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A B S T R A C T

There are several factors affecting scallops during the metamorphosis process that could explain the relatively low post-larvae yield observed in hatcheries.
Competent bivalve larvae respond to different settlement cues to undergo metamorphosis and without adequate cues, larvae delay their metamorphosis. The
objective of this study is to improve the settlement ratio of the two scallop species, Placopecten magellanicus and Pecten maximus by physical cues associated with
hydrodynamic conditions, stocking density in settlement units and larval size at time of transfer to settling units. For each treatment, physiological condition was
determined by fatty acid analysis to determine the energetic reserves and structural lipids. We observed similar results for the two important commercial pectinid
species and validate the hypothesis on the positive effect of increased flow rate and larval size after transfer to settlement systems on settlement success. Increasing
flow rate also affects positively the physiological condition of settled post-larvae by a higher accumulation of total fatty acids in neutral lipid fractions. Furthermore,
no effect of larval stocking density until 90 larvae cm−2 in the downwelling sieves was observed. To our knowledge this study is the first to characterize the effect of
seawater flow rate on settlement success of different pectinid species cultured under similar conditions. The experiments were performed in a close to commercial
scale and thus are relevant to industry situations.

1. Introduction

Worldwide aquaculture scallop production has increased from
around 0.5 million tonnes in the mid-seventies to 2.6 million tonnes in
2013–2015 (FAO, Online information, http://www.fao.org/fishery/
statistics/global-production/en), and in the North Atlantic Ocean the
sea scallop (Placopecten magellanicus) and the great scallop (Pecten
maximus) are the main scallop species commercially exploited. The total
production of these two species reached a maximum of 0.37 million
tonnes in 2004, but was reduced to 0.25 million tonnes in 2015 ac-
cording to FAO. Spat supply is still one of the major limiting factors for
the development of these aquaculture industries, and the collection of
spat from nature has been unreliable or highly variable (Dao et al.,
1999; Cyr et al., 2007; Shumway and Parson, 2016), thus stimulating
intensive hatchery production (Bergh and Strand, 2001; Andersen et al.,
2011). Moreover, hatchery production of scallop spat has until recent
years been characterized by variable yields (Karney, 1991; Couturier
et al., 1995; Robert and Gérard, 1999; Andersen et al., 2011). After
several years of optimization, increased survival and lower variability

in larval production have been achieved in P. maximus and P. ma-
gellanicus hatcheries (Pernet and Tremblay, 2004; Pernet et al., 2005;
Magnesen et al., 2006; Tremblay et al., 2007; Magnesen and Jacobsen,
2012). However, only around 20% of the competent larvae normally
result in viable metamorphosed and settled post-larvae (Andersen et al.,
2011, 2013). According to Galley et al. (2017), the difficulties in the
culture of P. maximus are associated to the transition from larval to
juvenile stage, showing low development synchronicity and variable
survival. To achieve successful hatchery development of P. maximus and
P. magellanicus, settlement and metamorphosis rates need to be in-
creased and stabilized.

There are several factors affecting scallops during the metamor-
phosis process that could explain the relatively low post-larvae yield
observed in hatcheries. Competent bivalve larvae respond to different
settlement cues to undergo metamorphosis and without adequate cues,
larvae delay their metamorphosis (Pechenik, 1990; Martel et al., 2014;
Lagarde et al., 2018). In scallops, some chemical cues have been de-
monstrated to increase settlement (Yvin et al., 1985; Chevolot et al.,
1991; Mesías-Gansbiller et al., 2008; Galley et al., 2017), but generally
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scallops are less sensitive to chemical inducers than oysters (Nicolas
et al., 1998). Settlement may also depend on physical factors such as
turbulence and seawater flow, as demonstrated with mussels in high
turbulence conditions (Pernet et al., 2003c). Pearce et al. (1998)
showed that in 9.5m deep polyethylene tube mesocosms most P. ma-
gellanicus settled above a strong thermocline from 5°C to 17°C in ab-
sence of turbulence. When the thermocline was weak or absent, the
number of settled spat increased with depth in the mesocosms. This
study suggests that P. magellanicus could respond positively to turbu-
lence. In a downwelling flow-through system continuously supplied
with seawater and algae, no effect of seawater flow at the relatively low
ranges between 2.7 and 8.3 L h−1 were observed for P. maximus set-
tlement during the first 5 weeks (Robert and Nicholas, 2000). However,
no data at high flow rates in relation to measure of turbulence are
available, as for the size of larvae and their density in the settlement
systems.

