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SUMMARY

The great scallop, Pecten maximus, is a valuable bivalve species attractive for human
consumption. Scallop aquaculture is increasing, but availability of spat is a bottleneck to the
development of a viable culture industry in many countries. The collection of P. maximus spat
from the wild has been insufficient, and intensive hatchery production is considered an
optional strategy for a predictable spat supply to growers in Norway. Large variations in
growth and survival during the post-larval stages are experienced, and temperature, salinity
and food availability have been identified as critical environmental factors during the nursery
growth stage. A nursery bridges the gap between intensive culture in the hatchery and grow-
out in the sea, and covers the rearing from metamorphosis (ca. 0.25 mm) until the commercial
spat size of 15-20 mm. Transfer between production stages and grow-out sites is required in
scallop culture. The present study filled an information gap related to effects of environmental
factors on small scallops (ca. 2 mm) in the transition phase between hatchery and nursery.
Different transfer strategies were investigated to test the capability of scallop spat to tolerate

transfer and adapt to new environmental conditions.

Experimental studies with hatchery reared P. maximus showed that viability through the
various spat stages could be improved by employing adequate culture and transfer strategies.
Transfer of spat of different settlement age to nursery was approved to further increase the
spat yield. Site selection and timing of transfer are of major importance, and the observed sub-
optimal and lethal environments should be avoided. Higher rearing temperature (18 vs. 15 °C)
resulted in increased growth and survival, while salinity of 20 and 25 affected growth,
survival and byssal attachment negatively. Exposure to low temperatures was a main factor
affecting the performance of small spat. Acclimation of 1-2 mm spat to a lower temperature
than in the hatchery improved post-transfer survival to seawater of <7 °C. So did transfer of
larger (4 mm) spat. Alternatively, spat could be transferred to a land-based nursery using solar
heated and fertilised “poll” water as food source to give an earlier start of the production
season in the spring. The growth was similar to in sea-based nursery. Dry transportation of
small spat was shown feasible up to 12-24 hours. The change to "poll" food conditions
resulted in a significant decrease of lipids, but except for sterol content, the nutritional status
at transfer was not associated with growth and survival in the land-based nursery. Increased
water recirculation rates in the hatchery rearing tanks hardly affected the spat performance

and the chemical composition, thus supporting more efficient utilisation of algae.
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INTRODUCTION

The scallop Pecten maximus

Scallops are invertebrate animals in the phylum Mollusca, class Bivalvia and family
Pectinidae, and widely distributed. Worldwide about 40 scallop species belonging to the
supragenera Chlamys, Mimachlamys, Aequipecten, Palliolum, Decatopecten and Pecten are
commercially or potentially commercially exploited for human consumption (Waller 1991,
Minchin 2003). A large adductor muscle is the most attractive part of the scallop and
therefore the European great scallop, Pecten maximus, is one of the most sought-after species.
The great scallop is distributed along the eastern coast of the North Atlantic Ocean, from
northern Norway (Vesteralen) south to the Iberian Peninsula (Tebble 1966, Wiborg & Behle
1968, Hoisater 1986), but is also registered as far south as Cape Verde off West Africa and in
the Mediterranean (Ansell et al. 1991, Pefia 2001). P. maximus lives in subtidal areas from
low water to more than 100 metres depth, and is found on bottoms of firm sand, fine or sandy
gravel, sometimes with an admixture of mud (Tebble 1966, Brand 1991 and references
therein). The food source is suspended phytoplankton, detritus, bacteria and other organic
material which the scallop filters from the water (Bricelj & Shumway 1991, Beninger &
Decottignies 2005).

P. maximus grow to a shell-height of 150 mm or more in most areas (Ansell et al. 1991), and
may have a life length beyond 20 years (Tang 1941, Mason 1957, Orensanz et al. 1991).
Reproductive age is reached after 2-3 years (Tang 1941) and commercial size of >100 mm
shell-height after 4-6 years (Mason 1957) in the northern part of the geographical range, while
in the southern part maturity may be reached after 1 year and minimum legal size (100 mm
shell length = 91 mm shell-height) within 2 years (Acosta & Roman 1994). The great scallop
is a functional hermaphrodite where the gonad is divided in two compartments containing
sperm and eggs respectively (Dakin 1909, Tang 1941, Mason 1958). The sperm and eggs are
usually shed with a time-lag and fertilisation takes place in the water column. The annual
reproduction cycle of P. maximus is influenced both by environmental and genetic factors,
and the spawning period is mainly between April and October, but depends on location (Tang
1941, Mason 1958, Wilson 1987a, Paulet et al. 1988, Strand & Nylund 1991, Pazos et al.
1997, Duinker 2002).
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Fertilised eggs develop into trochophore larvae and further to straight-hinged (D-shaped)
veliger and pediveliger larvae (Le Pennec et al. 2003, Fig. 1). The velum is used for both food
capture and movements, as suggested for the foot during the pediveliger stage (Cragg & Crisp
1991, Reid et al. 1992). The larval phase is planktonic, and as for marine bottom invertebrates
in general, the length of the pelagic life and ocean currents determines the dispersal (Thorson
1961, Thouzeau 1991). At a size of 200-250 pm competent P. maximus larvae are ready-to-
settle and show the features required to undergo metamorphosis (Gerard et al. 1989, Fig. 1).
Biological, chemical and physical factors affect settlement and metamorphosis (Le Pennec et
al. 2003), and the scallops are able to settle and attach itself to a variety of substrates (Minchin
1992, Chauvaud et al. 1996). Byssus threads are secreted from a gland in the foot and the
pediveligers can choose between crawling or attach to a suitable substrate (Cragg & Crisp
1991). During metamorphosis the D-shape is gradually lost and the velum degenerates along
with development of the gills (Gruffyd & Beaumont 1972, Gerard et al. 1989). Consequently
the feeding strategy changes during the early life stages (Reid et al. 1992, Kean-Howie et al.
1995). From 1 to 4 mm shell-height the post-larvae or spat develop into a miniature of an
adult scallop with a functional gill apparatus (Beninger et al. 1994). The scallop stops
producing byssus threads at approximately 15 mm, detaches, and continues a free life on the

seabed (Minchin 1992).

During the early life stages the number of surviving scallops related to the number of eggs
spawned is greatly decimated. Studies have estimated survival from egg to recruitment (age 2-
4 years) of scallops in nature to 1-5 x 10” % survival of Placopecten magellanicus
(McGarvey et al. 1992) and Chlamys islandica (Vahl 1981). Salaiin (1994, cited in Le Pennec
et al. 2003) reported 31-73 % survival of P. maximus during the veliger larval stage in situ,
and Orensanz et al. (1991 and references therein) 4-10 % survival during the first months after
settlement of Patinopecten yessoensis. Environmental conditions such as temperature, food
availability and hydrodynamic may affect survival, and a variety of predators are likely to be
encountered during the planktonic stage. Later in life the scallops are mainly vulnerable to
predation by crab and starfish species (Barbeau et al. 1996, Fleury et al. 1996, Strand &
Volstad 1997, Cliche & Giguere 1998).
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Figure 1. The life cycle of Pecten maximus (PI and PII = prodissoconch I and II).
From Le Pennec et al. 2003.

Environmental impact on scallop physiology

Scallops occur in most seas of the world and inhabit the range of climatic zones from polar to
tropical (Brand 1991, Waller 1991, Pefia 2001). How the environment affects the different
scallop species depends on the climatic, oceanographic and ecological characterisation of the
natural habitat (Lodeiros et al. 2001, Minchin 2003). P. maximus is adapted to a life in
temperate to cold regions (Koeppen’s climate classification), and the natural habitat is
subtidal, where temperature, salinity and food levels are relatively constant (Brand 1991).

Variations in salinity and temperature affect growth, survival and activity of marine species in
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general (Kinne 1964), and it is shown that the functional activity and cellular mechanisms of
marine molluscs are affected by altered salinity (Berger & Kharazova 1997). Pectinids are
less adapted to large environmental variations compared to other bivalves like clams, oysters
and mussels, which live in coastal and estuarine habitats exposed to tidal variations. The
biological and physical processes in coastal waters are closely coupled and benthic filter
feeders, including wild and cultured bivalves, play important roles in these ecosystems

(Bayne 1998, Riisgérd & Larsen 2000).

Recruitment depends on successful development and survival during the different life stages
along with matching environmental conditions. While thermal stress is shown to increase the
ratio of anomalies in P. maximus larvae and thus lower the viability (Salaun et al. 1991),
favourable environmental conditions should result in normal development. Temperature and
food availability are among the factors that affect the length of the larval stage, onset of
metamorphosis, settlement and geographical distribution of scallops (Brand 1991, Thouzeau
1991, Le Pennec et al. 2003). The shell characters develop according to habitat, and the
different scallop species have a morphology which reflects the ecological niche they occupy.
The ecomorphological features have evolved due to characteristics of the water environment,
substrate, type of competitors and predators (Minchin 2003). The shell valve design and
muscle size and position determine the swimming ability, which for many scallops are
reduced during ontogeny (Baird & Gibson 1956, Gould 1971). Shell thickness and strength
have evolved as a response to environmental conditions such as temperature and salinity or to
avoid predators (Vermeij 1993, Reimer & Harms-Ringdahl 2001). Adult P. maximus are
sedentary and recessed but capable of swimming by clapping the valves and escape if
predators threaten them or the environment deteriorates. Unfavourable environment can cause

slower escape response and thus indirectly affect survival (Dickie 1958, Lafrance et al. 2003).

The bivalves are poikilothermal organisms (ectotherms), meaning their body temperature
fluctuates with that of the surrounding environment (Holmes 1979). Metabolism in general
varies with temperature and physiological processes are accelerated as a consequence of
increased temperature (Schmidt-Nielsen 1990). The interrelationship between temperature
and metabolism, development and behaviour of ectotherms is, however, complex and affects
physiological processes at many levels (Wieser 1973). Marine bivalves respond to the quality
of the surrounding seawater, and important processes related to feeding, digestion, respiration,

circulation, excretion and osmoregulation are influenced by the environment (Bayne 1976,
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Gosling 2003). Most energy requiring processes depend on available oxygen, and the body
size affects the oxygen consumption of bivalves in general (Gosling 2003) and scallops in
particular (Bricelj & Shumway 1991, Thompson & MacDonald 1991, Strickland & Dabinett
1993, Lu et al. 1999a, Frenette et al. 2002). Respiratory stress or aerial exposure is shown to
affect the heart activity (Brand & Roberts 1973) and the acid-base status (Duncan et al. 1994)

of P. maximus negatively, which reflects the sublittoral adaptation of scallops.

