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SETTLEMENT RESPONSE TO VARIOUS ROPE SUBSTRATES IN BLUE MUSSELS
(MYTILUS EDULIS LINNAEUS) IN A HATCHERY SETTING
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ABSTRACT A critical aspect of blue mussel (Mytilus edulis L.) aquaculture is industry dependence on a highly variable supply
of wild seed. The objective of this study was to investigate responses of cultured pediveligers of blue mussels to different types of
rope collectors. The study consisted of two trials in which competent larvae (approximately 5,000 per experimental tank—400 L)
were exposed to rope collectors (polyethylene and polypropylene) exhibiting diverse structural features such as long loops, short
loops, long filaments, short filaments, and smooth (Trial I—four rope types; Trial II—five rope types). In Trial I, rope segments
(3 cm long) were placed at two different levels in four culture tanks (top and bottom of water column). In Trial II, segments were
placed in the middle of the water column in six culture tanks. After 5 days, rope collectors were removed from experimental tanks
and the number of settled larvae on each segment was counted. Rope collectors with the highest structural complexity/greatest
surface area (long loops) elicited the strongest settlement response (highest densities) of mussel larvae, whereas those with the
lowest complexity/least surface area (smooth) elicited the weakest response. Position within tank (top versus bottom; Trial I) had
no significant effect on settlement density. Hatchery-reared mussel seed could be a reliable alternative to wild seed, and ropes with
complex features should be used as larval collectors as they enhance settlement density which, in turn, could reduce production
costs.
KEY WORDS: aquaculture, blue mussels, Mytilus edulis Linnaeus, larvae, rope collectors, settlement

INTRODUCTION

A critical aspect of blue mussel aquaculture is the dependence of this industry on the supply of wild spat or seed
(Kamermans et al. 2012, Camacho et al. 1991, Alfaro & Jeffs
2003, Fuentes & Molares 1994, Curiel-Ramirez & CaceresMartinez 2010, Laxmilatha et al. 2011, Pronker et al. 2007).
Blue mussel settlement and recruitment patterns have proven to
be highly variable and unpredictable in space and time leading
to significant seed shortages in many areas around the world
(e.g., Spain, France, Netherlands, Norway, Denmark, and
United States; Brenner & Buck 2010, Filgueira et al. 2007,
Pulfrich 1996, Fuentes & Molares 1994, Curiel-Ramirez &
Caceres-Martinez 2010, Pronker et al. 2007). This variability
has been attributed to a complex set of interactions between biotic
and abiotic factors such as depensation (broodstock densitydependent spawning events), food availability, predation, and sea
physical-chemical conditions (currents, wind patterns, temperature, and upwelling; Pulfrich 1996, Alfaro & Jeffs 2003, Hunt
& Scheibling 1996, Butman 1987). The dynamics of these
interactions, which ultimately impact dispersal, settlement, and
survival, are poorly understood.
Blue mussels, like most bivalves, are broadcast spawners
that release gametes into the water column for external fertilization (Bayne 1964, Newell & Moran 1989, Pulfrich 1996).
After an obligate planktotrophic free-swimming period, competent larvae settle out of the water column prompted by the
presence of appropriate substrates and specific environmental
cues (e.g., food availability, presence of conspecifics, and
biofilms; Dobretsov 1999, Dobretsov & Wahl 2001, Dobretsov
& Wahl 2007, Nielsen & Franz 1995). Physical attachment to
a substrate is a prerequisite for metamorphosis, but it may only
*Corresponding author. E-mail: gprotopopescu@downeastinstitute.
org
DOI: 10.2983/035.034.0221

