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Abstract

Environmental and husbandry factors play key rolesin the control of byssus attachmentand
detachmentin many bivalve species. Identifyingand understanding the impact of influential factors
is essential forthe management of post-settlement hatchery reared juvenilesin species, such asthe
scallop Pecten maximus. We assessed the impact of substrate type and condition, and attachment
period on attachment of juvenile scallops between 1.9and 5.9mm inshell height. Comparisonofa
variety of substrates showed that scallop juveniles have a preference fortextured hard surfaces,
with mean attachmentupto 75.6+14.4% after 24 hours on rivenslate in staticconditions.
Attachment could be significantly increased by preconditioning substrates in flow-through tanks of
unfiltered seawater and by having undisturbed attachment periods longerthan 1 hour. The effect of
substrate type and substrate condition on retention of seed was assessed inaflume. Forall
substrates, retention decreased with increasing water velocity. However, of the substrates
examined (wool, nylon and slate), retention was greatest on the riven slate, with attachment up to
100% at water flow of 12.6+0.2 cm second™, although this was not statistically greater than on wool
or nylon. Across all substrates preconditioning by immersion in seawater for two weeks significantly
compromised juvenile retention at higher watervelocities. Based on these findings, recommended
parameters for maximising juvenile P. maximus attachment and retention in watervelocities up to
12.6+0.2cm second ' include utilisingariven slate type hard substrate, preconditioned for 1 week,

with juveniles allowed to attach for 24 hours.

Statement of Relevance

This study providesimportantadvancesin ourunderstanding of the influence of different husbandry

and environmental conditions on promoting attachment and retention of Pecten maximus juveniles
in the hatchery and on-growing environment.

Thisinnovative study examined the impact of novel substrate materials, substrate preconditioning,
attachment period and water velocity, all variables that impact upon juvenile scallop attachment.

Following assessment, we offer specificrecommendations for promoting attachment and retention
of juveniles of the scallop P. maximus.
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Abbreviations

FSW 1um filtered, UV-lightirradiated seawater
Umax Maximum water velocity
Uav Depth-average watervelocity

u* Shearvelocity



Introduction

The king scallop Pecten maximus, like most pectinid scallops, begins their settlement stage attached
by thin byssal threads to benthicsurfaces, enabling them to withstand hydrodynamic pressures and
avoid dislodgement from their chosen environment (Beningerand Le Pennec, 1991; Brand, 1991,
Minchin, 1992). It has been demonstrated in bivalves that byssus production, strength and
attachmentare affected by environmental conditions (van Winkle, 1970; Allen etal., 1976; Paul,
1980a,b; Young, 1985; Dolmerand Svane, 1994; Pearce and Bourget, 1996; Christophersenand
Strand, 2003; Carton et al., 2007; Babarro et al., 2008; Lachance et al., 2008; Ank et al., 2009;
Brennerand Buck, 2010; Gagné et al.,2012). Detachmenthasbeenassociated with exposure to
sub-optimal and stressful conditions (Carton et al., 2007), and has been linked to secondary dispersal

behaviour, including pedal crawling and byssal drifting (Roper et al., 1995; Lundquist et al., 2004).

Attachmentisrestricted to early juvenile P. maximus, with most remaining attached up to 4-13mm
inshell length, and few remaining attached once they reach 15mm (Brand, 1991; Minchin, 1992).
Previous studiesin pectinids associaterapid attachment, and high and stable attachment with high
growth and survival (Paul, 1980a,b; Christophersen and Strand, 2003). In pectinids, including P.
maximus, key factors affecting byssus attachment include salinity (Paul, 1980a; Heasman et al.,
1994; Christophersen and Strand, 2003), temperature (Paul, 1980b; Christophersen and Strand,
2003), air exposure, chemical irritants,and pH (Heasman etal., 1994), as well as periods of

attachment opportunity, nutrition and shear velocity (Gagné et al., 2012).

Importantly, post-metamorphiclocomotion in P. maximus is not restricted to unattached juveniles
and adults, with early post-larvae plantigrades alternating between periods of attachment and
periods of pedal crawling (Gruffydd and Beaumont, 1972). Small juveniles (<500um in shell length)
can employ byssal drifting, (Sigurdsson et al., 1976; Lane et al., 1985; Beaumontand Barnes, 1992),
whilst juveniles as small as 3mm, but usually greater than 5mm, actively swimorjump by ejecting

waterfrom the mantle cavity to propel themselves through the water column.