An important factor acting on metamorphosis success is the ability
of post-larvae to meet energetic demands during intense morphogenesis
(Beninger et al., 1994). Their metabolic requirement in intensive cul-
tures is entirely dependent on acquired microalgal energy reserves ac-
cumulated. The primary endogenous energy reserve fuelling basal
metabolism is the neutral lipid, triacylglycerol (Baker and Mann, 1993;
Tremblay et al., 2007). Studies on P. magellanicus and P. maximus es-
tablished the link between accumulation of neutral lipids during larval
development and metamorphosis success, but with maximum levels
generally less than 30% (Pernet et al. 2005, 2006; Gagné et al., 2010).
The top-performing scallop larvae were characterized by a pronounced
increase of neutral lipids accumulation during the pre-metamorphic
period, followed by utilization during metamorphosis (Pernet et al.,
2006). During metamorphosis, the pronounced morphogenesis of the
feeding structures from a velum to full developed gills in P. maximus
(Beninger et al., 1994) and P. magellanicus (Veniot et al., 2003) is re-
latively protracted and punctuated by critical transitional stages im-
portant for the survival and growth capacity of post-larvae. During
early stages of the metamorphosis process, the gill may not be very
effective in suspension feeding and accumulation of energetic reserve is
essential.

The primary objective of this study is to improve the settlement
ratio of the two scallop species, Placopecten magellanicus and Pecten
maximus by physical cues associated with hydrodynamic conditions,
stocking density in settlement units and larval size at time of transfer to
settling units (transfer day). For each treatment, physiological condi-
tion was determined by fatty acid analysis to determine the total con-
tents of neutral (energetic reserves) and polar (structural) lipids and
their compositions. We tested the hypothesis that larger sized larvae
stocked at low density will settle more intensively in high hydro-
dynamic conditions than smaller larvae in low hydrodynamic condi-
tions independent of the post-larvae physiological condition.

2. Materials and methods

2.1. Rearing procedures

For each species, two batches of larvae were obtained with the
larval rearing procedure described below, one batch to test size and
stocking density and the other batch to test the hydrodynamic condi-
tion.

P. maximus larvae were obtained from the commercial hatchery
Scalpro AS (60°31′N, 4°54′E) near Bergen in Norway. According to the
standard hatchery procedures, broodstock had been collected from
local stocks and conditioned until the gonads had reach maturity. The
scallops (30) were induced to spawn by thermal shock (12–18°C) based
on methods described by Gruffydd and Beaumont (1972) and Andersen
et al. (2011). Three days post-fertilization larvae were transferred from
the hatchery to Austevoll Research Station (Institute of Marine Re-
search, 60°09′N; 5°26′E, Austevoll, Norway) for completion of the larval

planktonic phase before start of settlement studies. Competent (ready-
to-settle) larvae were harvested 22–23 days post-fertilization (dpf) from
a 8000 L flow-to-waste rearing system (Andersen et al., 2000) with
continuous supply of algae diet (mixture of Isochrysis galbana, Pavlova
lutheri and Chaetoceros mulleri at a ratio of 1:1:2 based on cell volume
estimated by an electronic particle counter). During larval rearing the
temperature was 16.5°C and the algal concentration fed to the larval
tanks increased from 7.5 to 28.5 cells μL−1 following the growth of the
larvae. Larval development was monitored two-three times a week until
settlement experiments when 20% of the larvae were collected on
150 μm mesh and>50% of the larval population contained foot and
eyespots.

P. magellanicus ready to spawn (30) were obtained from the com-
mercial hatchery Fermes Marines du Québec (48°15′N, 65°07′E) in
Québec Canada and transported to the Station aquicole de Pointe-au-
Père (UQAR, 48°27′N; 68°32′W, Québec, Canada). Spawning and larval
rearing were realized based on methods described in Pernet et al.
(2003a, b). We obtained immediate spawning by thermal shock from 10
to 16°C. The larvae were reared in a batch system using four 1000 L
tanks filled with 1 μm filtered and UV treated seawater at a stocking
density of 4 larvae mL−1 and temperature of 13.5°C. Larvae were fed at
30 cells μL−1 with a mixture of Isochrysis galbana, Pavlova lutheri and
Chaetoceros mulleri at a ratio of 1:1:2 based on cell volume estimated by
an electronic particle counter. Water and food were renewed every 2–3
days and larval development estimated. At 30 dpf,> 50% of the larvae
retained on 210 μm mesh showed foot and eyespots, and were used for
the settlement experiment.

