 0.001
Wind velocity (m s™) -0.03 1.000 2 Wind velocity -0.396 0.043
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Fig. 4. Mytilus edulis. Weekly values measured in 2005: (A) attachment strength (mean + SE), (B) gonad index (mean + SE),
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over, the proportion of the variation explained by tem-
perature was more important than that explained by
the wind velocity (6.2 %).

2005

The attachment strength of Mytilus edulis varied
considerably and significantly during the sampling
period in 2005 (Fig. 4A, Table 5); it was high in late
May to early June and decreased quickly and signifi-
cantly (32 % decrease, from 40.0 to 27.3 N) in late June
(p < 0.001 between 20 and 27 June; Fig. 4A). Through-
out the summer, the attachment strength remained rel-
atively weak, with no significant differences between
2 successive dates until the beginning of September,
after which attachment strength increased steadily
(from 24.1 to 46.6 N) until the end of the sampling
period.

The strength of individual byssal threads was mea-
sured in summer (2 August) and in fall (17 October),
when mussel attachment strength was weak and
strong, respectively. The force needed to break the
individual threads was significantly different (5 =
3.61, p = 0.001) between the 2 periods, with threads
almost 52% stronger in the fall (0.50 N) than in the
summer (0.33 N).

Reproductive condition, characterized by the gonad
index, also varied significantly during the sampling
period (Table 5). The gonad index decreased signifi-
cantly, from 0.47 to 0.22, at the end of June, which is a
53 % reduction (p < 0.001 between 27 June and 4 July;
Fig. 4B). The gonad index remained low all summer
and increased slowly in the fall until the end of the
sampling period.

The organic seston showed an overall significant
variation during the sampling period, but with no par-
ticular pattern other than an increase at the beginning
of October (Table 6, Fig. 4C). The mean weekly tem-
perature in the lagoon ranged from 8 to 21°C, with the
highest values in July to August, when attachment

Table 5. Hierarchical ANOVASs measuring the differences be-
tween dates in 2005 for attachment strength (AS) and gonad
index (GI); n = 630; AS and GI were log transformed

Source df MS F p

Attachment strength
Date 20 1.076 5.974 <0.001
Sleeve (Date) 42 0.180 2.286 <0.001
Error 567 0.079

Gonad index
Date 20 6.390 113.467 <0.001
Sleeve (Date) 42 0.056 1.150 0.244
Error 567 0.049

strength was low (Fig. 4D). Current velocity was weak
during the sampling period and showed no marked
variations (values between 4 and 6 cm s™!) (Fig. 4E).
Both turbulence and H; were low in the summer and
increased sporadically from the beginning of Septem-
ber (Fig. 4F,G). The H; values were sometimes zero,
because this parameter was recorded near the bottom
of the lagoon: small waves did not reach the bottom
and were not recorded (Fig. 4G). The wind velocity,
independent of direction, did not show any particular
pattern except an increase in September (Fig. 4H).

The relationship between each factor and mussel
attachment strength was measured by simple Pearson
correlations (Table 7). All factors except the organic
seston concentration, wind velocity and current velocity
were significantly correlated to the attachment strength.
Temperature was the factor with the strongest rela-
tionship to attachment strength, and the 2 factors were
inversely related. Turbulence was highly and posi-
tively correlated to attachment strength, followed by
significant correlations with wave height and the
gonad index.

A first stepwise multiple regression analysis was
done with all factors (temperature, turbulence, gonad
index, H;, wind velocity, current velocity and organic
seston). This analysis did not include the first 4 experi-
mental weeks due to missing data for turbulence, wave
height and current velocity (Table 8). This procedure
stopped at the first step, with temperature retained as
the only significant factor, accounting for 65.5 % of the
variability in attachment strength (Table 8). This result
was explained by the observed inverse pattern be-
tween temperature and attachment strength (Fig. 4D).