be temporary, as ‘‘plantigrades’’ (settled larvae) have the ability
to relocate (Bayne 1964, Newell et al. 2010). In the wild, this
primary settlement tends to occur preferentially on filamentous
substrates such as algae (Bayne 1964, Eyster & Pechenik 1987,
Pulfrich 1996). Once mussel juveniles reach 1–2 mm, they
migrate to the benthos, most often into existent mussel beds,
for secondary settlement. Here, mussels grow to become mature
adults within 2 years (Bayne 1964, Pulfrich 1996).
Mussel farmers, who use ‘‘buchot’’ and suspended culture
techniques, collect seed directly from the water column on spat
collectors, which are typically ropes hung on wooden supports
or from rafts and longlines (Camacho et al. 1991, Morse & Rice
2010, Hurlburt & Hurlburt 1975). For bottom cultures, seed is
collected from the benthos by dredging, an environmentally
controversial method of harvest (Smaal 2002, Dolmer et al.
2012). Numerous field studies have examined wild seed collection efforts for both suspended and bottom cultures (Filgueira
et al. 2007, Lekang et al. 2003, Brenner & Buck 2010, Walter &
Liebezeit 2003, Dolmer et al. 2012). Suspended techniques
appear to be more efficient (larvae collected directly from water
column, mitigated predation, and reduced sedimentation) and less
controversial with respect to environment degradation. Regardless which collection method is used, high spatial and/or temporal
variability associated with recruitment events can seriously hamper aquaculture production, and can lead to social tensions
between various participants (e.g., Spain, India, and Germany;
Fuentes & Molares 1994, Laxmilatha et al. 2011, Brenner & Buck
2010). Regulations, and a more attentive management of mussel
beds (e.g., seed removal quotas, alternative seed collection
techniques), have proven to be somewhat effective ways to cope
with seed requirements in the short term, but increasing market
demands have reignited the search for alternate sources of seed
(Fuentes & Molares 1994, Laxmilatha et al. 2011, Pulfrich 1996).
An obvious alternate source of spat for mussel farmers could
be cultured seed. Though largely ignored in the past due to
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economic aspects related to cost-benefit ratios and lower unit
value compared with other species (e.g., oysters and clams), this
opportunity can no longer be overlooked given the increased
global demand for mussels coupled with recurring wild seed
shortages (Laxmilatha et al. 2011, Kamermans et al. 2012,
Galley et al. 2010).
Blue mussels are amenable to hatchery culture using standard techniques (Bayne 1965, Innes & Haley 1977, Eyster &
Pechenik 1987, Leonardos & Lucas 2000). Recently, the
European Blue Seed Program (BSP) developed standard methodologies and techniques for hatchery production of blue
mussels with the singular goal of providing a stable and reliable
source of seed for mussel farmers (Kamermans et al. 2012).
Similar efforts have taken place in India, where seed of the green
mussel Perna viridis Linnaeus, has been cultured successfully
using techniques developed by BSP (Laxmilatha et al. 2011). In
spite of promising results from these early hatchery culture
attempts, seed production costs remain a major concern for
mussel farmers. For this reason, culture scenarios should focus
on production enhancement by reducing effort and cost.
Methods to optimize production include broodstock selection
and polyploidy (for faster growth) and more effective settlement
media (e.g., special rope collectors; Kamermans et al. 2012,
Galley et al. 2010).
Several field studies suggest that complex, high surface-area
rope collectors (ropes with filaments and loops) significantly
increase yield when compared with structurally simple rope
collectors potentially allowing for better sets (larger number of
settled larvae per unit area) with fewer ropes (Filgueira et al.
2007, Lekang et al. 2003, Brenner & Buck 2010, Walter &
Liebezeit 2003). BSP hatchery efforts reveal similar results
suggesting that ropes with loops and filaments are better suited

for mussel seed settlement and yield higher numbers of settlers
(Kamermans et al. 2012).
In the present study, the settlement response of competent
Mytilus edulis larvae exposed to several different artificial collector ropes was assessed in a hatchery setting. The ultimate goals
were: (1) to evaluate the feasibility of hatchery-produced spat as
a dependable and secure alternative to wild spat; and, (2) to assess
which type of rope collectors elicit a higher settlement of larvae.
Results could allow hatcheries to produce more spat per spawning
event and ultimately pass the cost savings on to farmers.
MATERIALS AND METHODS
Trial I