2.2. Settlement experiments

The settlement system was similar for both species and consisted of
2 (in Canada) or 4 (in Norway) of 1000 L square (1m x 1m x 1m)
holding tanks, each with up to 16 partly submerged circular growth
units (height 14 cm, diameter 24.4 cm, area= 467.4 cm2, 150 μm mesh
bottom) termed sieves. Four sieves were used for each factor studied
and distributed in equal numbers between tanks. Here, the sieves re-
presented the replication unit used for statistical analyzed. The tanks
were used to maintain homogeneity of temperature and food con-
centration between sieves. The water depth in the sieves was 12 cm
representing a volume of 6.3 L. An airlift system supplied the sieves
with a downwelling flow of 20% new seawater mixed with algae and
reused seawater with algae from the holding tank (80%) as described in
Christophersen et al. (2006). Temperature and tank flow were mon-
itored daily, the sieve flow rates were monitored twice a week
(n= 8–9), algal flow and algal concentration in the tanks were mon-
itored daily Monday to Friday. An algal diet was added to a calculated
concentration of 15 cells μL−1 in the new seawater running into the
tanks. Post-larvae were fed a mixture of three species, Tahitian Iso-
chrysis galbana, Pavlova lutheri and Chaetoceros mulleri at a ratio of 1:1:2,
respectively, based on cell volume. The feed was distributed from
mixing tanks to each 1000 L holding tank by dosage pumps. The feed
mixing tanks were filled with 30–90 L algae of concentrations 8–12
million cells mL−1 and topped with seawater to 400–600 L two-three
times a week.

Shell height (perpendicular to the hinge) of 50 individuals per sieve
was measured at the start and finish of the settlement experiments. The
samples were stored in alcohol (35% in seawater) 1–4 weeks prior to
measurements under a dissecting microscope. Lipid samples were also
obtained at the start and the end of experiments with 1500–2000 in-
dividuals filtered onto a pre-combusted GF/C Whatman glass fibre filter
(25mm), kept on ice while carrying out the sampling and stored at
−80°C before being extracted. Samples were transported from Norway
to Canada on ultrafreeze ice-pack to maintain the samples around
−40°C (Pellican BioThermal’ Plymouth, MN, USA).

In Norway, two settlement experiments with two larval batches
were carried out at 15oC with four replicate sieves per treatment. The
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first experiment aimed to measure the effect of flow rate on settlement
and larval condition with 6 flow rate treatments, 185 ± 6, 380 ± 6,
565 ± 4, 750 ± 1, 1125 ± 17 and 1297 ± 26mLmin−1 sieve−1

representing a flow rate of 0.4, 0.8, 1.2, 1.6, 2.4 and 2.8mLmin−1

cm−2. Larvae of 18 dpf that retained on 150 μm mesh with a shell
height of 166 ± 20 μm (mean ± sd, n=50) were stocked at a density
of 60 larvae cm−2. The second experiment measured the effect of larval
size and stocking density on settlement success at four size categories
(> 150, 150–160,> 160 and > 170 μm) and three mean stocking
densities (30, 60 and 90 larvae cm−2) at an intermediary flow rate of
1.2 mLmin−1 cm−2. Due to lower number of larvae sized>170 μm,
the stocking density of 90 larvae cm−1 was not tested for this size ca-
tegory. Larvae of 20 dpf having a shell height of 175 ± 28 μm
(mean ± sd, n=50) were categorized with the use of different mesh
sizes. The>150 μm category represented all larvae collected on
150 μm mesh, the> 160 and > 170 μm categories represented larvae
collected on 160 and 170 μm mesh, respectively. Thus, this treatment
measured the impact to eliminate gradual lower size of larvae on set-
tlement success. Collecting larvae on 150 μm mesh for settlement was
the standard procedure in several hatcheries at the time (Andersen
et al., 2011). Another treatment containing the smaller larvae
(150–160 μm) was obtained by collecting the larvae on 150 μm mesh
but passed through 160 μm mesh to validate the impact of small larvae.

In Canada, the effects of the flow rate and size were also carried out
on two different larval batches at 13.5oC with four replicate sieves per
treatment. The first larval batch had 32 dpf a shell height of
233 ± 20 μm (mean ± sd, n=50) and was used to estimate size ef-
fect (> 210,> 220,> 230 and > 240 μm) on the settlement at the
stocking density of 60 larvae cm−2. Due to lower larval availability
than P. maximus experiments, stocking density was not tested. The
second larval batch had 31 dpf and a shell height of 232 ± 11 μm
(mean ± sd, n= 50) and was used to estimate the effect of the flow
rate (0.4, 0.8, 1.2 and 2.8 mLmin−1 cm−2) on larvae> 210 μmat the
stocking density of 60 larvae cm−2.