There has been considerable research and commercial development of aquaculture of P. maximus in
several European countries (Robert and Nicholas, 2000; Bergh and Strand, 2001; Spencer, 2002;
Torkildsen and Magnesen, 2004; Andersen etal., 2011; Strand et al., 2016). The culture of P.
maximus typically involves collecting or settling spat on a variety of materials, eitherinthe wild orin

the hatchery (Brand et al., 1980; Paul et al., 1981; Magnesen and Christophersen, 2007). Plastic



mesh bagsfilled with plasticand nylon material have been used as spat collectors, incorporating
Netlon and polyethylene bags (Brand et al., 1980; Paul et al., 1981). Whilstinthe hatcheryand
laboratory nylon mesh (Millican, 1997) and PVCsurfaces (Gagné et al., 2012) have proven suitable
attachment materials. However, thereisaneedforbetterunderstanding of the effect of
environmental conditions on byssal attachmentand detachmentin juveniles. Animals thatare
attaching, detachingoractively dispersing are diverting valuable resources away from somatic
growth. Furthermore, both wild collected and cultured spat typically have to be detached from
initial settlement materials, before being transfer to new equipment, such as mesh trays and pearl
netsfor subsequent culture stages (Millican, 1997; Andersen etal., 2011), therefore promotion of
re-attachment could be important. Understanding how environmental and husbandry factors affect
seed, bothinterms of attachmentand retention, will allow effective management strategies to be
adoptedin hatcheries, supportingthe improvement of scallop culture by innovating appropriate

juvenilenursery systems (Andersen et al., 2011).

In this study we examined the influence of different husbandry and environmental conditions on
promoting attachmentand retention of P. maximus seed animals. Specificgoalsincluded; (1) to
assess the impact of variables likely to affect seed attachment in a hatchery environment, including
previously untested substrate materials, substrate pre-condition, and attachment period, and (2) to
measure the impact of waterflow velocity onthe level of seed detachmentand retention, including

the interaction between velocity and other conditions.

Materials and Methods

Scallop larval culture

Veligerlarval P. maximus (202 +19um in shell length) were obtained from the Scalpro AS hatchery
(Rong, Norway). These were checked to determine quantity and condition, based upon survival,
before stockingata density of 5 larvae ml ™ in 65-litre static polyethylene tanks. Tanks were
operated as static batch systems, filled to a volume of up to 45 litres with lum filtered, UV-light
irradiated seawater (FSW), atasalinity of 33%.. Seawaterwas pumped from the Menai Strait,
through two sets of settlement tanks before being subjected to fine filtration using GE hytrex filter
cartridges andirradiation witha 110W Commercial UV steriliser. Culture temperaturewas
maintained at 16+1°C. Threetimesa weekthe larvae were sieved onto a45um mesh screenand

inspected, and the containers cleaned before the larvae were restocked. Larvae were fed witha



mixed microalgal dietequivalentto 30 cells ul " day™, consisting of Pavlova lutheri(PLY75), Isochrysis
sp. (clone T-1SO) (PLY506A) and Chaetoceros calcitrans (PLY537) at a cell ratio of 1:1:1. Larvae were
rearedinthis system for up to 20 days followingarrival, before transferto a juvenile downwelling

culture system.

Downwelling culture system

Juvenilescallops were maintainedin cylindrical sieves (160mm dia.) with mesh sizes ranging from an
initial 85um up to 500um, with meshsize increasingin line with scallop growth. Sieves were
connectedto a narrow 23-litre central tank suspendedinalarger 120-litre reservoirtank. Water
was pumped fromthe reservoirto the central tank, which flowed back to the reservoirthrough the
sieves. The system was supplied with a constant seawater inflow (0.28+0.06 litres minute ™) filtered
using GE hytrex filter cartridges to 10um. The system was maintained atambienttemperature,
ranging from 10 to 20°C. Juvenile scallops were fed a mixture of microalgae daily, consisting of P.
lutheri, Isochrysis sp., C. calcitrans, Rhinomonas reticulata (CCAP 995/2), and Tetraselmis chuii (CCAP

8/6) ab libitum.

Standardised juvenile pre-experimental regime

Priorto commencing experiments, a proportion of juveniles were removed from the downwelling
culture system and maintained for6days undera controlled and standardised husbandry regime in
orderto ensure a comparable starting condition of animals used in the study. Juveniles were
stocked at a density of 1.0g (wet weight), in statictanks of FSW, and maintained ata temperature of
1241°C. Tanks were aerated and 100% water changes conducted every 2-3days. Juveniles were
fed a mixed microalgal diet equivalent to a cell concentration of 75 cells ul™ day™ of Isochrysis sp., P.
lutheriand C. calcitrans, at a cell ratio of 1:1:1. Measurements of shell height were made to
determine the experimental size range after juvenile conditioning. Digital images of juveniles were

taken usinga Canon EOS 1000D, and images measured using Image J software.