On June 14, 2013, approximately 80 adult blue mussels
[Mytilus edulis; broodstock 50–80 mm shell length (SL)] were
collected haphazardly from a rocky intertidal area adjacent
to the Downeast Institute (DEI), Beals, ME (44°28#48$ N and
67°35#56$ W, Fig. 1).
Broodstock were cleaned of debris and fouling organisms,
and placed in a flow-through tank (1.2 m wide, 15 m long, and
1.5 m deep) inside the DEI facility at ambient seawater
temperature (10°C) for 2 days. At that time, a spawning event
was attempted via a thermal shock technique (temperature
raised to 23°C), but no animals spawned. Subsequently, mussels
were placed into a gently aerated 900 L flat-bottom tank at 18°C
and fed ad libitum a mixed diet of cultured phytoplankton
(Chaetoceros muelleri Lemmerman, CCMP 1316; Chaetoceros
calcitrans Paulsen, CCMP 1315; Isochrysis galbana Parke,
CCMP 1323; Thalassiosira weissflogii Grunow, CCMP 1336;
Pavlova lutheri Droop, CCMP 1325; Rhodomonas lens Pacher

Figure 1. Map of state of Maine showing the location of Downeast Institute. Inset arrow marks the location of the DEI on Great Wass Island in the town
of Beals, ME.

MUSSEL SETTLEMENT ON ROPE COLLECTORS

Figure 2. Collector rope types. SM, smooth rope; BF, rope with short
filaments; BL, rope with short loops; LL, rope with long loops; LF, rope
with long filaments. The four rope types on the right used in Trial I. Rope
on the left (LF) added in Trial II. PP, polypropylene; PE, polyethylene.

and Ruttner, CCMP 739; and Thalassiosira pseudonana Hasle
and Heimdal, CCMP 1015). The feeding regime consisted of
three species of microalgae per day, but the mix varied from
day-to-day. The broodstock tank was set up as a static system,
and was cleaned every other day with a solution of water, bleach
and soap and refilled with clean heated seawater.
Fifteen days later, on July 1, 2013, a successful spawning was
induced via thermal shock (temperature raised from 18°C to
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23°C). During the spawning event, appropriate sperm-to-egg ratios
were observed to prevent polyspermy and potential abnormal
larval development. The resulting larvae were reared in a gently
aerated 400 L conical tank at 18°C for 18 days and fed a mixed
diet of cultured phytoplankton (2–3 L day–1; Chaetoceros
muelleri, CCMP 1316; Chaetoceros calcitrans, CCMP 1315;
Isochrysis galbana, CCMP 1323; and Thalassiosira pseudonana,
CCMP 1015). The same maintenance and cleaning regime for
broodstock was used for the larval tank as well.
Approximately 5,000 competent pediveliger larvae (SL
;250 mm) per tank were then exposed to four collector rope
types exhibiting different structural features [e.g., long loops
(LL): mean strand length (MSL) ± 95% CI ¼ 55.8 ± 6.99 mm;
short loops (BL): MSL ¼ 21.6 ± 4.58 mm; short filaments (BF):
MSL ¼ 2.9 ± 0.41 mm; and, smooth (SM), Fig. 2]. The SM and
BF ropes were polyethylene braids whereas the BL and LL
ropes were polypropylene braids (Quality Equipment Limited,
Nelson, New Zealand). The ropes were cut into 3 cm segments
with a rope-cutting gun and soaked in a 10% bleach solution
(Clorox with 6% hypochlorite) for 2–3 h. Subsequently, the
ropes were soaked in freshwater overnight to remove any traces
of bleach and then dried and attached to four frames (ropes 2.5
cm apart; Fig. 3) with hot glue. Each frame was made of PVC
pipe (2.5 cm diameter; 72 cm high, and 58 cm wide; Fig. 3).
To test whether mussel larvae preferred to settle at different
levels within a culture tank, each frame had two levels (top and
bottom) and each level held five replicates of the four rope types
(nlevel ¼ 20, ntank ¼ 40). Rope position was randomized along
the front and back of the horizontal PVC pipe (10 ropes in the
front and 10 ropes in the back per level), and each level had the