Cumulative larval settlement was measured weekly for 4 weeks as
estimated number of settled larvae in the sieves. Detached or loose
larvae were gently removed by rinsing with seawater and stored in
seawater until after the counting of settled individuals. They were then
returned to the sieves. Settlement was examined by positioning the
sieve bottom on a premade plastic counting slide marked to facilitate an
exact position of the sieve and counting the number of settled larvae in
28 randomly distributed 0.5, 1.0 or 2.0 cm2 squares, depending on
larval stocking density. The number of larvae per sieve was estimated
by multiplying the average number of larvae cm−2 by the total sieve
area. Settlement success was given as the % of attached larvae based on
the initial number transferred to the sieves. By the end of the experi-
ments, the sieves were emptied and the number of settled and detached
larvae were estimated by volume. Samples of settled (metamorphosed)
larvae were collected for subsequent measurement of shell height and
lipid content.

2.3. Flow characterisation in downwelling sieves

The water flow characteristics were determined as described in
Pernet et al. (2003c) using a 3-axis Acoustic Doppler Velocimeter, ADV,
(Vectrino, NortekUSA, Annapolis, MD, USA) at a data rate of 25 Hz.
7500 data points were averaged for each measure. The x-axis corre-
sponded to the diameter of the sieve with the coordinate 0 as the central
point of the sieve and the coordinates 1 to 3 (or −1 to −3) at each
three cm (Fig. 1). Coordinates −2 and 2 corresponded to the two-water
input at the surface of the sieve. Thus, turbulence fluctuations (Δ) were
measured in the x- (ΔU), y- (ΔV) and z- (ΔW) axes during 3min on
seven different points in the sieves. Four replicate sieves were in-
vestigated in both Norway and Canada (n= 8 as both location data was
pooled). Velocity measurements were carried out 1mm above the
bottom screen and were determined in flow rates of 0.4, 1.2 and

2.8 mLmin−1 cm−2.

2.4. Fatty acid analysis

Lipids were extracted using the Folch method (Folch et al., 1957),
separated into neutral and polar lipid fractions using silica gel
(30×5mm i.d., packed with Kieselgel 60, 70–230 mesh; Merck,
Darmstadt, Germany) hydrated with 6% water, and eluted with 10mL
of chloroform:methanol (98:2 v/v) for neutral lipids followed by 20mL
of methanol for polar lipids (Marty et al., 1992). The neutral lipid
fraction was further eluted on an activated silica gel with 3mL of
hexane and diethyl ether to eliminate free sterols. All fatty acid methyl
esters (FAME) were prepared as described by Lepage and Roy (1984)
and analyzed in MSMS scan mode (ionic range: 60–650 m/z) on a
Polaris Q ion trap coupled to a Trace GC (Thermo Finnigan,
Mississauga, ON, CA) equipped with a Valcobond VB-5 capillary
column (VICI Valco Instruments Co. Inc., Broakville, ON, CA). FAME
were identified by comparison of retention times with known standards
(37 component FAME Mix, PUFA-3, BAME, and menhaden oil; Supelco
Bellefonte, PA, USA) and quantified with tricosanoic acid (23:0) and
nonadecanoic acid (19:0) as internal standards. Chromatograms were
analyzed using the Xcalibur 1.3 integration software (Thermo
Scientific, Mississauga, ON, CA).

2.5. Statistical analyzes

With the absence of normal distribution for settlement of P. maximus
in relation to larval size and density, Kruskal-Wallis analyzes were used
for each factor (four levels of size category, three levels of stocking
density and four levels of week). As no stocking density effect was
determined, data was pooled to measure the size category effect. Effects
of larvae size category (four levels) and weeks (four levels) were tested
with two-way ANOVA for each species separately. Settlement success
were analyzed for each species separately using two-way ANOVA for
temporal effect of flow with four levels for each of the factors flow and
week for P. magellanicus, and six flow levels and four weeks levels for P.
maximus. Where differences were detected, least-square means multiple
comparison tests were used to determine which of the means were
significantly different. Normality and heteroscedasticity were tested by
using the Kolmogorov–Smirnov and Levene's tests, respectively. When
necessary, data was log+1 transformed to achieve normality of re-
siduals and homogeneity of variances. one-way ANOVA was performed
for each species separately for accumulation of total fatty acids and
specific fatty acids at the beginning and at the end of the four weeks
settlement experiments with four flow levels or four size category levels
for P. magellanicus, and six flow levels and three density levels for P.
maximus. When absence of normal distribution was observed, Kruskal-
Wallis analyzes were used. These statistical analyzes were done using
Systat V12.02 software.