Scallops are shown to be susceptible to small changes in temperature (Dickie & Medcof 1963,
Strand et al. 1993, Chauvaud et al. 1998), but the tolerance limits vary with species and
geographical range (Brand 1991). The capacity, rate and effect of adjustments to a different
environment are affected by the animals’ environmental history, genetic background,
physiological condition, metabolism, age and size (Kinne 1963, Schmidt-Nielsen 1990). The
rate of acclimatisation tends to follow the rate of metabolism, resulting in longer time needed
for adjustment to a decrease in temperature than an increase. Both the ontogenetic and the
physiological stage have impact on viability, and many of the scallop functions respond to
temperature, salinity and food availability, which in turn affect growth and survival. For
instance byssus formation in pectinids appears to be extremely sensitive to environmental
changes (Brand 1991), specifically to reduction of salinity (Castagna & Chanley 1973, Paul
1980a, O’Connor & Heasman 1998, Rupp & Parsons 2004).

Feeding and digestion, in terms of filtration and digestive enzyme activity, are temperature
dependent processes (Bayne 1976). The food availability in nature is related to fluxes of
organic material and algae blooms which vary with season. In addition, water velocity and
currents are important factors determining the growth environment and in turn affecting
feeding behaviour (Wildish & Kristmanson 1997). Filter feeders capture suspended food
particles from the water by the gills and transport them to the mouth with the help of cilia,
mucus and surface currents on the gills (Bayne et al. 1976, Barker Jorgensen 1990, Beninger
& Le Pennec 1991). Food quality, concentration, particle size and presence of toxic algae
regulate the clearance- and ingestion rates of scallops (Vahl 1972, 1973, Winter 1978,
Riisgard 1988, Bricelj & Shumway 1991, Cranford 1995, Bacon et al. 1998, MacDonald et al.
1998). The explanations of how the bivalve feeding mechanism functions and adapts to the
environment are to some extent controversial. Studies of pre- and post-ingestive particle
processing currently reveal new knowledge (Jorgensen 1996, Levinton et al. 1996, Bayne

1998, Hawkins et al. 1998, Brillant & MacDonald 2000, Riisgard & Larsen 2000, Dufour &
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Beninger 2001, Hawkins et al. 2001, Brillant & MacDonald 2002, 2003, Ward et al. 2003,
Milke & Ward 2003, Beninger et al. 2004), and the research on particle selection in

suspension- and deposit-feeding bivalves has recently been reviewed by Ward & Shumway

(2004).

Why culture scallops?

Culture of fish and marine molluscs has a considerable history and dates back several
hundreds of years B.C. (Mann 1984, Gosling 2003). Production for human consumption is a
main reason to initiate the culture of a species, and the advantage of culture should equal or
exceed the benefits of ordinary fishery of the target species. The selection of a suitable species
for aquaculture may be based on different criteria, and the first documentation of such is from
China in about 500 B.C. where Fan Lee (cited in Mann 1984) determined a prime species to
be tasty, hardy, not cannibalistic, inexpensive to culture, and of rapid growth. According to
Mann (1984) bivalve species of the genera Ostrea, Crassostrea and Mytilus fit to Lee’s
criteria with the addition of adequate availability of juveniles, i.e. spat. In high-technology
economies other criteria may predominate, and the trend is rather towards establishing culture

techniques for species of high market price such as the molluscs, abalone and scallops.

Scallop aquaculture has shown an increasing trend during the last decades (Bourne 2000,
FAO 2002). The landings (fishery and aquaculture) totalled 200 thousand tonnes in 1970 and
have since increased ten-fold with 90 % now coming from culture. Environmental changes,
habitat deterioration, pollution, irregular recruitment and heavy fishing pressure have led to
collapse of fisheries and scallop populations in many countries (Gould & Fowler 1991,
Orensanz et al. 1991, Bull 1994, Lu & Blake 1997b, Strand & Velstad 1997, Stotz & Mendo
2001). To meet a general market demand aquaculture has to a large extent replaced scallop
fisheries, i.e. in Japan, China and Chile (Ventilla 1982, Guo et al. 1999, Stotz 2000). In other
countries reestablishment of populations for fishery, culture or restoration of endangered
species are aimed at through stock enhancement and conservation programmes (Cliche &
Giguere 1998, Dao et al. 1999, Arnold 2001, Stotz & Mendo 2001, Tettelbach et al. 2002,
Drummond 2004). Such strategies require hatchery produced or wild collected scallops for
transplantation to the target area. According to Bourne (2000) no large unexploited scallop

stocks are known at present, and most of the fisheries are currently harvesting stocks at
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maximum yield. Hence a further increase in scallop production will rely on culture operations.

Aquaculture is the most rapid growing food producing sector in the world (FAO 2002), and
marine molluscs is an important source of highly nutritious animal protein. It is debated
whether fish aquaculture per se will add to the net global fish supply in the future (Naylor et
al. 2000, Tidwell & Allan 2002), as opposed to the farming of filter feeding bivalves which
do not require input of wild fish for feed. Bivalves represent about 25 % of the total
aquaculture production in the world, equivalent to ca. 12 million tonnes (FAO 2001).
Globally several scallop species are exploited through fisheries and culture. The total scallop
production, wild and farmed, stands at 2 million tonnes (FAO 2001) of which China produces
50 % (Guo et al. 1999). Japan is the second largest producer (25 %) and in Asia culture is the
dominating production form. In Europe most of the scallop production, 4 % of the world total,
comes from fisheries (FAO 2001) as in the US (Shumway & Castagna 1994). UK and France
are the largest producers in Europe with 28 and 23 thousand tonnes respectively (FAO 2001).
The Norwegian scallop production of approximately 500 tonnes is P. maximus, harvested by
divers. The domestic and export market is not yet satisfied and stimulate a larger output of
scallops. Increased number of harvestable scallops in Norway is believed to come from sea-
ranching of P. maximus, relying on release of hatchery produced seed scallops, i.e. spat or
juveniles (Bergh & Strand 2001, Agnalt et al. 2003).

Availability of spat is a key factor in the development of an aquaculture industry. Spat is
defined as the spawn or young of bivalve molluscs (Holmes 1979), and can be obtained by
collection from wild or from production in hatcheries. Collection relying on natural spat fall is
a viable option in many countries worldwide, but usually limited to specific species and areas
(Shumway 1991 and references therein). Some countries rely solely on hatchery produced
spat, others on spat collection from wild, and others again use a combination of the two
methods (Dadswell 2001, Spencer 2002). In Europe the collection of sufficient P. maximus
spat from nature has been unreliable and a year-to-year challenge (Dao et al. 1999). Spat
settlement around the Isle of Man is reported to be generally very low, yet supporting a
sustainable fishery (Beukers-Stewart et al. 2003). Attempts to obtain scallop spat from the
wild in Norway and UK have resulted in low numbers of P. maximus spat per collector (Paul
et al. 1981, Strand & Velstad 1997). Consequently, intensive hatchery production is
considered an optional strategy for a predictable spat supply in Norway (Bergh & Strand
2001).
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To be sustainable a commercial scallop culture must satisfy economic, social and
environmental requirements (Hishamunda & Ridler 2002), all factors implemented in the
development of a scallop culture in Norway. Culturing scallops may be profitable as scallops
obtain high market price and is a sought-after product for human consumption. Scallops are
popular as fresh seafood, but also well suited to be freshly frozen which expand the market
possibilities. The European species P. maximus is one of the most valuable species due to its
large size (Dao et al. 1999) and reputation among chefs as a tasty and high quality ingredient.
In general, sea based bivalve culture is regarded environmental friendly, as scallops do not
need therapeutics or additional food to what is naturally occurring in the seawater. Norway
has no tradition of harvesting P. maximus by conventional fishing gear mainly because of
unsuitable bottom conditions (Strand & Velstad 1997). The water environment and bottom
substrate are however considered appropriate to scallop culture. The Sea Ranching Act (LOV-
2000-12-21-118) adapted for the recapture right by concession holders of released scallops in

a defined area, furthermore facilitating the development of scallop culture in western Norway.

Constraints in scallop spat production

Successful scallop aquaculture depends on reliable growth and survival during the different
production stages. Large variations in growth and survival during the different productions
steps from larvae to spat is a worldwide experience (O Foighil et al. 1990, Bourne & Hodgson
1991, Heasman et al. 1994b, Couturier et al. 1995, Robert & Gérard 1999, Heasman et al.
2002, Le Pennec et al. 2003, Rupp et al. 2004b, Torkildsen & Magnesen 2004), and a
bottleneck in the development of viable scallop culture industries. The scallops go through
several critical stages in culture from broodstock conditioning to the size of 15-20 mm, which
is the commercial spat size in Norway. The physical and nutritional environment is
manipulated during conditioning and broodstock diet affects fecundity and viability of eggs
and embryos (Utting & Millican 1998, Andersen & Ringvold 2000). Food quality and
quantity are essential for larvae to successfully going through metamorphosis and survive the
post-larval stages (Whyte et al. 1987, 1992, Delaunay et al. 1992, Farias et al. 1998, Lu et al.
1999b, Milke et al. 2004, Rupp et al. 2004b), and substrate type, water circulation, food
availability, temperature and salinity are important factors determining larval settlement

(Shumway 1991 and references therein). Temperature, salinity and food availability are



17

critical environmental factors during post-larval and spat growth. In hatcheries it is possible to
enhance the output of scallop larvae and post-larvae, i.e. obtain higher spat yields than in
nature (Loosanoff & Davis 1963, Le Pennec et al. 2003, Torkildsen & Magnesen 2004).
Nevertheless, P. maximus spat yields are shown to be variable in culture (Robert & Gérard
1999, Bergh & Strand 2001).

A primary requisite in any culture operation is a reliable, plentiful and inexpensive supply of
seed, i.e. spat or juveniles (Bourne 2000). Successful scallop culture industries exist, as in
China and Japan, but spat are in short supply in several other countries. The information
regarding environmental requirements of post-larvae and small spat is scarce, and Bourne
(2000) emphasises the need for considerable research to be carried out in all phases of culture
to develop large scallop industries. Descriptions of scallop spat culture procedures in large
(commercial) scale systems exist primarily as hatchery manuals and confidential protocols,
but also in more general literature as for Placopecten magellanicus (Couturier et al. 1995),
Pecten fumatus (Heasman et al. 1994b, 2002), Patinopecten yessoensis (Ventilla 1982,
Bourne et al. 1989, Bourne and Hodgson 1991), Argopecten purpuratus, Argopecten
ventricosus, Euvola ziczac, Nodipecten nodosus and N. subnodosus (Uriarte et al. 2001,
Merino et al. 2001), Argopecten irradians irradians (Widman et al. 2001), Argopecten
irradians concentricus (Sastry 1965, Lu & Blake 1997b) and P. maximus (Millican 1997,
Hardy 1991, Robert and Gérard 1999). Few findings of small spat in nature are reported
(Baird 1956, Larsen & Lee 1978, Minchin 1992). Thus, published research on the biology of
early life stages of scallops is for the most part obtained from studies in laboratory or hatchery
situations, and related to reproduction, larval phase and grow-out of larger juveniles. Due to
the development of scallop aquaculture industries over the last decades, the focus on the

hatchery-nursery phase increases.