Figure 3. Experimental design for Trial I. Left image shows rope collector set up. Illustration on the right shows frame position within tank.
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same rope configuration (top configuration same as bottom
configuration). The prediction was that due to water flow within
each tank (from the bottom toward the top of the water column)
collectors closer to the water surface would elicit a stronger
settlement response and yield higher numbers of settled larvae
than rope units closer to the bottom of the tank. A total of four
400 L conical tanks were used (ntotal ¼ 160), and each frame was
positioned in a tank so that the top level of each was ca. 10 cm
below the water surface and the bottom level was ca.10 cm
above the bottom of the tank (Fig. 3). Seawater in each tank was
gently aerated from the bottom and larvae within each tank
received the same mixed phytoplankton diet, although progressively less microalgae was added through time as no
seawater changes occurred during the trial. After 5 days, all
larvae had ceased swimming, and all live pediveliger larvae had
settled onto the ropes. The frames were subsequently removed
from the experimental tanks and the number of settled larvae on
each piece of rope was enumerated. Settled larvae were removed
from ropes by placing each piece separately in a 10% bleach
solution (Clorox with 6% hypochlorite) for 3 min whereas it
was spun via a THERMOCLINE CIMAREC 2 stirring unit
(on setting 6). Afterward, the solution was filtered through a
44-mm sieve. The contents of the sieve were then placed on
a small Petri dish with grid lines and examined under a dissecting
microscope. All settled mussel larvae were counted and
recorded. Settled larvae were 250–300 mm SL.
Trial II

On July 30, 2013, approximately 80 adult blue mussels
(broodstock) were collected randomly from the same intertidal area adjacent to the DEI brought inside the facility,
cleaned of debris and fouling organisms, and placed in a flowthrough tank at ambient seawater temperature (14°C) for

2 days. On August 1, 2013, broodstock were exposed to
a thermal shock technique (temperature raised to 23°C) in
an attempt to induce spawning, but no significant spawning
occurred. Subsequently, mussels were placed into a gently
aerated 900 L flat-bottom tank at 18°C and fed the same
microalgal diet (as described above in Trial I).
Seventeen days later, on August 18, 2013, a successful
spawning was induced via thermal shock (temperature raised
to 23°C), and fertilization proceeded as described above in Trial
I. Resulting mussel larvae were reared in a gently aerated 400 L
conical tank at 18°C for 19 days. All feeding, routine maintenance and cleaning regimes were the same as in Trial I.
Approximately 5,000 competent pediveliger larvae (SL
;250 mm) per tank were then exposed to five collector rope
types exhibiting different structural features: LL, BL, long
filaments (LF), BF and SM Fig. 2. The additional rope type
(LF; MSL ± 95% CI ¼ 29.5 ± 2.34 mm) was made of
polypropylene braids and contained a lead core (Quality
Equipment Limited, Nelson, New Zealand). Ropes were cut
into 3 cm segments, cleaned (as above), and then attached to six
PVC frames with hot glue (ropes 2.5 cm apart; Fig. 4). This
time, each frame had only one level that held five replicates of
the five rope types (ntank ¼ 25, position of ropes was randomized
with 13 rope segments on the front of the frame and 12 rope
segments on the back of the frame). A total of six 400 L conical
tanks was used in this trial (ntotal ¼ 150), and frames were placed
in the tanks so that ropes were positioned in the middle of the
water column (Fig. 4). The experimental tanks were gently
aerated from the bottom and received the same mixed phytoplankton diet as in Trial I. After 5 days, all swimming activities
had ceased and all live pediveliger larvae had settled. The same
larval removal procedure was applied as in Trial I, and all
settled mussel larvae were counted and recorded. The SL of the
settled larvae was similar to that described above for Trial I.

Figure 4. Experimental design for Trial II. Left image shows rope collector set up. Illustration on the right shows frame position within tank.
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TABLE 1.

Three-way ANOVA table for Trial I and planned orthogonal
contrasts for rope factor.
Source of variation

df

MS

F

P

Tank
Level
Tank 3 level
Rope
Tank 3 rope
Level 3 rope
Tank 3 level 3 rope
Error
Total

1
1
3
3
9
3
9
128
159

3,333.94
1,066.06
2,751.99
65,115.53
987.2806
848.64
947.61
832.09
–

4.01
0.39
3.31
65.95
1.19
0.90
1.14
–
–

0.0092
0.58 ns
0.022
<0.001
0.31 ns
0.48 ns
0.34 ns
–
–

MS

F

P

180.32
16.97
0.58

<0.001
0.0026
0.47 ns

Contrast

df

SM versus rest
BF versus BL & LL
BL versus LL

–
1
1

17,024.03
16,750.10
572.45

Decision rule for ANOVA set at a ¼ 0.05.Decision rule for orthogonal
contrasts set at a# ¼1–[1– a]1/n ¼ 0.017, where a ¼ 0.05 and n ¼ number
of contrasts. ns, not significant.