Permutational multivariate analysis of variance (PERMANOVA with
9999 permutations) based on Euclidean dissimilarities, including a
posteriori pair-wise comparisons, was performed with PRIMER 6 (v.
7.0.13) and PERMANOVA+1 on fatty acids profiles from polar and
neutral lipid fractions. For P. maximus, each PERMANOVA was tested
with one factor for flow experiments and two factors (size larvae and
density) for the second experiment. For P. magellanicus, one-way PER-
MANOVA was used for flow rate and size experiment results.
Assumptions of homoscedasticity were verified with a PERMDISP test,
and data was arcsine square root transformed when necessary. The si-
milarity percentages (SIMPER) procedure was performed on un-
transformed data to identify specific fatty acids explaining the most
important dissimilarity between significant levels of factors.
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3. Results

3.1. Hydrodynamic characterization of flow in a downwelling sieve

Flow and turbulence are presented as means of measures obtained
in each sieve with flow rates of 0.4, 1.2 and 2.8 mLmin−1 from both
Norway and Canada (Fig. 1, n= 8), since similar downwelling sieves
and flow rates were used. There was a clear effect of flow rate increase
on flow velocity and turbulence measured in the sieves, and this varied
with the position of the sampling cell along the transect. Specifically,
ΔU was higher with a maximum value of 3.72 cm s−1 at the coordinates
−2 and 2, corresponding to water input position at the surface of the
sieve. The effect was predominant in the highest flow regime of
2.8 mLmin−1 cm−2. The ΔV and ΔW components of the flow showed
the highest values close to the edge of the sieve with a maximum value
of 0.92 cm s−1 for the v components and 0.55 cm s−1 for the component
w. Exception was noted for the flow of 1.2mLmin−1 cm−2 where
higher values were registered in the middle of the sieve for v and w
components. Turbulence also varied with the position of the sampling
cell along the transect for flow rates 0.4 and 2.8 mLmin−1 cm−2, with
higher values around the position of water input (coordinates −2 and
2). Turbulence increased progressively with flow rate, with the highest
value of 53.5 Jm−3 for 2.8mLmin−1 cm−2 (Fig. 1B).

3.2. Settlement success

Stocking density of larvae in the sieves was tested only for P.
maximus. Densities of 30, 60 and 90 larvae cm−1 presented no

significant difference in settlement success between treatments
(KW=0.793, p=0.673). However, the effects of size category
(KW=14.26, p=0.003) and week (KW=121.5, p < 0.001) were
significant for this species, with the highest value registered after four
weeks for larvae>170 μm after transfer to the sieves (Fig. 2). Similar
effects of size category (F=78.2, p < 0.001) and week (F=343.7,
p < 0.001) were observed in P. magellanicus without significant in-
teraction between factors (F=2.17, p=0.061). Maximum value of
40.1% settlement was observed after four weeks for P. magellanicus
larvae from the largest size category (> 240 μm) (Fig. 2).

For both P. maximus (flow: F=8.95, p < 0.001; week: F=163.7,
p < 0.001) and P. magellanicus (flow: F=119.3, p < 0.001; week:
F=205.3, p < 0.001), flow and weeks had a significant effect on
settlement success (% settled) without interaction between factors (P.
maximus: F=0.47, p=0.948; P. magellanicus: F=1.17, p=0.09). For
both species, higher settlement success was observed at flow
rates> 2mLmin−1 cm−2 after four weeks in the sieves (Fig. 3). The
maximum settlement percentages registered was 40.7% and 40.1% for
P. maximus and P. magellanicus, respectively, both at 2.8 mLmin−1

cm−2. The minimum level was 11.6% and 9.1% for P. maximus and P.
magellanicus, respectively. For P. maximus the minimum value was ob-
served at 1.2mLmin−1 cm−2 and for P. magellanicus at 0.4 mLmin−1

cm−2.