Juvenileattachmentto substrate types overtime

A range of materials were compared, including hard surfaces such as smooth glass and textured
slate, and soft natural fibrous materials, as well as nylon mesh. Experimental parametersforall

experimentsare summarisedin Table 1. All substrates were formedintosmalltiles: Glasstileswere



from standard glazing panes and slate from riven roofing tiles, whilst all fabricsubstrates were
wrapped round a core of slate to provide arigid, negatively buoyantstructure. Inall experiments,
juveniles were stocked at 0.520.05 cm directly onto the substrates in staticdishes filled with FSW.
Water temperature was maintained at 12+1°C and attachment dishes were fed as described for
conditioning. Juvenileswere added to dishes and left undisturbed foran attachment periods of 1or
24 hours, under constantillumination. Substrates were gently rinsed to remove any unattached
juveniles and attachment percentage determined from counts of attached juveniles. Inall
experiments scallop juveniles of <13mm shell length wereused (Table 1), as thisis within the size

range when attachmentis known to occur (Brand, 1991; Minchin, 1992)

Effect of preconditioning substrates on juvenile attachmentand retention

Following the same method, juvenile attachment was compared on substrates preconditioned for 0,
1 and 2 weeksin a flow-through tank, supplied with seawater pumped from the Menai Strait,
through two sets of settlement tanks but without additional filtration. The substrate preconditioning
tank was a 120-litre polypropylenetank maintained at 12+1°C and supplied with aninflow of
approximately 0.42+0.12 litres minute ™, equating to a residence time ranging from 3 hours 42
minutesto 6 hours 40 minutes. Inaddition, detachment of juvenile scallops was examinedina
laminar flow re-circulating benthicflume (Figure 1) at velocities up to 12.6+0.2 cm second ™. The
flume consisted of adm long x 0.4m wide fibre glass raceway tank with PVCbottom plate with nine
5.5x5.5cm depressions to hold substrate tilesin a 3x3 configuration (Figure 2—see Supplementary

Material for full description).

The flume was filled with 1um filtered seawater to a constant depth of 5cm, with an approximate
total volume of 90 litres. Watertemperature was maintained at 12+1°C and experiments were
carried out in constant illumination. Velocity profiles were measured priorto running experiments
(see Supplementary Material) and expressed as mean maximum (tstandard deviation) water
velocity (mean Umax) across the various substrate types. Asaninitial control, passiveretention of
unattached juveniles placed directly on the substrates within the flume was tested overarange of
mean maximum water velocities, for 10 minutes at each velocity. Thereafter, substrates with
attached juveniles were transferred from the settlement dishes and the tests repeated. Inall flume
experiments retention was quantified from counts of juveniles at the beginning and end of each

velocity period, with dispersed individuals removed.



Table 1: Summary of experimental parameters.

Experiment Response Environmental variables Treatment Shell height of
variable replicates juveniles scallops
post- standardisation
(mm)
e Substrates:
Glass (50.4 x50.2 x 3.9mm -wx | x h)
Slate (50.6 x 50.6 x 3.5mm) Range=19to 5.4
Nylon mesh (53.9 x 539 x 1.5mm - (mean 3.3 £0.8)
Juvenile % 500um diameter weave)
attachment to Attachment Wool (56.6 x 56.9 x 7.4mm) 5
substrate types Cotton (54.3 x 53.9 x 5.2mm)
over time Soy fabric (54.1 x 53.3 x 5.1mm)
Hemp (55.4 x 55.8 x 4.9mm)
Attachment periods:
1 hour, 24 hours
Substrate:
Wool, Slate, Nylon
Effect of % Substrate Pre-condition: Range=19t0 5.9
preconditioning Attachment 0,1, 2 weeks 3 (mean 4.0 £1.0)
substrates & Retention

Water velocity (cm second'l):
0.0, 7.2 #0.1, 10.1 #0.2, 12.2 #0.1, 12.6
0.2

Statistical analyses

All data sets are described as a percentage of attached or retained seed, whilst flumevelocities are

described ascm second™. Priorto analysing, all percentage data were converted by arcsine square

root transformation. Datapresentedinallfiguresisuntransformed. Datasets were tested usingthe

Anderson-Darling testtoinvestigate departure from normality and Bartlett’s test to assess

heteroscedasticity beforeapplying any test of comparison (Sokal and Rohlf, 1995). Two-and three-

way ANOVA tests were used, as appropriate, to determine if there was any significant difference in

percentage attachment and retention, followed by pairwise comparisons between treatments using

Tukey’s comparison test. All results were considered to be significantly different when P<0.05.

Analyses were undertaken using the statistical package Minitab®.