Statistical Analyses
Trial I

A three-way analysis of variance (ANOVA) was performed to determine main and interactive effects on mean
number of mussels. The main factors were: Ai ¼ Tank (i ¼ 4,
random factor), Bj ¼ Level (j ¼ 2, fixed factor), and Ck ¼
Rope (k ¼ 4, fixed factor). The linear model was: Yijkl ¼ m +
Ai + Bj + Ck + ABij + ACik + BCjk + ABCijk + el(ijk) (experimental
error—difference in mussel number from rope-to-rope within
a tank, level, and rope type) with l ¼ 5 (number of rope replicates
per level).
Shapiro-Wilk normality tests and CochranÕs tests of variance homogeneity were conducted to test assumptions prior to
performing the ANOVA test. As none of the data was normal
and transforms were unsuccessful, the ANOVA was performed
on ranked data (Zar 1999).
Single-degree-of-freedom a priori orthogonal contrasts were
used to examine potential differences between rope types and to
facilitate the interpretation of interaction terms. These contrasts
compared: (1) SM versus BF, BL, and LL; (2) BF versus BL and
LL; and (3) BL versus LL. The basis of these contrasts was our
prediction that more structurally complex rope collectors (e.g.,
LL) would yield a higher number of settled larvae than
structurally less complex collectors (e.g., SM).
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Single-degree-of-freedom a priori orthogonal contrasts were
used to determine significant differences between rope types.
These contrasts compared: (1) SM versus BF, BL, LF, and LL;
(2) BF versus BL, LF, and LL; (3) BL versus LF and LL; and (4)
LF versus LL. The basis of these contrasts was similar to that
from Trial I. That is, the contrasts provide a test of the
prediction that more structurally complex rope collectors
(e.g., LL, LF) would yield higher numbers of settled larvae than
structurally simple rope collectors (e.g., SM). All sources of
variation in both trials, including the orthogonal contrasts,
were tested using the appropriate expected mean square as
described in Underwood (1997).
Regression analyses were performed for Trial I and Trial II
to determine if a relationship existed between the number of
settled larvae and MSL of each of the five rope types used in the
study. There were no deviations from linearity for both trials
(P ¼ 0.83 and P ¼ 0.95 for Trial I and Trial II, respectively).
For both trials, statistical significance was determined using
a decision rule of a ¼ 0.05 for all tests except in the case of a priori
contrasts, where an adjusted alpha value (a# ¼1–[1– a]1/n; a ¼
0.05 and n ¼ number of contrasts) was used as a decision rule to
avoid excessive type I errors (Winer et al. 1991). All data are
presented as untransformed means with their corresponding
95% confidence intervals (CI).
Data were analyzed using SAS 9.2 statistical package
(Statistical Systems, Cary, NC) and all graphs were created
using Sigmaplot 12.5 graphing and statistical package (Systat
Software, San Jose, CA).
RESULTS
Trial I

ANOVA revealed that rope type was highly significant (P <
0.0001; Table 1; Fig. 5). Orthogonal contrasts revealed that
mussel larvae settled preferentially on the LL and BL ropes
(mean ¼ 52.82 ± 6.71 ind. rope–1 and mean ¼ 51.95 ± 8.98 ind.

Trial II

A two-way ANOVA was used to determine main and
interactive effects on mean number of mussels. The main factors
were: Ai ¼ Tank (i ¼ 6, random factor) and Bj ¼ Rope (j ¼ 5,
fixed factor). The statistical model was as follows: Yijl ¼ m + Ai +
Bj + ABij + el(ij) with l ¼ 5 (number of rope replicates per level).
Shapiro-Wilk normality tests and CochranÕs tests of variance homogeneity were conducted to test assumptions prior to
performing the ANOVA test; however, because none of the
data was normal and transforms were unsuccessful, the
ANOVA was performed on ranked data.