3.3. Physiological condition of settled post-larvae

Physiological condition of larvae distributed in each sieve was
characterized at the beginning of each experiment by the measure of

Fig. 1. Velocity in cm s−1 obtained on the x-, y and z spatial components (termed respectively U, V and W) and turbulence kinetic energy (TKE) in J m−3. TKE were
measured along the x-, y- and z-axes. Measurements in circular downwellers (sieves) were carried out at three different seawater flow rates (mL min−1 cm−2) for two
species. Mean ± SE, n= 8 (results from Norway and Canada pooled) replicate sieves.
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total fatty acids in the neutral lipids fraction corresponding to the ac-
cumulation of energetic reserves. For each experiment, the physiolo-
gical condition of larvae were similar before being exposed to different
treatments (P. maximus experiments on flow rates F=2.12, p=0.151
and larval size x stocking density F=0.615, p=0.204; P. magellanicus
experiments on flow rate F=0.47, p=0.948 and size F=1.51,
p=0.401) with a mean (± sd) of 22.5 ± 8.1 pg larvae−1 and
31.9 ± 10.7 pg larvae−1 for P. maximus and P. magellenicus, respec-
tively. Flow rate had a significant effect on the accumulation of total
fatty acids in settled post-larvae in the neutral lipid fraction, but not in
polar lipids in both species (P. maximus Neutral: F=10.61, p=0.014;
Polar: KW=2.58, p=0.461 and P. magellanicus Neutral: KW=8.98,
p=0.01; Polar: KW=3.75, p=0.178). In both species, accumulation
of total fatty acids in the neutral lipids at the highest flow rate of
2.8 mLmin−1 cm−2 was nearly twice as high as at the other flow rates
(Fig. 4). In relation to the size category of larvae when transferred to
sieves, we observed a significant difference in total fatty acids of settled
post-larvae of both species after four weeks in the sieves, but only in the
polar lipid fraction (P. maximus Neutral: KS=2.5, p=0.283; Polar:
KW=9.99, p=0.007 and P. magellanicus Neutral: F=3.88, p=3.88;

Polar: F=12.77, p=0.009). The highest values were measured in the
highest sizes categories> 170 μm (P. maximus) and>230 and 240 μm
(P. magellanicus) (Fig. 5).

Flow rate also impacted the composition of fatty acids in both lipid
fractions of each species as demonstrated by PERMANOVA analyzes (P.
maximus Neutral: Pseudo-F=24.5, P-perm<0.001; Polar: Pseudo-
F=9.47, P-perm<0.001 and P. magellanicus Neutral: Pseudo-F=14.5,
P-perm<0.001; Polar: Pseudo-F=11.2, P-perm<0.001). Simper ana-
lyzes showed that the difference in the fatty acid composition was ex-
plained mainly by the variation of docosahexaenoic acid, DHA (22:6n3)
contributing to between 28 and 56% of the differences observed. Post-
larvae that settled at higher flow rates accumulated more DHA after 4
weeks in the sieves than post-larvae exposed to low flow rates (Fig. 6).
This applied to the neutral and polar fraction in P. maximus (Neutral:
F=21.4, p < 0.001; Polar: KW=5.51, p=0.013) and P. magellanicus
(Neutral: KS=7.566, p=0.016; Polar: F=17.7, p < 0.001). The size
category of larvae had no effect on the fatty acid composition of polar
and neutral lipids in neither species.

Fig. 2. Settlement success (% of settled larvae in the sieves) of Pecten maximus and Placopecten magellanicus in a circular downwellers as a function of larvae size
category (right; data from different weeks were pooled as no interaction was observed) and week (left, data from different larval size were pooled). Different Anova
was applied for each species. Different letters indicate significant differences following least-square means multiple comparison tests. Mean ± SE, n= 4.
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4. Discussion

Our study showed that increasing the flow rate from 0.4 to
2.8 mLmin−1 cm−2 in settlement sieves of 24.4 cm in diameter im-
proved largely the settlement success and affected positively the phy-
siological condition of settled post-larvae by a higher accumulation of
total fatty acids in neutral lipid fractions and higher accumulation of
DHA. This study demonstrated also for P. maximus an absence of effect
of larval stocking density between 30 and 90 larvae cm−2 in the
downwelling sieves on the settlement success (% of initial number in
settlement sieves) for each larval size tested. Furthermore, we validated
the hypothesis of the positive effect of larval size and increased flow
after transfer to settlement systems on settlement success for two im-
portant commercial pectinid species, P. maximus and P. magellanicus.
Results show that the larger size class;> 170 μm for P. maximus
and>240 μm for P. magellanicus, is the best to increase the relative
settlement success. However, these large larvae tended to represent a
very small fraction of the total larval batch, thus the total outcome from
settlement in terms of number is very low for this size class, decreasing
the interest at the industrial level.