Results

Juvenileattachmentto substrate types overtime

The mean percentage attachment of juvenile scallops to seven substrate materials after 1and 24
hoursis showninFigure 3. The ability of scallops to attach was significantly influenced by both
substrate type (ANOVA: F-statistic=8.80, P =<0.001, DF = 1) and length of attachment period
(ANOVA: F-statistic=55.73, P = <0.001, DF = 1), although nointeraction between the two variables
was observed (ANOVA: F-statistic=1.41, P =0.227, DF =6). Attachmentafter1 hourwas limited,
with significantly greater attachment after 24 hours. Highest attachment was to the slate substrate,
which was significantlyhigherthan on most other substrates (Tukey P<0.05), with the exception of
wool and glass (Tukey P>0.05) (Figure 3). Attachmentwaslowesttothe cotton substrate, but this
difference was only significantly lowerthan the slate, wool and glass substrates (Tukey P<0.05).
Attachmentto all othersubstrates was statistically equal (Tukey P>0.05) (Figure 3). The limited
significant difference between substrates s likely aconsequence of the variable ratesin juvenile

attachmentobserved to each substrate type.

Effect of preconditioning substrates on juvenileattachmentand retention

Results of the initial control test, showed that both watervelocity and substrate type influenced the
passive retention of unattached juvenile scallops. Figure 4showsthe percentage decrease of
unattached juvenile scallops retained on nylon, slateand wool substrates with increasing water
velocities (cm second™). Retention on all substrates significantly decreased with increasing water
velocity (ANOVA: F-statistic=30.81, P = <0.001, DF = 4). Retention atthe highestvelocity,
12.6+0.2cm second™, was significantly lower than all othervelocities (Tukey P<0.05), except
12.2+0.1cm second ™ (Tukey P>0.05). Retention atall watervelocities was significantly lowerthanin
staticwater (Tukey P<0.05), whilst retention at 7.2+0.1cm second ™ was significantly higher than at
10.1+0.2cm second ™, which was approximately equalto 12.2+0.1cm second™. There wasa
significant difference between substrates (ANOVA: F-statistic=15.74, P =<0.001, DF = 2), with
significantly more individuals displaced from slate and nylon substrates than from wool (Tukey
P<0.05). There was no difference between slate and nylon (Tukey P>0.05). There was no significant
interaction between watervelocity and substrate on the retention of unattached juveniles (ANOVA:

F-statistic=1.73, P = 0.131, DF = 8).



The mean percentage attachment of juvenile scallops (after 24 hours) to slate, wool and nylon
preconditioned in seawaterfor 1 and 2 weeks compared to unconditioned substrates isshownin
Figure 5. There was nosignificant effect of substrate type on attachment of juvenile scallopsin this
experiment (ANOVA: F-statistic=0.19, P =0.828, DF = 2), howeverthere was adifference between
substrate preconditioning treatments (ANOVA: F-statistic=4.37, P =0.028, DF = 2). Attachmentto
substrates preconditioned for 2 weeks was significantly higher than unconditioned substrates (Tukey
P<0.05). Nosignificantinteraction between the variables was observed (ANOVA: F-statistic=2.00, P
=0.138, DF = 4).

Figure 6 shows the mean percentage retention of juvenilescallops on slate, wool and nylon
substrates preconditioned for0, 1 and 2 weeks underwatervelocities up to 12.6+0.2 cm second™.
Analysis showed that the length of substrate preconditioning (ANOVA: F-statistic=22.52, P =<0.001,
DF = 2) and watervelocity (ANOVA: F-statistic=10.72, P = <0.001, DF =4) significantly influenced
juvenileretention, whilst substrate type had noinfluence (ANOVA: F-statistic=0.75, P = 0.474, DF =
2).

Retention of attached juvenile scallops was highest for substrates preconditioned for 1 week,
followed by those on unconditioned substrates, (Figure 6). Retention onsubstrates pre-conditioned
for twoweeks was significantly lowerthan on both unconditioned and 1-week preconditioned
treatments (Tukey P<0.05). Maximum retention was on substrates preconditioned for 1week,
althoughretention on unconditioned substrates was statisticallyequal (Tukey P>0.05). Retentionto
all substrates decreased with increasing velocity (Figure 6), with highest detachment at the highest
velocity (12.6+0.2cm second ™), significantly higher than atall othervelocities (Tukey P<0.05), except
12.2+0.1cm second™. However, velocities up to 10.1+0.2cm second ™ did not resultin significantly
higher dispersal than staticconditions (Tukey P>0.05). Velocities of 7.2+0.1 and 10.1+0.2cm second’
' and 10.1+0.2 and 12.2+0.1cm second displayed approximately equal retention. A combined
effect of substrate preconditioning and water velocity was also found (ANOVA: F-statistic=2.36, P =
0.024, DF = 8), as the magnitude of loss from substrates preconditioned for 2 weeksincreased ata
greaterrate with increasingvelocity, than from substrates preconditioned forOor 1 week, with

larger differences observed at 12.2+0.1cm second ' and above.



Discussion

Maximising the retention of valuable seed animalsis a priority for bivalve aquaculture, however
many environmental stimuli have beenidentified as factors influencing attachmentand retentionin
juvenilebivalves. Thisstudy providesimportantinsightsintothe influence of multiplefactorson

juveniles of the scallop P. maximus.