Figure 5. Mean number of mussels per rope collector type with 95%
confidence interval (Trial I). Line over bars indicates that the treatments
are not statistically different (P > 0.05). SM, smooth rope collector; BF,
rope collector with short filaments; BL, rope collector with short loops;
LL, rope collector with long loops. The 4 types of rope collectors are
replicated 5 times/level for a total number of 160 rope units across 2 levels
in each of 4 tanks.
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Figure 6. Mean number of mussels per tank with 95% confidence interval
(Trial I; n $ 40).

rope–1, respectively). SM ropes attracted the fewest mussels
(mean ¼ 8.50 ± 1.32 ind. rope–1), and BF ropes attracted intermediate numbers of mussels (mean ¼ 35.95 ± 6.52 ind. rope–1).
ANOVA also revealed that there was significant added
variation due to tank (P ¼ 0.0092; Table 1; Fig. 6). The added
variance component estimate due to the tank factor (13.55) was
an order of magnitude smaller than the estimate due to experimental error (832.08) suggesting that although the random factor
was statistically significant, most of the observed random variability was due to differences from rope-to-rope within a given
treatment. Further, the percent of total variation in mean number
of mussels explained by the tank factor was only 2.9%


SStank
% variation due to tank ¼
3 100% :
SStotal
In addition, ANOVA revealed a significant tank3level source
of variation (P ¼ 0.0224; Table 1). Mussels in three of the four
tanks followed a similar trend where more larvae settled on the top
versus the bottom level, whereas one showed the reverse (Fig. 7).
The regression analysis showed a weak, but significant
positive relationship between number of settled larvae and

Figure 8. Regression plot showing weak positive relationship between
mean strand length (mm) and number of settled mussel larvae (Trial I; P <
0.001, r2 $ 0.24, n $ 160). SM, smooth rope; BF, rope with short
filaments; BL, rope with short loops; LL, rope with long loops.

MSL of each of the four rope types used in Trial I (SM, BF,
BL, and LL; P < 0.001; r2 ¼ 0.24; Fig. 8).
Trial II

Rope type LL had the highest mean number of settled
mussels (mean ¼ 89.83 ± 8.58 ind. rope–1; P < 0.0001; Table 2;
Fig. 9). Planned orthogonal contrasts indicated that the fewest
mussels settled on the SM ropes (5.76 ± 0.93 ind. rope–1). Each
of the four contrasts was highly significant (Table 2).
Regression analysis showed a strong, positive relationship
between number of settled larvae and the MSL of each of the
five rope types (P < 0.001; r2 ¼ 0.83; Fig. 10).
DISCUSSION

The prediction that collectors with higher structural complexity would elicit a stronger settlement response and yield higher
numbers of settled larvae was confirmed by the results from both
trials. Mussel larvae settled onto long-looped rope collectors
TABLE 2.

Two-way ANOVA table for Trial II and planned orthogonal
contrasts for rope factor.
Source of Variation
Tank
Rope
Tank 3 rope
Error
Total

Figure 7. Mean number of mussels per tank and level with 95% confidence
interval (Trial I; n $ 20).

df

MS

F

P

5
4
20
120
149

154.70
65,840.02
137.78
118.09
–

1.31
477.88
1.17
–
–

0.26 ns
<0.0001
0.29 ns
–
–

Contrast

df

MS

F

P

SM versus rest
BF versus BL & LF & LL
BL versus LF & LL
LF versus LL

1
1
1
1

135,000.0
70,336.18
45,968.07
12,055.84

979.85
510.51
333.64
87.50

<0.0001
<0.0001
<0.0001
<0.0001

Decision rule for ANOVA set at a ¼ 0.05. Decision rule for orthogonal
contrasts set at a# ¼1–[1– a]1/n ¼ 0.013, where a ¼ 0.05 and n ¼ number
of contrasts. ns, not significant.

MUSSEL SETTLEMENT ON ROPE COLLECTORS

Figure 9. Mean number of mussels per rope collector type with 95%
confidence interval (Trial II). SM, smooth rope collector; BF, rope
collector with short filaments; LF, rope collector with long filaments;
BL, rope collector with short loops; LL, rope collector with long loops. The
5 types of rope collectors are replicated 5 times in each of 6 tanks for
a total number of 150 rope units.