The post-larval growth stages are crucial in the spat production process, and adequate rearing
conditions are fundamental. A nursery bridges the gap between intensive production in
hatchery and grow-out in the sea (Claus 1981, Bourne et al. 1989), and covers the rearing of
recently metamorphosed larvae (ca. 0.25 mm) until the juvenile size of 20-30 mm shell-height
(Bourne 2000). Nursery growth may be divided into a primary and a secondary stage, with the
primary nursery growth to approximately 2 mm usually in close connection with the hatchery.
Due to rapid growth, the increase in food demand during the post-larval stage of bivalves is

substantial, and facilitates the use of cost-effective semi-intensive secondary nurseries, which
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can be sea- or land-based depending on natural or cultured algae as food source (Claus 1981,
Manzi et al. 1986, Strand 1996, Hadley et al. 1999). The spat are kept in different kinds of
enclosures (i.e. nets or trays) suspended from long-lines in the sea or in raceways or tanks
with horizontal, downwelling or upwelling water flow. In 1981 the attention was paid to the
use of semi-intensive growth systems or nurseries in bivalve production (Claus 1981). State of
the art revealed few works dedicated to scallops at that time, but the use of nurseries as
extensions to the hatchery has developed along with increased interest in cultivation (Claus
1981, Rhodes et al. 1981, Rosenthal et al. 1995, Gosling 2003). Therefore, most of the
documented research on scallop nursery culture has been carried out during the last 10-15

years.

Major physiological and anatomical development takes place during the post-larval growth
stages (Fig. 1), and thus small scallops are fragile and vulnerable to changes in the rearing
conditions. Ontogenetic changes in response to the environment must be considered during
stressful culture operations, as mortality associated with transfer and handling procedures may
limit the spat yield (Maguire et al. 1999a,b,c, Maeda-Martinez et al. 2000). Limited
information exists about nursery-sized scallops in general, and the knowledge concerning the
smallest spat of <2 mm size is restricted to a few species of commercial interest. Regarding P.
maximus of this size group, just a few parameters have been studied, i.e. the effect of food
quantity, seawater flow and temperature on post-metamorphic development (Robert &
Nicolas 2000, Nicolas & Robert 2001), and different diet compositions (Laing &
Psimopoulous 1998). Diet and food availability are also studied for the species P.
magellanicus (Ryan et al. 1998, Milke et al. 2004), N. nodosus (Rupp et al. 2004b), P.
yessoensis (O Foighil et al.1990) and Argopecten sp. (Martinez et al. 1995, Lu & Blake 1996,
1997a), and Shumway et al. (1997) compared particle clearance and selection in three of the
species. Effects of rearing temperature and salinity are reported for small spat of P. fumatus
(Heasman et al. 1994a, 1996) and Amusium balloti (Wang et al. 2002), while studies of
deployment to sea-based nursery is reported for A. purpuratus (Martinez et al. 1992), P.
magellanicus (Levy et al. 1998, Grecian et al. 2000, 2003) and N. nodosus (Rupp et al. 2004a,
Rupp et al. 2005). The present study intends to fill the information gap related to effects of
environmental factors on <2 mm P. maximus in the transition phase between hatchery and
nursery. Such knowledge is crucial to improve culture methods and secure seed supply to

scallop growers.
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In cold and temperate water areas, like the North Atlantic, the length of the growth season in
the sea is limited by environmental conditions such as low temperature in the spring (Grecian
et al. 2000, 2003). The restricted period suitable for deployment to sea-based nursery is
regarded a constraint in scallop spat production, and an extension of the production season
compared to in nature is considered needed for scaling up scallop spat production in Norway
(Bergh & Strand 2001). Hatchery production of P. maximus post-larvae is practiced on a year-
round basis in Norway (Torkildsen & Magnesen 2004), while further growth in nurseries
based on natural algal production is season dependent. However, it has been demonstrated
that it is possible to produce juvenile scallops independently of season in land-based indoor
nurseries (reported in Bergh & Strand 2001). The longer the period of the year, in which
scallops can take advantage of the natural food production, the more beneficial it is to
producers. If spat can be available earlier in the year, and larger spat provided the growers at
the optimum time of the growth season, the yield can be increased. The use of different
culture strategies, by modifying the husbandry methods or manipulating the scallop spat, is

hypothesised to result in a prolonged growth season.

In Norway, P. maximus spat have been hatchery produced for a 10-15 years period (Bergh &
Strand 2001). The post-larval and spat performance in the hatchery-nursery phase is variable
and a lot of questions concerning rearing conditions remain unanswered to obtain a
predictable spat production. A scaling-up of the spat production in Norway depends on an
economic viable and biological stable production in the hatchery-nursery phase, and the
search after more cost-effective production methods is a continuing process. The culture
strategy of P. maximus proposed for Norway requires efficient transportation of different
stages of scallops between different sites (Bergh & Strand 2001). As the growth conditions in
spring-early summer are inadequate in Norwegian waters, strategies to increase the tolerance
of spat to environmental changes and using alternative husbandry practice and nursery
systems are considered possibilities to overcome the problem of variable survival. By
increasing the survival through the different production stages, a viable production of scallop

spat may be assured.
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Objectives

The objective of the study was to investigate effects of critical environmental factors on
scallop post-larvae and small spat performance in culture. Experiments with hatchery reared
Pecten maximus were designed on the purpose to study effects of temperature, salinity and
food availability on growth, survival, byssal attachment and chemical composition. Different
transfer strategies from the hatchery to sea- and land-based nurseries were to be investigated
in order to improve the viability during the transition phase and after exposure to
environmental changes. Pre-transfer acclimation of the spat to colder water temperature or
transfer to nursery using "poll" water as food source was hypothesised to give an earlier start
of the production season in the spring, and the investigations intended to extend the

knowledge of scallop spat capability to tolerate transfer and adapt to new culture conditions.

RESULTS AND DISCUSSION

Influence of rearing environment on spat performance

Effects of temperature and salinity on growth and survival

Temperature and salinity are environmental factors that highly control the normal
development of scallops (Shumway 1991, Gosling 2003). Exposure to low temperature and
salinity clearly influenced the performance of small (<2 mm) P. maximus spat (Paper 11, III).
Temperature was stated the main environmental factor affecting growth and survival of small
spat deployed to the sea (Paper II), in compliance with the results of Rupp et al. (2005)
concerning small spat of the tropical species Nodipecten nodosus. Low temperature showed
inhibited shell-height growth expressed as daily specific growth rate (SGR) averaging 1.6 %
vs. 2.9 % of spat deployed to the sea at temperatures below and above 10 °C respectively
(Paper II). Likewise, lower SGR (1.3 %) was shown for spat kept at 15 °C than for spat kept
at 18 °C (2.3 %) in experimental indoor growth units (Paper III). The effect of higher
temperature was in the same way seen (SGR 4.0 % vs. 6.2 %) for ash free dry weight growth
(Paper III). Growth of larger (5-14 mm) P. maximus spat has been shown limited by
temperature at 6.5 °C and by ration at 22.9 °C (Laing 2000), and based on condition index

data a temperature of 17 °C was recommended the best nursery rearing temperature. Robert &
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Nicolas (2000) suggest post-larval growth of P. maximus to take place at 15 °C even though a
larger spat size was obtained at 18 °C after 5 weeks in micro-nursery. The temperatures used
in the discussed papers (I-V) were for the most part kept within the range that should sustain
growth according to Laing (2000), thus the results indicated a similar response to temperature
of small (=2 mm) and larger (>5 mm) spat. Post-larval growth in the hatchery was at 15 °C,
while experimental temperatures were 12-19 °C except for the occasions where spat were
transferred to the sea in early spring (Paper II, Table 1). An experimental rearing temperature
of 18 °C gave higher spat survival during 25 days (92 % vs. 75 %) than a temperature of 15
°C (Paper III). At sea temperatures below 7 °C survival of 0.7-2.6 mm spat averaged less than
5 %, but survival increased substantially to 24-60 % when the temperature reached 10 °C
(Paper II). Likewise, retrieval rates obtained of other scallop species are shown to vary with
deployment date (i.e. temperature) to sea-based nurseries. Grecian et al. (2003) reported 53-97
% retrieval of Placopecten magellanicus spat >1.4 mm deployed to the sea, and Rupp et al.
(2005) obtained 1.5-42.8 % retrieval of N. nodosus deployed at a size of 0.5 mm.

Table 1. Obtained growth of small scallop (Pecten maximus) spat reared at different environmental
conditions based on raw-data from results presented in paper I-V from growth in hatchery (I and V), sea-
based nursery (II), experimental system (III) and land-based nursery (IV). Size = initial shell-height,
AFDW = ash free dry weight, na = data not available. Specific growth rate (% day™) = (e%-1) x 100, g =
(In SH/AFDWgp,-In SH/AFDW,yii01) per number of days.

. - . Shell height AFDW
Paper Size Temp Salinity Time Season growth day” growth day™
no mm °C %0 days month pm % ug %
I 1.7-1.8 12-16 30-33 28 Dec-Apr  46-75 1.9-29 2.7-9.6 5.6-9.8
19 Jun 113-128  4.3-4.8 14.9-19.6 14.2-15.7
I 0.7-5.6 5-15  28-33 52-134 Mar-Sep 46-128  0.9-3.3 na na
I 1.4-23 15-18 30 23 Jul-Aug  23-57 1.2-2.5 1.7-55 3.6-7.3

v 1.3-2.1 13-19 30-31 55-59  Jun-Oct  50-68 1.6-2.1 43-102 3.3-4.6

v 03-09 15 32-33 28-35  Jan-Mar  15-62 2.8-5.6 0.3-2.6 3.0-14.4

An interaction between temperature and salinity on scallop spat performance was shown
under conditions likely to occur in shallow and landlocked coastal areas (Paper III). The
growth decreased when the salinity was reduced from 30 to 20 and 25, and the growth was in

general faster at 18 °C than at 15 °C (Paper III). The best growth result was obtained at the
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combination of temperature 18 °C and salinity 30, while survival was equal of spat reared at
salinity 25 and 30 (Paper III). Laing (2002) obtained highest growth of 6-10 mm P. maximus
spat at a salinity of 30 compared to at 26 and 28 at 13-21 °C. No growth differences were
found for 6-10 mm spat kept at temperatures between 13 and 21 °C at salinity 28-30 (Laing
2002). Larger P. maximus spat and juveniles are shown more sensitive to low salinity at low
temperatures (Strand et al. 1993, Laing 2002), and juvenile scallops of other species are also
shown to respond differently when exposed to various temperature and salinity combinations,
namely Chlamys opercularis (Paul 1980b), P. magellanicus (Frenette & Parsons 2001,
Frenette et al. 2002), Argopecten irradians (Mercaldo & Rhodes 1982), Mimachlamys
asperrima (O’Connor & Heasman 1998) and N. nodosus (Rupp & Parsons 2004).