Substrate type

In this study, experimental substrates were not chosen to imitate natural substrates butinstead to
reflectarange of textures which may prove useful inahatchery environment. The behaviour of
juvenilesinrelation to theirenvironmentand handlingisimportant tofuture hatchery operations
for thisspecies. Notably the slate material usedinthis study was riven and textured, and therefore
more like a natural rock surface, howevertogetherwith the fibre materials, they wereseen as
offering substrate options, which were natural, biodegradablein the case of the fibre materials, and
alternativesto more traditional plasticbased materials. The effectiveness of artificial and natural
substrates as sites of bivalve attachmentin other species has provento be dependent upon the
properties of the substrate (Pearce and Bourget, 1996; Devakie and Ali, 2002; Ank et al., 2009;
Brennerand Buck, 2010). The presentstudy analysed substrate materials offering arange of
propertiesincluding hard surfacesin the form of smooth glass and textured slate, soft natural
fibrous materials, as well as nylon mesh as a representative of the type of material used withinthe
bivalve hatcheryindustry. Substrate type did influence re-attachment of juvenile P. maximus
althoughinfluence could be inconsistent. From this study slate offers the most suitable attachment
substrate, although wool and nylon are also effective substrates. A more suitable andreliable
substrate material remainsto be identified, althoughitis likely that other environmental factors act
in concert with substrate properties. Orientationand shape of attachmentstructures have also

beensuggested asimportantfactors forstudy (Paul etal., 1981).

In many cases the retention of attached bivalves, is also dependent upon the relationship with
hydrodynamicpressures. Previous studies have demonstrated that the influence of substrate
properties can be modified by changing water velocities, with incidence of pedal crawling or byssus
driftingincreasingin conjunction with water velocity (Roper etal., 1995; Lundquistetal., 2004). In

flume experiments, Lundquist et al. (2004) demonstrated that juveniles (<8mminlength) of the



bivalves Macomona liliana and Austrovenus stutchburyiundertook increasing active dispersal

behaviour, inresponseto unsuitable substrate type andincreasing flowvelocity.

In the flume experiment with attached juveniles in the present study, detachmentincreased with
watervelocity. Gagné etal. (2012) also demonstrated anincrease in dispersal of smaller P. maximus
juveniles(<1.2to >1.5mm in length) with increasing water velocity. In ourstudy attached juveniles
between 1.9and 5.9mm could resist significant dispersal at Umax velocities up to 10.1+0.2cm
second™, atleastovershort periods, with attachment remaining high at water velocities up to
12.6+0.2 cm second ™. Whilstthere was no statistical divergence between substrates, retention was
greatestonthe rivenslate, with mean attachment notably up to 100% at the highest watervelocity
tested. Whilstthisisgreaterthanthe velocitiesappliedin an on-shore nursery system developedin
Norway, fed with natural seawaterata flow rate of 2 to 4cm second™ (Magnesen and
Christophersen, 2007), it demonstrates that juvenile scallops can remain attached under greater
velocities, including those that may be experienced in off-shore systems. Italso suggests that flow
ratesin on-shore systems could be increased, even overshort periods of time, in ordertoincrease
food availability, preventing potential reductions injuvenile growth due to food depletion
(Magnesen and Christophersen, 2007). It is recognised that watervelocity affects scallop filtration
and feeding behaviour, with excessive velocities leading to stress and growth inhibition. Flow
speedsbetween 0.2and 6cm second ™ have been recommended for different species, as reviewed
by Magnesen and Christophersen (2007). However, increasing velocities toincrease food availability

could be possible without necessarily causing detachment and dispersal of juveniles.

This study also implies thatthere is a mechanical effect of the substrate material, as well as the
juvenilescallop’s ability to attach and remain attached to the various substrates. Inourstudy under
flowing water conditions the test substrates had noinfluence on mean (Uav)and maximum (Umax)
velocities, howeverthere was a profound difference in the estimated shear velocities (U*) (see
Supplementary Material). As expected, the wool substrate had a consistently higher U*,
approximately twice as high compared to nylon andslate, inline with roughersurfaces havinga
highershearvelocity (Kirkgdz, 1989). This study showed that substrate properties had asignificant
impact upon passive juvenileretention, with the increased roughness and complexity of the wool
increasingretention of unattached juveniles. Retention of all unattached individuals decreased with
increasing water velocity for each substrate, however more individuals were displaced from the slate

and nylon substrates thanfromthe wool substrate. Atthe highestvelocity dispersal was on average



32.8 t0 53.7% loweron wool than onslate and nylon respectively. Therefore, the shearvelocities

across substrates play a key role injuvenile retention.