The behavior of settling bivalve larvae in response to water flow in a

downwelling system (sieves) usually used in hatcheries for settlement,
have rarely been investigated. The only studies we could find on the
effect of flow rate on settlement in down-welling sieves was by Robert
and Nicolas (2000) in P. maximus and Pernet et al. (2003) on mussel
larvae. However, in flume or pipe systems several investigations are
reported (Butman et al., 1988; Mullineaux and Butman, 1991;
Mullineaux and Garland, 1993; Olivier et al., 1996; Eckman and
Duggins, 1998; Finelli and Wethey, 2003; DiBacco et al., 2011; Koehl
et al., 2013). The advantageous of flume or pipe is the possibility to
isolate particular hydrodynamic variables. In downwelling sieves, each
hydrodynamic variable (U, V, W) varies with all others. However, as
demonstrated by Pernet et al. (2003c), this system allows the quanti-
tative measurement of survival and settlements success, not possible in
flume or pipe as the area studied there represents only a fraction of the
experimental unit. For aquaculture studies, a downwelling sieve is ad-
vantageous because of the possibility to apply a wide range of treat-
ments and replicates simultaneously with post-larvae originating from
the same larval batch. Thus, results can be directly transferred to
commercial hatcheries. Our results showed that the major hydro-
dynamic component related to flow regime in downwelling sieves was
the turbulence which increased three times when flow rate increased

Fig. 3. Settlement success (% of settled larvae in the sieves) of Pecten maximus and Placopecten magellanicus in a circular downwellers as a function of flow rate (right;
data from different weeks were pooled as no interaction was observed) and week (left, data from different flow rate were pooled). Different Anova was applied for
each species. Different letters indicate significant differences following least-square means multiple comparison tests. Mean ± SE, n= 4.
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from 0.4 to 2.8mLmin−1 cm−2. The higher turbulence at
2.8 mLmin−1 cm−2 was related to a settlement percentage that was
more than doubled compared to a flow rate of 0.4 mLmin−1 cm−2.
These results are in accordance with previous studies on mussels
(Pernet et al., 2003c) and clams (Crimaldi et al., 2002). Water motion
affected substrate exploration of competent larvae, like pectinid pedi-
veliger larvae, by stimulating or altering the exploratory behavior
(Butman, 1990; Mullineaux and Butman, 1991; Kobak, 2005; Dobretsov
and Wahl, 2008). Turbulence can increase the larval fluxes to sub-
stratum and some mollusk veliger larvae respond to turbulence by
sinking or diving more frequently (Fuchs et al., 2013), increasing their
contact and subsequent settlement. The basic decision of larvae re-
garding swimming or sinking in response to turbulence cues have a
dramatic effect on settlement rates (Hubbard et al., 2015). However,
peaks in hydrodynamic force on settling larvae can also decrease their
probability of anchoring (Crimaldi et al., 2002; Koehl et al., 2013). The
maximum flow rate studied in our downwelling sieve seemed not to
develop hydrodynamic forces washing settled larvae off the surface.
Thus, the generated turbulence seemed to increase contact of pedive-
liger larvae to settling surface explaining, at least partially, the higher
settlement rate observed. The positive effect we found of flow rate and

turbulence on pediveliger larvae is in contrast to the negative effect of
hydrodynamic forces reported by Holbach et al. (2017) on early D-ve-
liger larvae of P. maximus exposed to aeration. However, their larval
system was very different from our settlement system.

Turbulence can also enhance the contact of food with pediveliger
larvae (Fréchette et al., 1989; Gallager, 1993) and thus increase their
feeding efficiency stimulating settlement success. Furthermore, as algae
concentration was the same at all flow rates, the level of particles of-
fered to the larvae per unit time therefore increased with flow rates.
Settlement and metamorphosis of post-larvae and early juveniles are
highly energetic processes (Holland and Spencer, 1973) and competent
pediveliger larvae have a limited ability to feed on phytoplankton
during the degradation of the velum and development of gills (Baker
and Mann, 1993; Veniot et al., 2003). However, a limitation to in-
creased turbulence in settlement system is expected and further works
is needed to identify this limitation. Recent work on American oyster
larvae, Crassostrea americanus, demonstrated that pediveliger larvae
swim harder when they are tumbling in strong currents (Fuchs et al.,
2017). The ciliary swimming uses a small fraction of metabolic energy
in still water (Crawford, 1992), but in high turbulent environment
oyster larvae are unable to gain energy in strong turbulence partly by

Fig. 4. Effect of flow rate on total fatty acid accumulation in polar and neutral lipid fraction in settled post-larvae of each species. Different Anova was applied for
each species. Different letters indicate significant differences. NS – not significant.Mean ± SE, n=4.
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inhibited food capture (Fuchs et al., 2017). As larvae swim and feed at
the same time using the same appendage, it seems that at too high
turbulent conditions, they cannot do both at full capacity simulta-
neously. In your experiments, it seems that the higher flow rate used
does not seem sufficient to generate turbulence impact on food inges-
tion by pediveliger larvae, as their accumulation of fatty acid content in
neutral lipid fraction (energetic lipid reserve) were higher.