A salinity of 20 was shown detrimental (Paper III) as reported for larger P. maximus spat
(Laing 2002). In Laing (2002) it was concluded that salinity of 30-35 had no apparent effect
on growth, condition, food consumption or survival. Growth rates of P. maximus spat
surviving short-term exposure to salinity of 20-25 (6 hours per day) soon recovered to normal
levels (Laing 2002). Levy et al. (1998) reports significant negative correlation of salinity with
growth and retrieval of P. magellanicus spat transferred from hatchery to the sea, but they
doubted the salinity to be causative as the salinity levels during the study were within the
range of tolerance for juvenile sea scallops. Thus, growth and survival was probably not
seriously affected by the salinity in the nursery studies (Paper I, II, IV and V, Table 1),
although occasional drops below salinity of 30 were experienced in the sea (Paper II). Long-
term exposure to low salinity, on the other hand, showed a clear negative impact on spat

growth and survival (Paper III).

The P. maximus spat showed faster growth in summer compared to in winter and spring
(Paper I, 1) and the spat of the smallest initial size (Paper V) obtained higher specific growth
rates compared to larger spat (Paper I-IV, Table 1). The seasonal fluctuation in growth rate
could be related to the exposure time to high or low temperature (Paper II). The seasonal
variation of seawater temperature has been shown to affect growth rates of other scallop
species grown in the field, for instance of 1-year Chlamys farreri (Yang et al. 1999) and small
N. nodosus (Rupp et al. 2005) and P. magellanicus spat (Grecian et al. 2000). The growth of
C. farreri was slow at temperatures below 5 °C and declined rapidly above 23 °C (Yang et al.
1999). Between 5 and 23 °C the growth increased with increasing seawater temperature

(Yang et al. 1999). Experimental studies of 5-14 mm P. maximus spat also showed increased
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growth with temperature ranging from 5 to 23 °C (Laing 2000), while growth of <1 mm P.
maximus was suppressed at 20 °C (Robert & Nicolas 2000).

The obtained shell growth varied from 15 to 128 um per day (Paper I-V, Table 1) depending
on initial size and treatment. The highest growth rates were within the range experienced for
larger P. maximus spat in a study of Laing (2002) with 6-10 mm P. maximus spat, showing
78-229 um growth per day increasing with temperature (9-21 °C) and salinity (30-35). An
additional experiment with 8-16 mm spat obtained growth rates up to 370 um per day at 18.3
°C (Laing 2002). Post-larval growth of ~0.2-1.7 mm P. maximus was also affected by
temperature as shell-length increased from 24 um per day at 15 °C to 35 um per day at 18 °C
(Robert & Nicolas 2000). By comparison, the growth obtained during equal (4-5 weeks) time
period in a commercial scale hatchery concerning the same size group of P. maximus (Paper
V) was from 15 to 62 um per day at 15 °C (Table 1). Experimental studies of 1 mm P.
fumatus spat showed exponential growth during 4 weeks with growth rates increasing from
approximately 20 to 110 um per day within the temperature range of 13-27 °C (Heasman et
al. 1996). Grecian et al (2000) also experienced seasonal and temperature dependent growth
of P. magellanicus spat cultured in a sea-based nursery. A shell-height growth between 20
and 60 um per day of spat of 1.4-2.9 mm initial size was obtained from October to July
(Grecian et al. 2000), which was lower compared to P.maximus spat growth (46-128 pm per
day) in the sea (Paper II, Table 1). The type of nursery growth system apparently affects the
spat performance as different maximum shell growth was obtained in sea-based compared to

land-based (128 vs. 68 um per day) nursery (Paper II, IV, Table 1).

Reduced growth was shown for 1.7 mm P. maximus spat at salinity 25 compared to at 30
(Paper III). Larger P. maximus spat (6-10 mm) are shown to consume less algae food at
salinity 26 than at 30, which also was reflected in growth rate (Laing 2002). This is in
accordance with the study of Navarro & Gonzalez (1998) which demonstrated that reduction
in salinity affected physiological processes like clearance rate, absorption, oxygen uptake and
excretion of 25-100 mm A. purpuratus. They observed negative scope for growth values at
salinities below 27, which implies growth highly affected by salinity stress (Navarro &
Gonzalez 1998). Farming of juvenile P. maximus (30 mm) was recommended in areas where
the salinity seldom drops below 29 (Strand et al. 1993), while on the basis of results in Paper
II1, small P. maximus spat should be kept in water of high salinity not less than 30. The tissue

and shell growth did not correlate and the specific daily growth rate of AFDW was in general
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higher than the shell growth (Paper I, III, IV, V, Table 1). The P. maximus spat kept at salinity
of 20 showed a positive AFDW growth in contrast to a negative shell growth (Paper III),
which indicates, that severely stressed scallops use the energy to maintain soft tissues instead
of shell production. An uncoupling of the two growth processes was shown for the soft shell
clam Mya arenaria (Lewis & Cerrato 1997), and these authors suggested shell growth to
reflect metabolism and not the somatic production. The shell growth correlated with oxygen
consumption (Lewis & Cerrato 1997) and thus with the temperature of the surrounding water.
In agreement with this, daily shell growth variations of P. maximus were related to seasonal
changes in temperature, but also food availability and quality (algae blooms) was shown to be

factors regulating shell growth (Chauvaud et al. 1998, 2001).

Effects of food availability on growth and survival

One of the most critical functions during the early life stages of scallops is the ability to
capture and ingest food particles of proper size and nutritional quality. The changes in gill
morphology and functions are major during scallop post-larval growth from 0.3 to 4-14 mm
(Sastry 1965, Beninger et al. 1994, Veniot et al. 2003). The numbers of gill filament increases
during the P. maximus postlarval stage from metamorphosis (260 um shell length) onwards,
and the gill function of post-larvae up to 4 mm shell length is still different to that of adult P.
maximus as differentiation of ordinary and principal filaments (heterorhabdic condition)
begins beyond this size (Beninger et al. 1994). According to Beninger et al. (1994), particle
capture was very inefficient for P. maximus smaller than 1 mm, but the efficiency increased
during the growth from 1 to 4 mm. Most of the spat studied in Paper I-V were smaller than 4
mm (Table 1) and consequently of a vulnerable size at transfer time from the hatchery to
nursery- or experimental conditions. A mismatch between stage, nutritional requirements and
food availability reduces the feeding capacity of the scallops and hence growth and survival

may have been affected by the changes in rearing environment.

During the post-larval stage in the hatchery and before experimental start (Paper [-V), the
scallops were fed a similar mix of monocultured algae. The algae species supplied were the
flagellates Pavlova lutheri, Isochrysis galbana and the diatoms Skeletonema costatum,
Chaetoceros calcitrans and C. mdlleri, all commonly used in bivalve hatcheries worldwide.
The algae were of approximate sizes from 3 to 10 pm, a range expected to ensure efficient

food uptake. Pectinid species commonly retain particles larger than 5-7 um with 100 %
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efficiency (Vahl 1973, Mghlenberg & Riisgard 1978, Palmer & Williams 1980, Riisgérd
1988), while the retention efficiency decreases for smaller particles. Compared to other
bivalve species (cockles, mussels, oysters and clams) scallops have limited ability to retain
small sized particles of 1-4 pum (Mghlenberg & Riisgard 1978). The diets during the
experimental periods varied from using two algal species (Paper III) or continuing with the
standard hatchery mix (Paper I and V) to rely on the production in a landlocked marine basin
or “poll” (Paper IV) and in the sea (Paper II). In addition to the size and quality of the food
particles, the quantity available to the scallops depends on the volume of water passing the
gills, i.e. filtration rate and velocity, and the efficiency of which particles are retained (Bricelj
& Shumway 1991). A mixed diet of cultured algae is supposed to have a quality that enhance
growth of scallop spat and supply adequate quantities of lipid, carbohydrate and protein
(Laing & Psimopoulous 1998, Milke et al. 2004), although the composition deviates from

natures own.

The lipid content of small P. maximus spat (1.3-2.1 mm) was significantly reduced after
transfer from the hatchery to a land-based nursery using “poll” (described in Strand 1996) as
water and food source (Paper IV). Lipids are important as energy reserves during critical
stages from larvae to juvenile life (Whyte et al. 1987, 1992, Delauney et al. 1992, Farias et al.
1998, Lu et al. 1999b, Robert et al. 1999, Milke et al. 2004). Furthermore the physiological
condition, i.e. the chemical content, and growth of scallop juveniles was shown to be
influenced by diet and feeding regimen (Cahalan et al. 1989, O Foighil et al. 1990, Martinez
etal. 1992, 1995, Parrish et al. 1995, Coutteau et al. 1996, Ryan et al. 1998, Uriarte & Farias
1999, Parrish et al. 1999, Milke et al. 2004, Paper V), and thus food conditions during early
life stages affect the success of transfer to a new environment. The total lipid content level
after 8 weeks nursery growth (Paper IV) was comparable to lipid percentage found in A.
purpuratus (Martinez et al. 1992) and Crassadoma gigantea (Whyte et al. 1992) grown in the
sea. On the other hand, shell growth (55-71 um per day) in the land-based nursery (Paper IV)
was lower than the growth rates (70-125 mm per day) found for P. maximus spat of the same
size transferred to the sea (Paper II). The obtained growth was comparable to growth of small
scallop spat fed single-species and low ration diets (Lu & Blake 1996, Laing & Psimopoulous
1998, Laing 2000). Hence, it was suggested that the food conditions in the manipulated “poll”
were qualitatively sub-optimal during the study (Paper IV).
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Survival of the P. maximus spat transferred to the sea-based nursery ecarly in the season was
related to low temperature at transfer (Paper II), while food availability most likely impacted
on growth of the surviving scallops. Algal abundance and temperature in the sea fluctuate
with depth and season, which influences the food availability, and thus the growth of scallops
(Kirby-Smith & Barber 1974, Vahl 1980, Sundet & Vahl 1981, Lodeiros & Himmelman
1994, Kleinman et al. 1996, Roman et al. 1999, Lodeiros & Himmelman 2000). As the water
temperature increases a larger ration is needed to sustain growth, and P. maximus spat (5-14
mm) consumed an increasing amount of algae when exposed to temperatures from 6.6 to 22.9
°C (Laing 2000). Higher growth rates of the smaller (ca. 1-5 mm) P. maximus spat were
accordingly obtained later in the season (Paper II) after the diatom spring blooms, when
temperature was higher and the species composition of algae and associated microbes changes
(Larsen et al. 2004 and references therein). Likewise, the higher growth rates achieved for
spat in the hatchery in June (Paper I) compared to in December, February and April can be
explained by the seasonal changes in water conditions. The spat were supplied with coarser
filtered seawater (sand filtered) in addition to seawater filtered through a 1 um bag filter,
which may have influenced the water quality and increased the available food amount. A
seasonal change in the phytoplankton composition was seen in the poll-system (Paper IV) and
the differences in AFDW growth between spat groups could be related to the change in food
quality.