Attachment period

The length of attachment period priorto disturbance also plays a crucial role (Paul, 1980b). Drag
forces associated with detachment have been significantly and positively correlated with the
duration of attachment in cyprids of the barnacle Balanus Amphitrite (Eckman et al., 1990). In our
study attachment after 1 hour was significantly lower than after 24 hours on all tested substrates. In
particularattachmentincreased by over 300% on slate after 24 hours. This concurs with the study
by Gagné et al. (2012) who showed in smaller P. maximus juveniles, ranging from <1.2 to >1.5mm in
length, higher detachment was observed following an attachment period of just 30 minutes
comparedto a 12-hour attachment period, when subjected to shear velocities of 1.42 cm second™
and over. The implication forculture activitiesis that P. maximus are slow to form attachmentsand
require sufficienttime following detachment, such as when being moved between rearing stages, to
reform secure byssus attachmentbefore being subjected to hydrodynamic pressures. Assessment of

a wide range of attachment periods could be beneficial to optimise handling protocols.

Surface preconditioning

In the present study a marginal improvementin attachment on slate and wool was seen with
increased length of preconditioning, whilst a dramaticincrease was observed between nylon mesh
conditioned for 1week or more overclean unconditioned nylon. Overall preconditioning substrates
for 2 weekssignificantly improved attachment over clean substrates, whilst preconditioning for 1
week resultedin attachment that was neithersignificantly higher norlowerthan eitherother
treatment. Itis accepted that biofilm coverings on substrates serve as an attraction for bivalve
settlement (Pearce and Bourget, 1996; Devakie and Ali, 2002), and the properties thatact onlarval
settlement may alsotriggeraresponseinolderjuvenilesto some degree. Preconditioning
substrates may potentially overcomeany deficiencies in the actual substrates, as seen with the
nylonsubstrate inthe current study. The presentstudy also showed that substrate preconditioning
influences the retention of juvenile animals. In the flume retention was higher, with increasing
velocity, on substrates pre-conditioned for 1 week, although this was not significantly higher than
unconditioned substrates. In contrastto the results seenforattachmentitisclearthat

preconditioning substrates fortoo long, i.e. 2weeks, compromised the mean retention of juvenile P.



maximus to artificial substrates. The shearingaway orerosion of biofilmsis related to hydrodynamic
factors, with material detachmentincreasing with fluid velocity (Trulear and Characklis, 1982).
Therefore, excess biofilm material may not provide a stable attachment structure, with erosion
leadingtoa loss of attachment. In addition, the results alsoindicate that there is aninteraction
between substrate precondition and watervelocity. Thisis because not only was the detachment
higherfrom substrates conditioned for 2weeks, but the magnitude of loss from substrates
conditioned for2weeksincreased at agreaterrate with increasingvelocity, than on substrates
conditionedfor0Oor 1 week. The detrimental nature of excess biofilm was magnified with increasing
velocity. Itistherefore clearlyimportantto establish the impact of substrate condition both on
attachmentand retention. Inthis case a moderate conditioning period of 1 week optimises
attachment whilst maximising the retention of those that attached. Notably, inthe experiment
examiningthe impact of preconditioning, retention on slate conditioned for 1 week was up to 100%

at the highest watervelocity tested.

This study examined the impact of a range of culture and environmental factors on the attachment
and retention of juvenile P. maximus. It demonstrated that factorsincluding substratetype,
substrate preconditioning, attachment period and watervelocityall play animportantrole. Based
upon the results, recommended aquaculture practices for maximising the chance of juvenile P.
maximus attachment and retention in water velocities up to 12.6£0.2cm second™, isto use a riven
slate type hard substrate, preconditioned for 1 week, with juveniles allowed to attach for at least 24
hours. The results of this broad study provide additionalinsightinto life stages key to the effective
culture and management of thiscommercially important species. However, itisclearthat
influential factors should not be considered inisolation, since therecan be interaction between

multiple variables.

Acknowledgements

The authors would like to thank Dr Thorolf Magnesen and the Scalpro AS hatcheryin Rong, Norway,
for supplying the scallops, and LIlyn Aquaculture, Wales, for providing the fibreglass raceway used for
the flume. We wouldalsolike tothank colleagues fromthe School of Ocean Sciences at Bangor
University; DrJaco Baas and Dr Jonathan Malarkey for the introduction to and technical supportin
devisingourbenthicflume, andits calibration; Gwyn Hughes for microalgal technical support; and

lan Nicholls forthe construction of flume components. This research was supported through the EU



Framework 7 funding programme as part of the project “Research to Improve Production of Seed

(REPROSEED)” (Grant No. 245119).

References

Allen, J.A., Cook, M., Jackson, D.J., Preston, S., Worth, E.M., 1976. Observations on the rate of
production and mechanical properties of the byssus threads of Mytilus edulis L. Journal of
Molluscan Studies 42: 279-289.