(LL—highest structural complexity) 6.213 and 15.613 (Trials I
and II, respectively) more than onto smooth rope collectors
(SM—lowest structural complexity). Both trials also showed
a significant positive relationship between number of settled
larvae and MSL (P < 0.001 for both trials) suggesting that longer
strands (more surface area) allow for more larvae to settle.
These findings are similar to results obtained in studies that
examined wild mussel settlement patterns that demonstrated
wild pediveliger larvae settle primarily on filamentous structures, mainly macroalgae (Bayne 1964, Pulfrich 1996). In spite
of the wealth of scientific information, the mechanism that leads
to higher settlement rates on filamentous algae is largely
unknown. Three possible hypotheses might explain this result:
(1) mussel larvae prefer filamentous structures for primary
settlement (active choice); (2) larvae are passively ‘‘trapped’’
by these highly complex structures by virtue of increased surface
area (passive result); and (3) a combination of the two. Evidence
in favor of the third hypothesis seems to be overwhelming as
mussel larvae appear to be trapped passively by structurally
complex substrates, but also seem to display a preference for
filamentous substrates potentially enhanced by the presence of
bio-films (Woodin 1986, Butman 1987, Pulfrich 1996, Lekang
et al. 2003, Filgueira et al. 2007, Walter & Liebezeit 2003,
Dobretsov & Wahl 2001, Brenner & Buck 2010).
Typically, late pediveliger mussel larvae generate a very
sticky mucus thread that they use as a ‘‘sail’’ facilitating
dispersal and subsequent attachment to the substrate
(Caceres-Martinez et al. 1994, Sigurdsson et al. 1976, Lane
et al. 1985, pers. obs.). These mucus threads are chemically,
structurally, and functionally very different from byssal threads
(Sigurdsson et al. 1976, Lane et al. 1985). In hatchery cultures,
for example, larvae can be seen ‘‘funneling,’’ a process by which
mucus strands aggregate whereas larvae are still swimming and
give the impression of mini-tornadoes (Caceres-Martinez et al.
1994, pers. obs.). This ‘‘funneling’’ activity is used by staff at
DEI to gauge settlement readiness along with the appearance of
‘‘eyes’’ along with strong foot activity. One could envision how
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very complex, high-surface area, three-dimensional, filamentous collectors could act as a ‘‘filter’’ trapping ‘‘sailing’’ larvae
that result in high settlement densities. Filgueira et al.(2007),
Walter and Liebezeit (2003), and Lekang et al. (2003) demonstrated in the field that artificial collectors with higher structural
complexity yielded more settled larvae than collectors with
lower structural complexity. Kamermans et al. (2012) reported
similar findings from a hatchery seed production study (BSP)
that also suggested that complex, looped, and fibrillated rope
collectors had a higher potential for spat collection.
Other considerations further complicate the understanding of
mussel settlement such as presence of bio-films, water motion,
and substrate composition. Dobretsov and Wahl (2001, 2007)
found that specific macroalgal exudates enhanced settlement
response in mussels, whereas Eyster and Pechenik (1987) found
that water motion produced a similar result; however, these
factors have no bearing on the results of the present study, as all
collectors were soaked in a bleach solution and cleaned prior to
the experiment (no bio-films) and water motion was minimal
(gentle aeration) and consistent across all rope types.
In field studies, Lekang et al. (2003) and Brenner and Buck
(2010) found that the chemical composition of the collectors
played an important role in the settlement and attachment of
mussels. For instance, they found that polyester fibers absorb
more water than polypropylene and polyethylene fibers.
Hagenau et al. (2014) stated that the adhesion of the plaque
(the attachment point to the substrate) could only occur when
a water-free interface is achieved between the byssal thread and
the substrate. It may be more difficult for mussel larvae to
attach to ‘‘wetter’’ substrates such as polyester (Hagenau et al.
2014, Brenner & Buck 2010). Such instances may indicate an
inability of larvae to settle on a particular substrate rather than
lack of preference. Lekang et al. (2003) also found that
collectors made from only polypropylene fibers elicited higher
settlement rates than polyethylene fibers. Similarly, collectors
used in the present study with the highest number of settled
larvae were LL and LF, were both made of polypropylene.
Lekang et al. (2003) and Brenner and Buck (2010) also stressed