Increased water recirculation rate in the post-larvae rearing system (primary nursery) reduced
the number of algal cells in the rearing sieves with up to 40-50 % of the amount (10 and 15
cells ul™") introduced to the tanks (Paper IV), but growth and survival were not significantly
affected. This indicated that food availability was not a limiting factor at the recirculation
rates (67, 83 and 92 %) studied. The scallops were fed 10-15 algae cells ul™' when in the
hatchery (Paper I-V), which was assumed adequate to support good growth, as optimum algal
concentrations between 10 and 20 cells pl™" were suggested for P. maximus (6-63 mm) when
fed a single cell diet of Chaetoceros gracilis (Skjeggestad et al. 1999). Likewise Lu and
Blake (1996) found 10 cells ul™ of Isochrysis galbana optimal for 0.5-6.0 mm Argopecten
irradians concentricus. Optimum food concentrations are shown to vary with stage and size
(Lu & Blake 1996). A higher algal concentration was shown optimal for A. irradians
concentricus larvae (20 cells ul™") than for spat (10 cells pl") in the study of Lu & Blake
(1996), while low algal concentrations, 7 and 4.7 cells ul™', were shown to provide optimal

food rations for P. maximus ( Nicolas & Robert 2001) and N. nodosus (Rupp et al. 2004b)



27

post-larvae respectively. The clearance rates (ml hour) of A. irradians concentricus
increased with spat shell size from 0.5 to 10 mm shell-height, but decreased with algal
concentrations from 10 to 50 cells ul”' (Lu & Blake 1997a). Similarly, the clearance
percentage of algae from suspension of P. maximus spat (5-14 mm) decreased with food
rations of 0.012-0.492 g (organic weight of algae) g (live weight of spat) week' (Laing
2000). Maximum growth was obtained when the consumed proportion fell below ca. 80 % of
the fed ration (Laing 2000), thus growth is limited by the feeding capacity of the scallop at
high algal concentrations at the given temperature. In agreement, the effect of too high food
abundance is shown in nature, where drops in growth rate of juvenile P. maximus have been

associated with high densities of diatoms in the sea (Lorrain et al. 2000).

Tolerance limits and sub-optimal conditions

The rearing of scallops in artificial surroundings compared to the natural habitat may cause
sub-optimal conditions and thus produce greater sensitivity to environmental changes (Bricelj
& Shumway 1991, Thompson & Macdonald 1991, Maguire 1998, Lodeiros et al. 2001,
Lafrance et al. 2003). Sub-optimal rearing conditions inhibited the growth potential of 2 mm
P. maximus as seen at temperatures below 10 °C in the sea (Paper II) and below 18 °C in the
hatchery (Paper III), and at reduced salinity below 30 (Paper I1I). Survival was not affected
the same way (Paper II, III), while scallop spat may survive within a range of the different
environmental parameters which is likely to occur during seasonal variations in the sea. Post-
transport recovery showed reduced growth and survival after 24 hours emersion (Paper 1),
while temperatures of 5-7 °C and salinity of 20 was considered lethal to spat <3 mm (Paper I,
IIT). Growth environment known to have lethal conditions should of course be avoided for
culture, but of more concern are the sub-lethal stress levels. In culture, both the thermal and
the nutritional conditions affect the scallop growth. Fouling organisms and predators are
likely to compete for space and food and also disturb the water flow inside growth equipment.
Abrupt and considerable changes in environmental conditions occur in an aquaculture
situation during handling and transfer operations, further affecting the spat performance.
Hence, lack of knowledge of tolerance limits and sensitivity to environmental variables could
be detrimental to the scallop spat. Scallop (C. opercularis and P. magellanicus) spat (<10
mm) have demonstrated better tolerance to high temperature and low salinity than juveniles
and adults (Paul 1980a,b, Rupp & Parsons 2004). A variation in tolerance to changes in

salinity and temperature according to ontogenetic stage was also shown for M. asperrima as
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mature juveniles (28 mm) were more sensitive than 18 mm juveniles (O’Connor & Heasman
1998). This implies a relative wide tolerance range for small spat, which is advantageous to

sustain survival during the nursery growth phase.

Although it is well known that scallops are sensitive to variation in salinity and temperature,
information about exact upper and lower lethal levels is scarce. Long term exposure (25 days)
to salinity of 20 did not result in total mortality of 1.7 mm P. maximus, but growth had ceased
(Paper III). The shell-growth was negative as the shell became very thin and fragile, and
therefore easily damaged. A constant exposure to salinity of 20 is most likely fatal to small P.
maximus spat, while salinity of 25 could be sub-lethal since survival was shown equal to
survival at 30 but growth was lower (Paper III). No other published results was found
regarding salinity tolerance of scallop spat less than 2 mm, but short term exposure (6 hours
day™, 1-3 days) of larger P. maximum spat (8-16 mm) to salinity 20 and 25 resulted in total
mortality at 7.2 °C, and more than 80 % of the spat exposed to salinity 20 died at 10.7 °C
(Laing 2002). Juvenile P. maximus suffered total mortality after 16 days exposed to a salinity
of 20 at a temperature of 5 °C, while scallops held at salinity 23 died after 4 weeks exposure
(Strand et al. 1993). The juveniles showed higher tolerance to salinities from 26 to 29, but the
least mortality was shown at a salinity of 33 (Strand et al. 1993). The tolerance range is
species specific and according to Singnoret-Brailovsky et al. (1996) A. ventricosus-circularis
(23 mm) is restricted to a wide salinity range from 27 to 47, while A. irradians (10-30 mm)
survive well at salinity 15 (Mercaldo & Rhodes 1982) and M. asperrima (18 mm) at salinities
from 25 to 40 (O’Connor & Heasman 1998).

Temperature is a vital factor determining the salinity tolerance of scallops. A rapid rise in
mortality occurred after nine days by the 1.7 mm spat kept at salinity 20 and temperature 15
°C, more than a week earlier than an increase in mortality rate was observed at 18 °C (Paper
IIT). The mean mortality after 25 days was 59 % and 26 % respectively (Paper III). In
accordance juvenile P. maximus (22-40 mm) showed increased tolerance to low salinity when
the temperature was increased from 5 to 9 °C (Strand et al. 1993). The study by Rupp &
Parsons (2004) likewise showed the lethal salinity of the tropical species N. nodosus to
change with temperature and size. For instance the lethal salinities (LCsp) of adult (50-60
mm), juveniles (20-30 mm) and spat (<10 mm) at 48-hours exposure to ambient temperature
were 23.2, 23.6 and 20.1 respectively (Rupp & Parsons 2004). Salinities from 16 to 28 were

in the same way shown lethal to Chlamys opercularis after a 24 hours exposure, depending on
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temperature from 5 to 20 °C and scallop size from 5 to >60 mm (Paul 1980b). Salinities of 16
and below were lethal for juvenile (27-43 mm) P. magellanicus, but catatonic shock severe at
the higher salinities 18 and 21 (Bergman et al. 1996). Results from another experiment with
small (10-20 mm) and large (20-35 mm) P. magellanicus spat indicated required water
conditions as salinity of 25 or higher and a temperature of 18 °C or lower (Frenette & Parsons
2001). A high temperature of 23 °C increased mortality of P. magellanicus remarkably
(Frenette & Parsons 2001), which is concordant with results recorded for A. irradians (10-30
mm), showing the greatest mortality in combinations of low salinity (<10) and high

temperatures (19-24 °C) (Mercaldo & Rhodes 1982).

Exposure to low water temperatures of <10 °C severely affected growth and survival of 0.7-
2.6 mm P. maximus spat (Paper II). Less than 5 % of the spat survived direct transfer to the
sea when the temperatures were between 5 and 7 °C (Paper II), indicating the lethal
temperature close to 5 °C for small P. maximus spat. Exposure to cold water has been shown
critical for other stages of P. maximus as well. High mortality of veliger larvae occurs at 7-8
°C and total mortality at 5 °C (Davenport et al. 1975, Beaumont and Budd 1982), while a 100
% mortality of juveniles at low winter temperature (<2-4 °C) is reported from growth trials in
suspended intermediate culture in Norway (Strand & Brynjeldsen 2003). The low lethal
tolerance temperature for Patinopecten yessoensis is also found to be about 5 °C (Ventilla
1982), while the sea scallop, P. magellanicus tolerate temperatures down to below 0 °C
(Couturier et al. 1995). Laing (2000) found no growth or measurable uptake of food at 4.7 °C
by larger (5-14 mm) P. maximus spat, in agreement with the reductions in filtration rate of 50-
80 % recorded at 5 °C compared to at 9 °C for 20-30 mm juveniles (Strand et al. 1993).
However, in Irish waters a higher threshold temperature (“biological zero”) than 5 °C, i.e. 9
°C, for shell growth was estimated from growth and temperature data of juvenile P. maximus
in suspended culture (Wilson 1987b). Condition index was lower at 6.6 and 8.0 °C than at 10
°C or above in the laboratory studies of Laing (2000), indicating 5-10 °C sub-optimal

temperatures for growth, as shown for the smaller P. maximus spat (Paper II).