Andersen, S., Christophersen, G., Magnesen, T., 2011. Spat production of the great scallop ( Pecten
maximus):arollercoaster. CanadianJournal of Zoology 89: 579-598.

Ank, G., Porto, T.F., Pereira, R.C., daGama, B.A.P., 2009. Effects of different bioticsubstrataon
mussel attachment. Biofouling 25: 173-180.

Babarro, J.M.F., ReirizM.J.F., Labarta, U., 2008. Secretion of byssal threads and attachment strength
of Mytilus galloprovincialis: the influence of size and food availability. Journal of Marine
Biological Association of the United Kingdom 88: 783-791.

Beaumont, A.R., Barnes, D.A., 1992. Aspects of veligerlarval growth and byssus drifting of the spat
of Pecten maximus and Aequipecten (Chlamys)opercularis. |CES Journal of Marine Science 49:
417-423.

Beninger, P.G., Le Pennec, M., 1991. Functional anatomy of scallops. In:S.E. Shumway, ed. Scallops:
biology, ecology and aquaculture. Amsterdam: Elsevier Science. pp. 133-223.

Bergh, @., Strand, @., 2001. Great scallop, Pecten maximus, research and culture strategiesin
Norway: a review. Aquaculture International 9: 305-318.

Brand, A.R., Paul, J.D., Hoogesteger, J.N., 1980. Spat settlement of the scallops Chlamys opercularis
(L.) and Pecten maximus (L.) on artificial collectors. Journal of the Marine Biological
Association of the United Kingdom 60: 379-390.

Brand, A.R.,1991. Scallop ecology: distributions and behaviour. In:S.E. Shumway, ed. Scallops:
biology, ecology and aquaculture. Amsterdam: Elsevier Science. pp. 517-584.

Brenner, M., Buck, B.H.,2010. Attachment properties of blue mussel (Mytilus edulis L.) byssus
threads on culture-based artificial collector substrates. Aquacultural Engineering 42: 128-139.

Carton, A.G., Jeffs, A.G., Foote, G., Palmer, H., Bilton, J., 2007. Evaluation of methods forassessing
the retention of seed mussels (Perna canaliculus) prior to seeding for grow-out. Aquaculture
262: 521-527.

Christophersen, G., Strand, @., 2003. Effect of reduced salinity onthe great scallop (Pecten

maximus) spat attwo rearing temperatures. Aquaculture 215:79-92.



Devakie, M.N., Ali, A.B., 2002. Effective use of plasticsheetassubstrate in enhancingtropical oyster
(Crassostrea iredalei Faustino) larvae settlementin the hatchery. Aquaculture 212:277-287.

Dolmer, P.,Svane, |., 1994. Attachmentand orientation of Mytilus edulis L. in flowing water.
Ophelia40: 63-74.

Eckman, J.E., Savidge, W.B., Gross, T.F., 1990. Relationship between duration of cyprid attachment
and drag forces associated with detachment of Balanus amphitrite cyprids. Marine Biology
107: 111-118.

Gagné R, TremblayR., Oliver, F., Pernet, P.M., Samain, J-F., 2012. Effect of shearvelocityandflow
regime on scallop post-larval detachment feed on two different diets. Aquaculture 370-371:
172-178.

Gruffydd, LL.D., Beaumont, A.R.,1972. A methodforrearing Pecten maximus larvae inthe
laboratory. Marine Biology 15: 350-355.

Heasman, M.P., O’Connor, W.A., Frazer, A.W., 1994. Detachmentof commercial scallop Pecten
fumatus, spat from settlement substrates. Aquaculture 123: 401-407.

Kirkgdz, M.S.,1989. Turbulentvelocity profiles forsmooth and rough open channel flow. Journal of
HydraulicEngineering 115: 1543-1561.

Lachance, A.A., Myrand, B., Tremblay, R., Koutitonsky, V., Carrington, E., 2008. Bioticand abiotic
factors influencing attachment strength of blue mussels Mytilus edulis in suspended culture.
AquaticBiology 2:119-129.

Lane, D.J.W., Beaumont, A.R., Hunter, J.R., 1985. Byssus driftingand the drifting threads of the
young post-larval mussel Mytilus edulis. Marine Biology 84: 301-308.

Lundquist, C.J., Pilditch, C.A., Cummings, V.J., 2004. Behaviourcontrols post-settlement dispersal by
the juvenilebivalves Austrovenus stutchburyiand Macomona liliana. Journal of Experimental
Marine Biology and Ecology 306: 51-74.

Magnesen, T., Christophersen, G., 2007. Large-scale raceway nursery forimproved scallop (Pecten
maximus) spat production. Aquacultural Engineering 36: 149-158.

Millican, P.F., 1997. The hatcheryrearingof the kingscallop ( Pectin maximus). Lowestoft: Centre for
Environment, Fisheries and Aquaculture Science.