Figure 10. Regression plot showing strong positive relationship between
mean strand length (mm) and number of settled mussel larvae (Trial II; P <
0.001, r2 $ 0.83, n $ 150). SM, smooth rope; BF, rope with short
filaments; LF, rope with long filaments; BL, rope with short loops; LL,
rope with long loops.
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the importance of collector structure stating that more complex,
three-dimensional collectors enhanced the number of attachment points allowing for higher larval retention.
The prediction that collectors closer to the water surface would
elicit a stronger settlement response and yield higher numbers of
settled larvae than rope units closer to the bottom of the tank
(Trial I) was rejected as the results indicated no significant
difference in mussel density between the top and bottom levels.
A power analysis revealed that b was low (0.2), and to achieve
a b ¼ 0.8, a total of 1,120 rope units would have been needed.
Such an increase in replication was nearly impossible logistically
and outside the scope of the main interest of the study: larval
settlement response to different rope collectors. Overall, mean
difference in mussel density between top and bottom level in Trial
I was only 7.24%, with the top level exhibiting slightly more
settlers than the bottom level (mean for top level across all tanks ¼
38.7 ± 5.97 ind. rope–1 and mean for bottom level across all
tanks ¼ 35.9 ± 6.09 ind. rope–1). Eyster and Pechenik (1987)
showed in the laboratory that water movement enhanced the
settlement response in competent larvae. Several field studies
support the laboratory findings demonstrating that increased
water motion resulted in more intense settlement of competent
larvae (Hunt & Scheibling 1996, Pulfrich 1996, Grizzle et al. 1996).
The source of variation due to tank in Trial I was statistically
significant (P ¼ 0.0092), which was surprising as this was a random
factor and, no added variation due to tanks was expected because
they were all treated similarly (cleaning and feeding regime, PVC
frame position, aeration rate, and rope configuration, etc.). In spite
of this unexpected result, the added variance component associated
with tanks is mitigated by the fact it accounts for only 2.9% of the
total variance in the number of settled mussels. One possible
explanation for this result would be a Type I error due to associated
with a small number of replicate tanks. Consequently, in Trial II,
number of tanks was increased from four to six, and no significant
variation between tanks was observed (P ¼ 0.26; b ¼ 0.45).
At present, commercial aquaculture production of blue
mussels using ropes and other seed collecting devices depends
on successful larval settlement. Large spatial and temporal
variation in numbers of settling larvae onto collectors is a given
that affects annual production goals. The use of hatcheryreared seed could alleviate much of the early production guesswork and help culturists plan in advance their annual yield.

CONCLUSIONS

The current study indicates a strong potential for hatcheryproduced blue mussel seed to be considered as a reliable
alternative to wild seed. Mussel farmers could generate viable
business plans based on numbers of spat they wish to purchase
and volumes of mussels they wish to produce. Global demand
for mussels is surging, and a consistent supply of mussel seed
would benefit the aquaculture industry. The findings also
suggest that hatcheries would be well served if they used
polypropylene rope collectors with high structural complexity
as this would enhance the number of settled larvae per spawning/settlement event whereas consequently lowering production costs. These costs have been the source of greatest
concern for aquaculturists, who fear that producing seed in
a hatchery setting is too labor-intensive and time-consuming,
and ultimately financially prohibitive (Kamermans et al. 2012,
Laxmilatha et al. 2011). Our approach of setting the seed
directly onto specialized rope collectors that are subsequently
deployed in the field significantly reduces costs making this
a more affordable and reliable approach. Whereas the initial
cost for these specialized ropes can be significant, the investment should pay off as growers would be able to use the
same ropes for several years.
Future research efforts should be directed toward eliminating or limiting the number of larvae that migrate off the rope
collectors before and after field deployment—a result that has
been observed in Europe (Blue Seed Report, Kamermans et al.
2012) and in cultures at DEI.
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