Table 6. One-way ANOVA for organic seston differences
between dates in 2005; n = 63

Source df MS F P
Date 20 0.220 7.985 <0.001
Error 42 0.028

Table 7. Simple Pearson correlations relating the attachment

strength of mussels with each explanatory factor in 2005. n:

number of weekly measurements; r?: coefficient of determina-

tion. Turbulence, significant wave height (H;), gonad index
and organic seston were log transformed

Factor n r? P

Temperature (°C) 21 -0.62 <0.001
Turbulence (J m™3) 17 0.52 0.001
H; 17 0.31 0.024
Gonad index 21 0.29 0.012
Organic seston (mg 17! 21 0.08 0.225
Current velocity (m s™) 17 -0.02 0.598
Wind velocity (m s7!) 21 0.14 0.087
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Table 8. Forward stepwise multiple regression (regress) analyses done with
attachment strength as the response variable and all the factors as explana-
tory variables (Regress No. 1) and all the factors except temperature (Temp)
as explanatory variables (Regress No. 2) in 2005; n = 17. Turb: turbulence

difference in byssal thread strength be-
tween summer (0.12 N) and fall (0.08 N)
for Mytilus edulis from Narragansett Bay
(RI, USA). However, individual threads

] i were strongest in spring, which followed

Regress Factors Regress Source of Adjusted Partial P

. 2 5 the seasonal pattern of attachment

no. step no. variance R r A .
strength. It is unknown what specific fac-

1 All factors 1 Temp 0.655 0.676 <0.001 tors contribute to these changes.

2 Without Temp 1 Turb 0.491 0.523  0.001 In addition to water temperature, the
most influential factors on attachment
strength in field conditions were water

As collinearity was found between temperature and turbulence (hydrodynamic conditions) and mussel

turbulence, gonad index, and wind velocity (Table 1),
the analysis was performed again, but without tem-
perature. In this second multiple regression analysis,
turbulence was the only variable introduced into the
model, and it explained 49.1% of the variation in
attachment strength (Table 8). When the stepwise
analysis was forced to enter 2 factors in the model,
gonad index was the only other factor to be included in
the model, but it was not significant (p = 0.20).

DISCUSSION

There was a strong variation in the attachment
strength in suspended cultured mussels Mytilus edulis
between spring and fall in the sheltered lagoon, with a
significant decrease in June, followed by low levels all
summer and a 2-fold increase in September to October.
Similar variations in attachment strength of wild
mussels, following a seasonal cycle, have also been
observed on Rhode Island shores (Carrington 2002a,
Moeser & Carrington 2006), in Nova Scotia (Hunt &
Scheibling 2001), in the UK (Price 1982), and in South
Africa (Zardi et al. 2007). Carrington (2002a) found a
pattern similar to that observed in our study, with val-
ues of tenacity (attachment strength/platform area)
increasing 2-fold in fall/winter relative to summer.
Although the present study covered a shorter period
(<6 mo yr 1), it is unique for its higher sampling fre-
quency compared to previous studies (i.e. weekly
rather than monthly samplings). This higher sampling
frequency provided a more precise picture of attach-
ment strength transitions between the seasons: the
spring decline in strength was sharp, while the fall
increase was more gradual.

Mussel attachment strength is not only related to the
number of byssal threads, but also to the strength of
each individual thread (Smeathers & Vincent 1979,
Bell & Gosline 1996, 1997). We observed that the
maximum force needed to break an individual thread
varied seasonally: threads produced in fall were 52 %
stronger than in summer (0.50 vs. 0.33 N, respectively).
Moeser & Carrington (2006) did not find a significant

reproductive condition. Temperature seems to be the
most influential factor on attachment strength because
of its strong negative correlation (r? = —0.52 in 2004 and
—0.62 in 2005). This parameter is the only factor
retained in the forward stepwise multiple regression
model, explaining 60.2% of the variability in attach-
ment strength in 2004 and 65.5 % in 2005. The temper-
ature varied between 8 and 21°C during the sampling
period, with higher values in the summer, when
attachment strength was weak, and lower values in the
late spring and fall, when attachment strength was
high. This inverse relationship between temperature
and attachment strength is in accordance with Car-
rington (2002a) for Mytilus edulis in Rhode Island.
However, these results should to be interpreted with
caution. First, Price (1982) observed the opposite pat-
tern, with a positive correlation between attachment
strength of M. edulis and temperature on the shores in
England, where temperatures mostly varied between
10 and 15°C, with a maximum value of 17°C in Sep-
tember. Furthermore, a number of laboratory studies
showed that the production of byssal threads increases
with temperature within a range of 5 to 25°C (Young
1985, Selin & Vekhova 2004, Kobak 2006). This posi-
tive relationship between temperature and attachment
strength (more byssal threads = higher attachment
strength) was not evident in this field study, perhaps
because thread decay is higher in the summer when
temperatures are warmer (Moeser & Carrington 2006).
Thus, temperature could possibly have a direct nega-
tive effect on attachment strength through a higher
rate of thread decay than thread production.