Minchin, D.,1992. Biological observations onyoungscallops, Pecten maximus. Journal of the
Marine Biological Association of the United Kingdom 72: 807-819.

Paul, J.D.,1980a. Salinity-temperature relationshipsinthe queen scallop Chalamys opercularis.

Marine Biology 56: 295-300.



Paul, J.D.,1980b. Upper temperature tolerance and the effects of temperature on byssus
attachmentin the queenscallop, Chalamys opercularis. Journal of Experimental Maine Biology
and Ecology 46: 41-50.

Paul, J.D., Brand, A.R., Hoogesteger, J.N., 1981. Experimentalcultivation of the scallops Chlamys
opercularis (L.) and Pecten maximus (L.) using naturally produced spat. Aquaculture 24:31-44.

Pearce, C.M., Bourget, E., 1996. Settlement of larvae of the giantscallop, Placopecten magellanicus
(Gmelin), onvarious artificial and natural substrata under hatchery-type conditions.
Aquaculture 141: 201-221.

Robert, R., Nicolas, L., 2000. The effect of seawater flow and temperature on metamorphosis and
postlarval development in great scallop. Aquaculture International 8: 513-530.

Roper, D.S., Nipper, M.G., Hickey C.W., Martin, M.L., Weatherhead, M.A., 1995. Burial, crawlingand
drifting behaviour of the bivalve Macomona liliana inresponse to common sediment
contaminants. Marine Pollution Bulletin 31: 471-478.

Sigurdsson, J.B., Titman, C.W., Davies, P.A., 1976. The dispersal of young post-larval bivalve molluscs
by byssusthreads. Nature 262: 386-387.

Sokal, R.R., Rohlf, F.J., 1995. Biometry: The principles and practice of statistics in biological research.
Third ed. New York: Freeman.

Spencer, B.E., 2002. Molluscan shellfish farming. Oxford: Blackwell Science.

Strand, @., Louro, A., Duncan, P.F., 2016. European Aquaculture. In:S.E. Shumway and G. Jay
Parsons, eds., Scallops: Biology, Ecology, Aquaculture and Fisheries. Oxford: Elsevier Science.
pp. 859-890.

Torkildsen, L., Magnesen, T., 2004. Hatchery production of scallop larvae (Pecten maximus) —
survival in different rearing systems. Aquaculture International 12: 489-507.

Trulear, M.G., Characklis, W.G., 1982. Dynamics of biofilm processes. Journal (Water Pollution
Control Federation)54: 1288-1301.

van Winkle Jr., W.,1970. Effectof environmental factorson byssal thread formation. Marine
Biology 7: 143-148.

Young, G, A., 1985. Byssus-thread formation by the mussel Mytilus edulis: effects of environmental

factors. Marine Ecology Progress Series 24: 261-271.



List of Figure Legends

Figure 1: Diagramof the benthic flume constructed to test the influence of water velocity on juvenilescallops.

Figure 2: Planview of the substratesection of the flume (scaleincm).

Figure 3: Mean percentage attachment (+ standard deviation) of juvenile Pecten maximus to seven different

substrates over attachment periods of 1 and 24 hours.

Figure 4: Mean percentage retention (+ standard deviation) of unattached juvenilescallops on wool, slate and
nylon substrates set in a benthic water flume over a series of increasing water velocities, following exposure

for 10 minutes at each velocity.

Figure 5: Mean percentage attachment after 24 hours (t standard deviation) of juvenile Pecten maximus on

wool, slate and nylon substrates preconditioned in seawater for 0, 1 and 2 weeks.

Figure 6: Mean percentage retention (+ standard deviation) of attached juvenile scallops on wool, slate and
nylon substrates preconditioned in seawater for 0, 1 or 2 weeks, over a series of increasing water velocities,

following exposure for 10 minutes at each velocity.
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Highlights

e We assessed the effect of environmental and husbandry factors on the attachmentand
retention of juvenile Pecten maximus.

e Maximum attachment of juvenilescallops was on a textured hard surface, with mean
attachmentup to 75.6+14.4% after 24 hourson rivenslate. Attachmentcould be increased
by preconditioning substrates and by having undisturbed attachment periods longerthan 1
hour.

e Retention of attached juveniles decreased with increasing water velocity, up toa maximum
tested velocity of 12.6+0.2 cm second™.

e There was no statistical differencein juvenile scallop retention on wool, nylon and slate
substratesinflowing water conditions. However, it was greatest onriven slate, with
retention up to 100% at water velocities of 12.6+0.2 cm second™. Preconditioning
substrates influenced retention, with lower retention following substrate preconditioning
for 2 weeks.

e Recommended parameters for maximising attachmentand retention in water velocities up
to 12.620.2cm second ™ are to use a riven slate type hard substrate, preconditioned for 1
week, and to allow juveniles to attach for 24 hours.
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