Upper lethal temperatures for P. maximus are hardly documented, but a temperature
exceeding 20 °C is likely to increase mortality (Roman et al. 2001). The highest temperature
exposure in the discussed papers was 19 °C (Paper IV, Table 1) well below lethal

temperature. More information is available related to temperature ranges of interest to scallop
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culturists, i.e. within ranges supporting growth and survival. P. maximus post-larvae (~0.2-1.7
mm) showed decreased growth and survival at 20 °C compared to at 15 and 18 °C (Robert &
Nicolas 2000), and given food was not a limiting factor, the study of Laing (2000) showed
increased shell growth rate of P. maximus spat (5-14 mm) with temperature up to 23 °C.
Higher growth rates were accordingly found for 2 mm spat at 18 °C than at 15 °C (Paper III).
The filtration rate was similar for 17-19 mm spat between 10 and 17 °C (Laing 2004) which
coincided with the optimum rearing temperature suggested for 5-14 mm P. maximus spat
(Laing 2000, 2004). In accordance, survival and growth of smaller P. maximus spat deployed
directly to the sea increased substantially after the sea temperatures had reached 7 °C and 10
°C respectively (Paper IT). At 20 and 23 °C spat (5-14 mm) consumed a higher amount than
the ration required for maximum growth (Laing 2000), furthermore indicating 20 °C sub-
optimal. The upper lethal temperature for P. magellanicus has been determined to range from
20 to 23.5 °C depending on season (Dickie 1958), and from 19 to 24 °C and 24-25 °C for >30
mm and 5-10 mm C. opercularis respectively (Paul 1980a). Likewise, ontogenetic differences
in tolerance to high temperatures were reported for P. fumatus. Temperatures above 20 °C
were fatal to embryos and larvae, as opposed to small spat which showed reduced survival at
13-17 °C than at 21-27 °C (Heasman et al. 1996). The spat (ca.l mm) growth in the study of
Heasman et al. (1996) was, however, substantially reduced at 27 °C compared to 24 °C after 5

weeks under experimental conditions.

If the environmental conditions are outside the tolerated limits, growth and survival will be
seriously affected. Hence, exposing spat to extremes in temperature and salinity was fatal to 2
mm P. maximus spat (Paper II & III). The lower lethal temperature of scallop spat may rather
be a temperature range than an absolute temperature. In nature the different scallop species is
distributed within a certain geographical and bathymetric range where the environmental
conditions support survival (Brand 1991). Tolerance limits therefore, will vary between
populations of the same species due to the exposure of different local temperature ranges and
seasonal variations. Within a population, a high temperature shown to be lethal to the animal
during winter may be tolerated by the animal when exposed to summer conditions, and vice
versa (Schmidt-Nielsen 1990). As an example, the scallop N. nodosus were more vulnerable
to low salinity at summer temperatures (Rupp & Parsons 2004). The P. maximus spat
investigated (Paper II) were of sizes between larvae and juveniles having lower lethal
temperatures of 8 °C and 2 °C respectively (Beaumont & Budd 1982, Strand & Brynjeldsen

2003). Based on this information it was assumed that transfer of spat to sea temperatures >5
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°C would not be critical. The observations (Paper II) showed that some P. maximus spat less
than 2.5 mm were able to survive transfer to 5-7 °C, while others suffered high mortality.
Likewise, some spat survived long term exposure to salinity 20, but were not considered able
to recover (Paper III). Consequently, it was concluded that small spat should not be
transferred from hatchery conditions to natural sea conditions at temperatures less than 7°C

(Paper II) or to salinities below 25 (Paper III).

During the period when the spat produces byssus threads, byssal attachment reflects good
growth conditions (Paul 1980a,b, Heasman et al. 1994a, 1996, O’Connor & Heasman 1998,
Wang et al. 2002, Rupp & Parsons 2004, Paper III). In unfavourable environmental
conditions the spat detach and growth may be affected due to a reallocation of energy
expenditure. This is likely since marine bivalves from inshore and estuarine environments
have been found to require a higher salinity for byssus production than is necessary for other
activities (Castagna & Chanley 1973). P. maximus spat (1.7 mm) transferred to conditions
holding salinity of 20 did not attach at all, while spat held at salinity of 30 showed 80-100 %
attachment (Paper III). Salinity of 25 showed approximately 25 % attachment in the same
study, indicating the condition sub-optimal, which was confirmed by the growth
measurements. Similarly, rapid initial attachment, together with high and stable attachment
rates, are found for other scallops in temperature and salinity conditions where high growth
and survival appeared (Paul 1980a, Heasman et al. 1996, O’Connor & Heasman 1998, Rupp
& Parsons 2004). The small P. maximus were shown to be more sensitive at a temperature of
15 °C compared to at 18 °C, resulting in reduction in numbers attached with time (Paper III).
The number of reattached P. fumatus spat also showed a decline from a high level to 50 %
and less after four weeks at sub-optimal growth temperatures (Heasman et al. 1996). Likewise
Paul (1980a) found the maximum byssus attachment for C. opercularis to be temperature
dependent, with attachment rate to decline and becoming more variable at higher and lower

temperatures than the optimal temperature of 18 °C.

Culture strategies

Site selection and growth systems

Site selection is of major importance when culturing scallops, and growth and survival of
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scallop spat is very much dependent on the grower’s choice of culture method, system,
equipment and nursery location (Grecian et al. 2000, Frenette et al. 2001, Rupp & Parsons
2004, Paper II, Paper IV). Suspension culture is a common rearing form for spat and juvenile
scallops, and the vertical placement in the water column (depth) has significant influence on
growth (Paul et al. 1981, Wallace & Reinsnes 1985, Thompson & MacDonald 1990, Cote et
al. 1994, Thorarinsdoéttir 1994, Kleinman et al. 1996, Lodeiros et al. 1998, Roman et al. 1999,
Grecian et al. 2000, Avendafio et al. 2001, Roman et al. 2003). In a hatchery situation,
scallops are held in a modified environment where the temperature and food availability are
elevated compared with natural conditions. In suspended nursery and intermediate culture, the
scallops are kept higher in the water column and exposed to more fluctuations in salinity and
temperature. Cultivation sites at shallow depths in coastal waters, in landlocked basins or
lagoons may occasionally be severely influenced by brackish water (Strand 1996, Frenette et
al. 2001). As a result many culture localities of P. maximus experience a more variable
environment compared to the natural habitat. Winter mortality has been reported of cultivated
juveniles along the Norwegian coast, and a higher risk of low-temperature events was
suggested to occur at sites located in the most southern and northern regions (Strand &
Brynjeldsen 2003). As important as survival in a farming situation is the growth rate. The
environment therefore should hold superior conditions to what is required to sustain the basal
metabolism. In farming situations at shallower depths and in more protected sites compared to
natural conditions on the seabed, the scallops take advantage of higher temperature and food
availability. Sites in fertilized waters have shown increased primary (food) production and
higher growth rates of P. maximus juveniles compared to at sea locations (Andersen & Naas

1993, Reitan et al. 2002).

In Europe the scallop spat are commonly grown to a size of approximately 2 mm shell-height
in the hatchery, followed by growth to a size of 15-20 mm in a nursery (Millican 1997, Dao et
al. 1999, Bergh & Strand 2001). Production of P. maximus spat is space consuming compared
to production of for instance oysters and clams, which thrive in high densities at high
temperatures and food levels. Special nursery systems were developed for the scallops
(Buestel et al. 1982, Bourne et al. 1991, Karney 1991). One-layer growth on downwelling
screens (sieves), as opposed to 3-dimensional settlement on collector bags, is the common
method used for rearing the P. maximus post-larvae in Europe (Millican 1997, Robert &
Gérard 1999), while small spat are kept in nets or plastic trays. Spat yield varies a lot

regardless of settlement system. Gruffyd & Beaumont (1972) reported 4-14 % survival during
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P. maximus larval rearing. In France 0-33 % post-larval (P. maximus) yield from screens is
reported from a commercial hatchery, but better results are shown obtainable in research
situations (Robert & Gerard 1999, Robert & Nicolas 2000, Nicolas & Robert 2001). Heasman
(2002) reports 5-10 % spat (P. fumatus) yield from direct settlement on collector bags and up
to 45 % yield when using different screen techniques. In Norway the average yield of 2 mm
P. maximus post-larvae related to the amount of competent larvae has been 10-20 %, and the
yield of 10 mm spat 0-80 % related to the number of post-larvae transferred to sea or land-
based nursery (Paper II & IV, Magnesen & Christophersen unpublished data). Lu & Blake
(1997b) showed a higher yield of 0.5 mm A. irradians concentricus post-larvae (33 and 60
%), but only 20 % yield of 10 mm spat after growth in the sea. Comparable yields obtained
from collectors in tanks are documented from Brazil and Chile of the scallop species N.
nodosus and A. purpuratus showing 3-16 % and 21-45 % respectively (Uriarte et. al. 2001).
Similar results (<5-18 and 28-52 %) have been found in remote set trials with P. magellanicus
in Newfoundland, Canada (Couturier & Christophersen unpublished data). The variation in
spat yield may be explained by broodstock and larval quality together with the properties of
the water, i.e. food availability, salinity, temperature and hydrodynamics in the tanks or at the

site (Utting & Millican 1997, Wildish & Kristmanson 1997, Gosling 2003).

The use of a recirculation downwelling growth system in scallop post-larval production is an
option to achieve a continuous supply and cost-effective reuse of water and food (Paper V). In
the post-larval nursery in the hatchery the feeding regime may affect scallop growth and
metabolism. Continuously feeding is experienced to give better growth and food assimilation
in A. purpuratus larvae and early juveniles compared with feeding once or twice a day
(Martinez et al. 1995). Juvenile bay scallops, A. irradians, fed four times per day are shown to
have superior growth rates both to less (1 and 2 times) and more (8 times) frequent fed
scallops (Smith & Wikfors 1998). In the hatchery, the incoming seawater is filtered and the
scallops are usually fed a mixture of cultured algae rather than a single species diet to meet
the required nutritional quality for good growth (Laing & Psimopoulous 1998). Algal
concentration, ration, water flow and velocity are other factors affecting the growth of
juvenile scallops (Wildish & Saulnier 1992, Lu & Blake 1996, Laing 2000, Robert & Nicolas
2000, Nicolas & Robert 2001). As there is a rapid increase in biomass during early life stages,
the demand for algae and water increases correspondingly (Le Borgne 1981, Bourne et al.

1989, Millican 1997).



34

The cultivation of algae feed, seawater heating and pumping are major costs in bivalve
production, and the mass production of live algae cells both a quantitative and a qualitative
constraint (de Pauw 1981, Smith & Wikfors 1998, Robert & Gérard 1999, Wikfors & Ohno
2001, Heasman et al. 2002). An alternative to flow-through systems is recirculation systems
where water and algae are reused. The use of closed recirculation systems is not common in
bivalve rearing, but have been tried on experimental basis with nursery sized scallops, A.
irradians irradians (Widman 1998), and clams, Mercenaria mercenaria (Pfeiffer & Rusch
2000). More commonly used in intensive bivalve aquaculture are batch (static) or flow-
through (open) systems where a regular replacement of water avoids the build-up of organic
matter and oxygen deficiency. The feeding amount must balance the food uptake by the
scallops and the accumulation of debris that may reduce the water quality. Up to 92 %
recirculation was shown feasible for growing P. maximus post-larvae, and no significant
differences in growth and survival compared to 67 and 83 % were found (Paper V). On the
basis of reported optimum algal concentrations for spat growth (Lu & Blake 1996, 1997a,
Skjeggestad et al. 1999, Laing 2000, Nicolas & Robert 2001) it was assumed that the food
amount was sufficient and not a limiting factor (Paper V). Partly recirculation of the water in
post-larvae rearing tanks reduces the volume of new water with algae that has to be added per
unit time, thereby increasing the utilisation of algae and lowering the expenses. In sea-based
nurseries the scallop spat depend totally on the natural seawater quality. By growing scallop
spat in the sea, adequate food and environmental conditions is likely to be ensured (Martinez
et al. 1992, Pit & Southgate 2000). Consequently it is advantageous of biological and

economical reasons to transfer the spat as early as possible to seawater based nurseries.