When a forward stepwise multiple regression was
performed without temperature as an explanatory
variable, water turbulence became the most important
factor acting on attachment strength, explaining 50 %
of its variability. This is due to the high correlation
between turbulence and attachment strength (r* =
0.52). Turbulence is a hydrodynamic parameter
characterizing the water column and is defined as
fluid particles moving in a highly irregular manner
with intense small-scale, 3-dimensional motion (Vogel
1989, Mann & Lazier 2006). It has also been suggested
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that water motion has an important influence on the
attachment strength of wild mussels on wave-swept
shores (Price 1982, Witman & Suchanek 1984, Bell &
Gosline 1997, Hunt & Scheibling 2001, 2002, Carring-
ton 2002a,b). This positive relationship was also
observed in the laboratory, with an increase in water
agitation or flow velocity triggering thread production
and an increase in mussel attachment strength (Wit-
man & Suchanek 1984, Young 1985, Lee et al. 1990,
Dolmer & Svane 1994, Alfaro 2005). However, Moeser
et al. (2006) observed an inverse relationship, with
increased flow generated in a flume consistently re-
ducing thread production. As suspension-cultured
mussels in the present study were kept 2 m below the
surface, it is likely that hydrodynamic parameters in
the lagoon do not influence the attachment strength
of mussels in the same way as they do in the intertidal
zone. However, based on past observations (Koutiton-
sky et al. 2002), turbulence is the hydrodynamic para-
meter the most likely to influence mussel attachment
strength in the well-mixed water column of this
shallow lagoon.

Reproductive condition is another factor that seemed
to have an important influence on the attachment
strength of cultured mussels. This factor, as revealed
by the gonad index, was significantly correlated to
attachment strength in 2005 (r? = 0.29). Indeed, a mas-
sive spawning event, as shown by a 53 % decrease in
the gonad index over a single week (from 0.47 to 0.22),
occurred almost simultaneously (during the following
week), with a drastic decline in attachment strength
(—32 %) in late June to early July 2005. This is the usual
period of mass spawning for suspension-cultured mus-
sels in eastern Canada (Mallet & Myrand 1995), and
similar decreases in the gonad index are in agreement
with reported losses of up to 50 % of total wet weight
that have been reported following spawning (Kautsky
1982, Mallet & Myrand 1995). This dramatic decline in
the gonad index at the end of June was not apparent in
2004, most likely because sampling started 1 mo later
than in 2005, probably after the mass spawning. This
explains the lack of correlation between the gonad
index and attachment strength in 2004 (r* = 0.20).
Reproductive condition was not retained in the multi-
ple regression model, possibly because there was a
1 wk lag between the decreases in attachment strength
and the gonad index in 2005. Furthermore, the multi-
ple regression analysis did not include the results from
the first 4 wk of the sampling period, when both the
gonad index and the attachment strength showed high
values, because data on hydrodynamic parameters
were lacking. However, when the probability thresh-
old was set at p = 0.20 in the multiple regression, the
only factor added with turbulence in the model was the
gonad index.

Although reproduction requires a high energy input
for gamete production (Bayne et al. 1983, Lemaire et
al. 2006), it did not negatively influence the attachment
strength of cultured mussels as has been shown in
other studies with wild mussels (Carrington 2002a,
Zardi et al. 2007). Indeed, mussels can allocate as
much as 90% of their energy to gamete production
(Rodhouse 1984, Seed & Suchanek 1992), while byssal
thread production can represent 8% of a mussel's
monthly energy expenditure (Hawkins & Bayne 1985).
When available energy is limited, allocation is divided
between competing physiological functions: metabo-
lism, growth, gamete production and byssal thread
production (Bayne & Newell 1983). Some studies on
wild mussels reported a trade-off between gamete pro-
duction and attachment strength (Carrington 2002a,
Zardi et al. 2007). These authors hypothesized that
byssal thread production may only be possible when
energy is available, i.e. when there is no gamete pro-
duction. However, there is no such trade-off in our
study: attachment strength was high during the 4 wk
preceding the mass spawning, i.e. during the last
phase of gametogenesis. Furthermore, attachment
strength was weak in the summer during the resting
period that follows spawning. It is possible that the dif-
ferences in hydrodynamic and temperature conditions
between wild mussels on rocky shores and cultured
mussels in suspension explain these differences. Wild
mussels experience potentially more extreme water
turbulence and temperatures. We can also hypothesize
that the available energy (food quantity and quality)
was not limited for suspended cultured mussels, which
are always submerged during gametogenesis, so that
byssal thread production could occur concurrently
with gametogenesis with no need for trade-offs. More-
over, gametogenesis occurred in early summer, when
temperature was not at its peak, so thread decay is
probably low (Carrington 2002a).