P. maximus and P. magellanicus larvae characterized by the greater
accumulation of neutral fatty acids during the pre-metamorphic period
have been demonstrated to have better settlement and metamorphosis
success (Pernet et al., 2006; Gagné et al., 2010). These results are in
accordance with our study where the larvae in higher turbulent con-
ditions showed higher accumulation of total fatty acids in the neutral
lipid fraction. Neutral lipids are mainly constituted by triacylglycerol,
the main energetic lipids in bivalve larvae and polar lipids by the
phospholipids, the main constituent of membrane lipids (Delaunay
et al. 1992, 1993; Genard et al., 2011). As no difference was observed in
polar lipids, the differences in physiological conditions seem not related
to the difference in shell height of settled larvae related to flow rate

condition, but only to energetic lipid accumulation. Thus, keeping
pectinid pediveliger larvae in downwelling sieves for four weeks in
turbulent conditions will stimulate higher feeding efficiency resulting in
higher settlement success. These larvae will also accumulate higher
proportion of DHA (22:6n3), probably related to higher feeding effi-
ciency resulting in higher retention of this essential fatty acids. DHA has
been demonstrated to be a growth-limiting factor for pectinid larvae
(Delaunay et al., 1993; Soudant et al., 1998; Nevejan et al., 2003;
Pernet and Tremblay, 2004; Pernet et al., 2005). DHA are incorporated
in membrane phospholipids and is involved in the maintenance of the
structural and functional integrity of biological membranes (Hazel,
1995). DHA comes from the dinoflagellates in the diet, as Isochrysis
galbana and Pavlova lutheri are richer in DHA compared to Chaetoceros
mulleri. The results could suggest a higher feeding efficiency for the two
dinoflagellates compared to C. mulleri under turbulent conditions.

To our knowledge this study is the first to characterize the effect of
seawater flow rate on settlement success of different pectinid species
cultured under similar conditions. Previous studies have focused mainly
on the substratum (Harvey et al. 1993, 1997; Heasman et al., 2002; De

Fig. 5. Effect of larvae size category on total fatty acid accumulation in settled post-larvae of each species. Different Anova was applied for each species. Different
letters indicate significant differences. NS – not significant. Mean ± SE, n= 4.
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La Roche et al., 2005), temperature and salinity (Pearce et al., 1996;
Christophersen and Magnesen, 2009), trophic condition (Nicolas and
Robert, 2001; Pernet et al., 2006; Gagné et al., 2010), biofilm (Tritar
et al., 1992; Parsons et al., 1993; Leyton and Riquelme, 2008) and
chemical cues (Martinez et al., 1999; Mesías-Gansbiller et al., 2008).
We demonstrated the importance of controlling water flow parameters
in downwelling settlement system. We used an experimental design
close to the commercial scale and thus the results obtained are relevant
to industry situations. The possibility of improving and stabilizing
scallop spat production by using correct larval size, time and hydro-
dynamic cues was shown. Clearly, we demonstrated that the hydro-
dynamics of settlement growth systems are important for maximizing
the output of viable scallop post-larvae and juveniles (spat). However,
to further improve the settlement success, interaction between size and
high flow rates could be tested in the future. In the literature, the
number of studies aiming at increasing settlement success of P. maximus
and P. magellanicus are limited (Pernet et al., 2005: 2006; Andersen
et al., 2011, 2013; Galley et al., 2017), but with values rarely over 20%,
the transition from larval to juvenile stage is a limiting factor. Our re-
sults are promising and shows that the larvae size before transfer to

settlement sieves and the sieve flow conditions increase synchronicity
and settlement success to over 40%. We observed positive effects of
flow rate and size of larvae but no effect of larval stocking density.
However, we suggest that these positive results may be related to the
levels of flow used in the experiments – they may be too low to find
negative impacts. Thus, it is necessary to test increasing levels until
observation of negative results is made to determine the optimum level
of turbulence generated by the flow rate for the settlement success of
these scallop species.
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