One strategy to extend the spat production period is to use a landlocked heliothermic marine
basin or “poll” as water supply and food production system for a land based nursery (Strand
1996, Paper IV), allowing a 1-2 months earlier transfer of spat from the hatchery. In such an
environment lower salinity and considerable higher temperatures, compared to sea conditions,
are likely to occur (Gaarder & Bjerkan 1934, Strand 1996). Renewal of the poll water
normally occurs during winter as saline and denser water from the fjord outside is allowed
into the poll (Gaarder & Bjerkan 1934). Due to mixing of the water from the fjord, typically
holding a salinity of 33, and the poll water, a salinity of 30 is commonly found during spring
(Gaarder & Spéarck 1932, Gaarder & Bjerkan 1934, Strand 1993). Runoff water and heavy
rainfall may cause reduction in the salinity level during summer months (Strand 1993).

Scallop cultivation is, however, broadly recommended to take place at sites of high salinity
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and with a low rate of salinity fluctuations (Mercaldo & Rhodes 1982, Strand et al. 1993,
Bergman et al. 1996, Singnoret-Brailovsky et al. 1996, Navarro & Gonzalez 1998, O’Connor
& Heasman 1998, Frenette et al. 2001, Paper I1I).

Two important aspects in the development of growth systems for scallop spat are manipulated
(i.e. land-based) versus natural conditions and small scale culture versus large scale. An
efficient system is needed to scaling up the spat production, and land-based facilities simplify
the husbandry due to easy access. Such systems, on the other hand require large space and
volumes of water compared to sea-based nurseries taking advantage of the natural seawater
flow. Keeping the spat enclosed is a balance between protection to predators and confinement
limiting natural behaviour of the small spat which are active swimmers. The advantages of
keeping spat in different types of equipment are that scallops are hindered in escaping and that
predators to some extent are prevented from access to the spat. Problems may be planktonic
larvae of starfish (Grecian et al. 2003) and crabs that settle and thrive within the equipment,
and other fouling organisms that settle outside and reduce the water flow and thereby the food
availability (Lu & Blake 1997b). In land-based nurseries this situation can be avoided, and the
composition controlled by filtering the incoming water. The use of such land-based nursery
facilities is shown to increase survival compared to sea-based nursery of P. maximus spat
transferred at a size of <2 mm (Magnesen & Christophersen unpublished data). In France
higher P. maximus post-larval yield was shown in research situations compared to results
reported from a commercial hatchery (Robert & Geérard 1999, Robert & Nicolas 2000,
Nicolas & Robert 2001). Caution is therefore needed when transferring the results obtained
during small scale experimental conditions (Paper I & III) to large scale conditions. The
disadvantage of carrying out experimental work in production conditions (Paper II, IV & V) is
a less possibility to control every environmental factor. Nevertheless, the results may be more

directly transferable to a farm site situation.

Acclimation and tolerance to environmental changes

Acclimation was considered a successful way to adjust the scallops to new environmental
conditions (Paper II). Though, the conditions must be inside the tolerated limits of the
environmental factors. The adaptation to new surroundings can be described as a three-phase
process consisting of an immediate response, a stabilisation of this response and a new steady

state (Kinne 1963). By preparing the scallops to the environmental change, the possibility to
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enhance survival from one production stage to another increases. The importance of
behavioural acclimation of hatchery-reared fish, in order to prepare them for a life in the wild
and improve post-release survival is emphasized by Brown & Day (2002), and they suggest
implementing reintroduction techniques used by conservationists in fishery research and
hatchery industries. Thermal acclimation is usual in bivalve rearing, and acclimation can be
made in many ways by manipulating with different time- and temperature regimen. Scallops,
like other marine bivalves, are demonstrated to be osmoconformers although the ability to
adjust to ambient salinity may be restricted within a salinity tolerance range (Shumway 1977,
Singnoret-Brailovsky et al. 1996). For other bivalve species, it has been found that
acclimation is a useful method to increase the tolerance to extreme salinities (Chanley 1958,

Castagna and Chanley 1973).

Too abrupt and large changes of the environmental conditions may be fatal, as shown for
small spat transferred to a temperature 10 °C and more below ambient (Paper II) and from a
salinity above 30 to 20 (Paper III). Acclimation may, on the other hand, skew the lethal
toleration limits. Studies of the sea scallop have indicated that a rise or fall in acclimation
temperature of about 5 °C may result in a corresponding change in lethal temperature of 1 °C
(Dickie 1958). The rate of acclimation tends to follow the rate of metabolism, resulting in
longer time needed for acclimation to a decrease in temperature than an increase. The
animals’ environmental history, genetic background, physiological condition, metabolism,
age and size are all factors affecting the capacity, rate and effect of thermal acclimation
(Kinne 1963, Schmidt-Nielsen 1990). The temperature response was measured as survival and
shell- and organic growth (Paper II, III), while other methods, such as characterisation of
stress protein responses may help in determination of the tolerance to acute temperature

shocks (Brun et al. 2003).

The most common acclimation strategy used is by changing one environmental factor step by
step during several days until the aimed conditions are acquired. Another method is to expose
the animals to a major change, for then to stay in these surroundings until fully acclimated.
The latter strategy was chosen in our work (Paper II) as the spat were transferred from a
temperature of 15 °C in the hatchery to an environment of 10 °C for 1 and 3 weeks before
deployment to temperatures between 5 and 10 °C in the sea. One week was regarded as

sufficient for small scallop spat to adapt to 10 °C after transfer from 15 °C, since no
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significant differences in survival and final shell-height were found between spat acclimated
for 1 and 3 weeks (Paper II). A period of two weeks acclimation to a temperature change was
however needed for mussels to physiologically compensate to initial levels of oxygen

consumption and filtration rate (Bayne et al. 1976).

Small P. maximus spat (1-4 mm) could tolerate an abrupt change from 15 to 10 °C (Paper II).
Exposure to a larger decrease in temperature, from 15 °C to 5-7 °C, on the other hand, seemed
too stressful for the smallest spat of 0.7-2.6 mm shell-height (Paper II). Laing (2000)
successfully acclimated P. maximus spat of 5-14 mm from a rearing temperature of 17 °C to 5
°C by temperature reduction rates of no more than 1 °C per day. Likewise A. irradians
irradians spat (7-18 mm) could be acclimated from a rearing temperature of 22.5 °C to
ambient seawater temperatures of 5, 11.5 and 14 °C by lowering holding temperatures at a
rate of 2 °C every 2 days (Widman & Rhodes 1991). The constant and fluctuation temperature
regime studied by Pilditch & Grant (1999) did not affect the shell growth rate of P.
magellanicus differently, but limited ability to alter metabolic energy demands following
temperature changes was shown. It is possible that P. maximus has similar limited capability
to regulate its metabolism to sudden changes of low temperatures. Acclimation was shown to
increase survival, but mean survival was in general low (<9 %) compared with the survival
(24-60 %) obtained for spat transferred to sea temperatures more equal to the hatchery
temperature (Paper I1). Thus, the success of spat transfer to sea during cold-water seasons is
highly dependent on deployment time, which also has been shown for the cold-water species

P. magellanicus (Grecian et al. 2000) and the subtropical N. nodosus (Rupp et al 2005) spat.

The 1.7 mm P. maximus spat investigated in Paper III were directly transferred from high to
low salinity (Paper III). The abrupt change in salinity from 30 to 20 and 25 did not show
immediate mortality, but commenced after 10 and 14 days. Growth and behaviour on the
other hand showed more immediate responses. Juvenile A. irradians and P. magellanicus are
shown to survive short term low salinity exposure (Mercaldo & Rhodes 1982, Bergman et al.
1996), while rapid and dramatic falls in salinity which might happen in nature, for instance,
during heavy rainstorms, have resulted in mass mortality of bay scallops (Tettelbach et al.
1985). Nevertheless, successful survival is recorded for several bivalves after direct transfer to
salinity 10-15 lower than at the collection sites (Castagna & Chanley 1973), which was
comparable to the salinity steps undertaken in the Paper I1I study. For other species studied by
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Castagna & Chanley (1973) a rapid change in salinity of 15 was, however, shown to be lethal.
The scallops that were transferred to a salinity of 20, more than10 lower than the rearing
environment, were severely impacted (Paper III). The retarded shell growth, heavy survival
and lack of byssal attachment could well have been caused by the abrupt salinity change. In
general, oceanic species show limited capacity for tolerance, regulation and adaptation to

salinity stress in comparison to brackish or hypersaline forms (Kinne 1964).

Culling, handling and transfer

Successful scallop aquaculture is most likely to occur if stressful handling can be avoided, but
during the production from larvae to spat handling and transport operations are required.
Sampling frequency (Laing et al. 1999) and transport (Maguire et al. 1999a) have been shown
to affect juvenile P. maximus, and 1.7-1.8 mm P. maximus spat (Paper I). During the early life
stages the scallops are routinely cleaned, graded and relayed, with removal of poorly
developed and slow growing animals as the result. The size variation is large for bivalve post-
larvae and spat of the same age even when grown under the same conditions (Newkirk 1981,
Deming & Russel 1999, Pit & Southgate 2003, Paper IV & V). Important questions for
growers are whether the animals keep a constant growth rate for life and how the culling
practice may affect the production result. If growth is constant, elimination of the slow
growers as early as possible would be cost-effective, while if the opposite is the case, valuable

stock may be thrown away (Newkirk 1981).

At water changes the scallop larvae are sieved through fine mesh screens, with increasing
mesh size as the larvae grow (Millican 1997, Widman et al. 2001, Torkildsen & Magnesen
2004). The faster growing larvae retaining on the mesh are ready to settle at different times,
resulting in different settlement groups from each larval batch. Our studies indicated that the
P. maximus larval growth rate is unrelated to the spat stage growth (Paper IV), as shown for
clams, oysters and mussels (Newkirk & Haley 1982, Stromgren & Nielsen 1989, Hilbish et al.
1993, Deming & Russell 1999). A clear conclusion, of which P. maximus spat originating
from the second settlement group should be included in the production, was not drawn from
the findings in the present studies. Lower survival of the slower growing larval group was
shown in the hatchery settlement system (Paper V), while the results were contradictive for
post-larvae transferred to land-based nursery relying on a different water source (Paper IV).