The major decrease in attachment strength occurred
rapidly and almost simultaneously with the massive
spawning. To our knowledge, no other studies have
reported such synchrony between a sharp decrease in
attachment strength and spawning. As thread decay
usually takes about 4 to 6 wk (Carrington 2002a,
Moeser & Carrington 2006), this sharp decline in
attachment strength within 1 wk suggests that many
threads were lost during a short period near or during
spawning. Mussels may sever or jettison their own
byssal threads (Price 1983, Lee et al. 1990, Hunt &
Scheibling 2002), or thread decay was accelerated at
this time. After having invested large amounts of
energy in gamete production, spawning is known to be
a stressful event that can weaken mussels and even
lead to massive mortality (Mallet & Myrand 1995,
Myrand et al. 2000). For example, cells of the digestive
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tubules of mussels show disruption of their structure
and evidence of autolysis after spawning (Bayne et al.
1978). This could decrease their ability for food absorp-
tion and thus limit their energy intake. As a result, less
energy could be available for the production of new
byssal threads for a certain period of time after spawn-
ing, thus contributing to low attachment strength at
this time.

Food concentration had no significant influence on
attachment strength. Organic seston concentration
showed no particular cycle, with values relatively sta-
ble (~1 mg I"!) during the sampling period, except for
an increase (up to 2 mg I!) in fall, probably corre-
sponding to a phytoplankton bloom. These values are
in agreement with typical values found in lagoons of
the Magdalen Islands (Mallet & Myrand 1995). Food
availability is known to influence byssal thread pro-
duction, since starved mussels decrease their thread
production (Price 1980, Young 1985, Clarke 1999). In
contrast to results in these studies, the increase in the
organic seston concentration in October occurred after
the attachment strength began to increase (Septem-
ber) in the lagoon. Thus, food availability, measured by
organic seston, was not a major factor driving the vari-
ation of attachment strength of cultured mussels at the
experimental site. This may be the result of low vari-
ability in the seston concentration during the sampling
period. However, diet quality (biochemical character-
istics) could influence mussel attachment. We know
that the water column in the Magdalen Islands is dom-
inated by heterotrophic protists (mostly ciliates) and
that phytoplankton is dominant only for a short period
(Trottet et al. 2007). Microzooplankton can constitute a
food source for mussels (Lehane & Davenport 2006),
but the biochemical composition of this food could
influence the mussels’ energetic allocation. As dis-
cussed earlier, the force needed to break individual
byssal threads changed seasonally in the present
study and did not seem to be related to food concentra-
tion. In fact, Monahan & Wilker (2004) suggested that
factors influencing the material properties of byssal
threads are present in the water chemistry rather than
in food.

The low current velocities measured in the lagoon
had no impact on attachment strength. Throughout the
sampling period, current velocity varied only between
4 and 6 cm s! where the mussel sleeves were held in
suspension. This is in agreement with previous mea-
surements of current velocity (<5 cm s7!) in this lagoon
(Koutitonsky et al. 2002). Dolmer & Svane (1994)
showed no difference in thread production between
still water and currents of 7.7 cm s ', but production
increased at 19.4 cm s™!. Current velocity was not cor-
related to attachment strength, probably because
velocities were weak and showed very little variation.

Wave action, which was estimated by H;, was signif-
icantly correlated to attachment strength. As discussed
above, wave action is a dominant factor in the inter-
tidal environment and enhances thread production
(Price 1982, Witman & Suchanek 1984, Bell & Gosline
1997, Carrington 2002a). However, attachment strength
was more strongly correlated to turbulence than to Hj
even though both are mostly the result of wind action
(Open University 1989, Kjerfve 1994, Mann & Lazier
2006). Wave action probably does not influence wild
mussels in the intertidal zone in the same way it does
the suspension-cultured mussels. Cultured mussels are
kept suspended in the water column and are thus pri-
marily influenced by turbulence rather than by the
wave height. Wave action may also have been under-
estimated in our study because waves were recorded
near the bottom of the lagoon (6 m from the surface)
and thus were smaller than at the sleeve depth (2 m
from the surface).

In conclusion, this is the first study to examine the
attachment strength of suspension-cultured mussels
showing 2-fold variations from summer to fall and a
mass spawning occurring almost synchronously with a
major decrease in attachment strength. Furthermore,
turbulence seemed to positively influence the attach-
ment strength of mussels after the massive spawning
in early summer.
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