Consequently it is left to conclude how the scallops will perform at later stages in the sea until
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market size is attained. Newkirk (1981) claims that relative juvenile size of Ostrea edulis is a
poor predictor of relative adult size. Likewise, Pit & Southgate (2003) showed that runts,
given appropriate conditions, are capable of similar growth rates as larges spat. Rock oyster
Saccostrea commercialis growth rate was not found affected by initial size class, implying the
initial differences in size resulted from temporary environmental stunting (Mason et al. 1998).
Deming & Russell (1999) even suggested the elimination of slow growing larvae from the
production to be counterproductive, because they found an inverse growth relationship

between larvae and post-settlement spat of hard clam Mercenaria mercenaria.

Scallop spat transport from hatchery to nursery, from one farm to another or to the market, is
usually out of water (emersed) but in humid atmosphere (Paper I, IV). Alternatively the
scallops can be transported in water (vivier trucks) but this method requires a large volume
and increased cost (Maguire et al. 1999a). Transfer operations at the farm site are usually of
short duration (<4 hours) while transfer of scallops to other growers may be of longer
duration. Air emersion is stressful to the scallops and long-term exposure to air is fatal
(Duncan et al. 1994), while short-term emersion and handling may be tolerated (Townsend et
al. 1991, Dredge 1997, Laing et al. 1999, Maguire et al. 1999a, Lafrance et al. 2002, Paper I).
Small P. maximus spat were capable of surviving 12-24 hours emersion in out of water
transport conditions (Paper I). However, several authors have recommended transport time
less than 12 hours (Fleury & Dao 1992, Maguire 1999a, Minchin et al. 2000). Transport of
scallops will be a trade-off between the scallops’ welfare and production costs. Maguire et al.
(1999a) concludes that out-of-water transport of juvenile P. maximus is cost-effective up to 12
hours, while vivier transport must be used for journeys of longer duration. Storage in air for
12 hours and sprinkling or in-water storage for 12-34 hours were reported as feasible methods
for transporting juvenile bay scallops, A. irradians (Liang 1996). Alternatively scallops can
be transported in a modified atmosphere. Compared to air emersion, keeping scallop spat
under a pure O, atmosphere was shown to increase the survival of A. ventricosus substantially

(Maeda-Martinez et al. 2000).

Size at transfer was shown important to obtain predictable survival and growth (Paper II), but
it seemed, however, of little advantage to keep the later settled spat of the same spawning for

a prolonged period in the hatchery to reach a bigger size before transfer (Paper IV). As shown
in paper II, it was demonstrated that pearl oyster, Pinctada margaritifera, spat transferred to

an ocean-based nursery earlier after settlement, grew better in terms of shell-height than spat



40

transferred after being kept for a longer time in the hatchery (Pit & Southgate 2000). The
environmental conditions in the nursery are essential, and Pit & Southgate (2000) suggested
that their results reflected superior nutritional conditions in the sea compared to in the
hatchery. Martinez et al. (1992) also concluded that the natural environment held a better
balanced diet than could be offered in the hatchery. The scallops undergo major
developmental changes as post-larvae which require adequate environmental conditions, and
ontogenetic change in tolerance to environmental parameters for scallop egg, larvae and spat
of P. fumatus and M. asperrima have been shown (Heasman et al. 1996, O’Connor &
Heasman 1998). Size of early P. magellanicus and P. maximus spat is likewise shown to be a
critical factor at transfer from hatchery to colder water in sea based nursery, with sizes <3 mm
showing lower survival than larger spat (Grecian et al. 2000, Paper II). These findings are
supported by the anatomical development of the gill, which reach the adult form of spat >4
mm (Beninger et al. 1994, Veniot et al. 2003).

The timing of deployment to the sea is critical in obtaining commercial sized spat in the
course of the first season (Grecian et al. 2000, Grecian et al. 2003, Paper II). During the
window of opportunity of deployment of 1.5 mm P. magellanicus the seawater was
characterised by high food density, high temperature and low sea star settlement (Grecian et
al. 2003). On the contrary, a deployment temperature of 14 °C was shown disadvantageous to
8 mm A. irradians spat compared to deployment at 5 and 11.5 °C (Widman & Rhodes 1991).
Biological aspects such as the initial spat condition, size, ontogenetic and physiological stage
must also be considered to decide when the spat should be transferred to a new environment.
Transfer of scallop post-larvae for further spat growth in a nursery is required to get a viable
turnover in the hatchery. The transfer of post-larvae involves stress factors as detachment of
byssus and aerial exposure. The stress effect was shown to be temperature and time dependent
(Paper I and IT) and the transfer strategy should differ according to season. A recent EU-
project comprising P. maximus producing enterprises and research institutions in Norway,
Ireland and Spain, has pursued the effects of handling and transport operations related to
season, scallop size, temperature and time (Magnesen & Christophersen 2003, Magnesen,

Roman, Gallagher & Christophersen unpublished data).
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Perspectives

Improvement of scallop culture in general requires knowledge of environmental conditions
sustaining good growth and high survival. Progress in spat production depends to the greatest
extent on information about the effects of different environmental variables to achieve
optimum rearing conditions. Unfortunately, the early P. maximus life stages have rarely been
observed in the wild such that the knowledge must be obtained from laboratory or hatchery
studies. This study showed how certain aspects of the culture environment (i.e. temperature,
salinity and food availability) influence scallop spat production. Many questions related to the
interaction between the different variables, however, remain unanswered, and more
knowledge on these aspects is required to further reduce the experienced variations in growth
and survival. Temperature and salinity bioassays of narrower intervals than tested in the
present study could be helpful in determining more exact tolerance limits. Though small
scallop spat were shown capable of being prepared for transfer to cold water, the survival was
low. A further increase in survival may be achieved by investigating a larger diversity of

acclimation strategies.

Successful aquaculture depends on good quality spat produced at cost-effective methods,
which secure high survival between production stages. The culling practice during the larval
and spat phases may discard scallops viable for a life on the seabed. Poorly developed and
slow growing scallops are successively eliminated through cleaning procedures or relaying
onto growth equipment of larger mesh, leaving the fastest growers kept in production. It
remains to reveal if fast growth during the early spat stages continues through the juvenile and
adult stages. The timing of transfer is crucial to survival and the seasonal aspects need to be
investigated in more detail. Transfers of spat to sea-based nursery depend highly on the
annual changes in the sea, but also a seasonal effect was indicated for the transportation itself.
Growth and survival are the result of complex environmental interactions that need further
understanding. Spat age, size and nutritional status are all factors that may influence the
tolerance to environmental changes, and comparable research should be carried out at several

times of the year.

Efficient culture strategies are needed to develop an aquaculture industry. Intensive scallop
culture is restricted to the larval and post-larval stages, while the intermediate culture in trays

and the final culture at the bottom rely on natural food production. The traditional spat
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production is space and labour intensive, and methods to reduce the time in the hatchery and
in enclosures in the sea are aimed at. The study showed it was not feasible to keep post-larvae
in the hatchery settlement system beyond reaching a shell-height of 2 mm. However, transfer
of larger spat to the sea was shown to improve subsequent survival. Enhancement of post-
transfer survival could be in prospect by introducing an intermediate step in the production
before transfer of spat to the sea. A solution may be the use of a land-based nursery supplied
with filtered seawater. In such a system the spat are protected against predators, and fouling
on the equipment may be limited. Hence mortality and time needed for husbandry activities

may be reduced.

Shellfish in general, and scallops in particular, are considered suitable aquaculture species in
Norway. Compared to blue mussels, scallops are higher priced products, which justify the
intensive production of spat. The domestic and export markets are not yet satisfied and
stimulate a larger output of scallops. Hatchery production of spat is a prerequisite to the
development of a sea-ranching industry of P. maximus in Norway, which relies on recapture
of seeded scallops. In the Norwegian "Act relating to sea ranching" concession holders are
demanded to release scallops of local origin. The present study was limited to spat from one
local stock in Hordaland, but so far genetic differences in populations have not been identified
along the western coast of Norway. Thus, it is likely that the gained results should be valid to
scallops from a larger geographical area, but comparative studies are needed to reveal if

stock-specific spat rearing methods are required.
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Spelling and word corrections
Changes made to the thesis text originally submitted for evaluation to the degree dr. scient.

Page

7

7

7

10
12
13
13
14
15
15
15
15
16
16
16
17
17
17
21
22
22
23
23
24
25
25
26
29
30
31
33
34
38
40
40
40
41

43
46
53

Original text

...from wild...

...intensive culture in hatchery...
...transferred to land-based nursery...
...to a variety of substrate...

...lover the viability...

...the tolerance limits varies...
...functions and adapt...

...aquaculture have to a large extent...
...If fish aquaculture per se...

...stands for 2 million tonnes...

...of which China produce...

...spat from wild...

...adapt for the recapture right
...furthermore approving the development
...broodstock diet affect fecundity...
...are shown variable...

Descriptions of...systems exists...
...be divided in...

...experimental temperatures was...
...showed soon recovery...

...salinity levels during the study was...
The highest growth rates was...
...cultured in sea-based nursery...
...consequently of vulnerable sizes
Lipids are important as energy reserve
...food conditions in the...was

This indicated that that food...
...showing greatest mortality...
Temperatures above 20 °C was...
The small P. maximus was...
...feeding ones or twice a day...

The uses of closed...

...removal of poor developed...

...spat are likewise shown a critical
...further spat growth in nursery...
...was shown temperature and...
...observed in wild...

References

Bayne, B.L. 1976.

Duinker, A. 2002. Peocesses....
Shumway, S.E. 1991.
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Corrected

...from the wild...

...Intensive culture in the hatchery...
...transferred to a land-based nursery...
...to a variety of substrates...

...lower the viability...

...the tolerance limits vary...
...functions and adapts...

...aquaculture has to a large extent...
...whether fish aquaculture per se...
...stands at 2 million tonnes...

...of which China produces...

...spat from the wild...

...adapted for the recapture right...
...furthermore facilitating the...
...broodstock diet affects fecundity...
...are shown to be variable...
Descriptions of...systems exist...

...be divided into...

...experimental temperatures were...
...soon recovered...

...salinity levels during the study were...
The highest growth rates were...
...cultured in a sea-based nursery...
...consequently of a vulnerable size...
Lipids are important as energy reserves
...food conditions in the...were

This indicated that food...

...showing the greatest mortality...
Temperatures above 20 °C were...
The small P. maximus were...
...feeding once or twice a day...

The use of closed....

...removal of poorly developed...
...spat is likewise shown to be a critical
...growth in a nursery

...was shown to be temperature...

...in the wild...

Bayne, B.L. (ed.) 1976.
...Processes
Shumway, S.E. (ed.) 1991.
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