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Abstract

The lion's paw scallop Nodipecten (=Lyropecten) nodosus is the largest native
pectinid in Brazil and has great potential for aquaculture. Cultivation of postlarvae,
which is initially carried out in land-based facilities and subsequently in the sea, is an
essential step in scallop husbandry, usually involving high costs and high mortalities.
The influence of food availability on postlarval growth and survival early after
metamorphosis, have been controversial. After deployment in the sea-based culture,
postlarvae are subject to uncontrolled environmental variables, which in the subtropical
study region display an unusual pattern of variation. The importance of food availability
and abiotic environmental factors on growth, survival and byssal attachment of postlarval
N nodosus at its southern distribution limit was examined using laboratory and field
approaches, aiming to resolve some of the existing controversies and to provide
biological information to facilitate the development of scallop farming iri Brazil.
The presence of epiflora on the spat collectors enhanced settlement, but not
growth. Availability of suspended algae begins to support growth 3-5 days after
settlement (230-250 Jlm shell height), but larval energy reserves were sufficient to meet
metabolic demand during the period in which suspension feeding is not functional, with
no indications of food deprivation-induced mortality.
After the postlarvae were deployed in the sea, temperature was the major
environmental factor affecting growth, with food availability having a negligible
influence. Scallops deployed in the sea-based nursery at a size of 0.5 mm (2 weeks post-
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set), grew faster and had similar percentage retrievals than those deployed 2-3 weeks
later and retrieved simultaneously from the sea.
Sub-surface intrusions of cold and phytoplankton-rich waters from South Atlantic
Central Water influenced a near-shore(< 0.51an) site in late summer-early autumn,
resulting in oscillating temperatures and high PIM, reducing postlarval growth. Such a
phenomenon was not observed in late autumn-early winter.
N. nodosus is eurythermal but stenohaline tropical species, adults being less
tolerant of high temperature and low salinity than spat. Survival was maximized at
salinities above 29 psu and at temperatures between 15 and 28°C. At ambient salinity, the
maximum rate ofbyssal attachment occurred at 19-27°C and 23-27°C for spat and
juveniles, respectively. These are the suggested temperatures most favourable for growth.
There is a large potential for growing postlarval and juvenile N. nodosus in coastal
areas of southern Brazil, where growth and retrievals can be maximised by adjusting the
size and season of deployment, culture depth, and by selecting an adequate site.
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CHAPTER I

General Introduction

1

1.1. Rationale

The lion's paw scallop Nodipecten (=Lyropecten) nodosus is the largest pectinid
in Brazilian waters (Rios 1994), having great potential for aquaculture development.
Propagation in hatcheries is the only means to supply juveniles for bivalve farming in
circumstances where wild spat1 collection is not feasible (Bourne et al. 1989), as is the
case for the lion's paw scallop in Brazil. Owing to the low-density and highly dispersed
adult populations, partial and asynchronous reproduction, and low natural seed collection,
hatchery production is the only source of N. nodosus juveniles for aquaculture (Rupp
1994, Manzoni et al. 1996, Uriarte et al. 2001). Whereas there are biological and
technological bases for successful larval production (Rupp 1994, 1997, Rupp and Poli
1994, Rupp et al. 1997, Rupp et al. 2000a,b, Bernet al. 2001a,b, De la Roche et al. 2002,
Thompson et al. 2003), less is known about the factors influencing growth and survival of
benthic life stages of N. nodosus, especially during postlarval culture, a critical period in
scallop husbandry (Bourne and Hodgson 1991); High survivorship and growth are
essential for the establishment of any successful aquaculture activity, and require detailed
information about the environmental needs of different life history stages. This research
provides much of the biological information, essential for the potential of scallop
cultivation in Brazil to be realized.

1 The

term "spat" is colloquially used in aquaculture to refer to the life stage from metamorphosis until a
few millimeters in body size (Walne 1979). In the present study it is used interchangeably with postlarvae.

2

1.2. Biology, Ecology and Aquaculture of Nodipecten nodosus

Nodipecten (=Lyropecten) nodosus (Fig. 1.1) is a subtidal, non-estuarine bivalve
with an inter-tropical distribution in the western Atlantic ocean, inhabiting shallow waters

in the Caribbean (south of the Greater Antilles, the Virgin Islands, eastern Antilles,
eastern Central America south of the Yucatan Peninsula, eastern Panama to Colombia and
Venezuela) and discontinuously along the Brazilian coast (Smith 1991) as far south as
Santa Catarina State (Rupp 1994). Controversy persists in the literature with regard to the
taxonomy ofthe generaNodipecten andLyropecten. Smith (1991) distinguishes both
genera and characterises the different species, Lyropecten being an extinct genus in the
Atlantic Ocean. In the western Atlantic two holocenic species of Nodipecten are found,

N.fragosus, which inhabits warm temperate waters from the Gulf of Mexico to Cape
Hatteras (North Carolina) in depths from 15 to 82 m, and N. nodosus, which is found
from the Caribbean southwards. The present study follows the taxonomy according to
Smith (1991), also in agreement with Waller (pers. comm., Smithsonian Institution) and
Pefia (2001). In southern Brazil, N. nodosus occurs in depths from 6 to 30m, mainly at
the interfaces between rocky and sandy bottoms, particularly inside small rocky caves
and crevices, or on sandy or calcareous patches adjacent to rocks (Rupp, pers. obs.).
The lion's paw scallop is a functional simultaneous hermaphrodite. Gametes are
released into the water and fertilization and embryonic development occur externally.
The planktonic trochophore larva is formed 10-12 h after fertilization. The veliger larva,
also referred to as a straight-hinge or D-shaped larva, appears after 22-24 h at a shell
length of about 100 Jlm (shell height 76 Jlm) (Rupp 1994). Larval development takes 14-
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23 days, depending on diet and water temperature (Rupp 1997). At the end of larval life,
at a shell length of about 200-210 J.lm (shell height 185-190 J.tm), settlement and
metamorphosis occur if a suitable substrate is provided. A variety of substrates can be
used in aquaculture settings, including synthetic monofilaments, polyethylene screens,
and polycarbonate blades.
Several chemical and biological stimuli induce settlement and metamorphosis of
marine molluscs (Hadfield 1977), including scallops (Hodgson and Bourne 1988, Parsons
et al. 1993). During the complex process of metamorphosis, the velum disappears and is
replaced by the postlarval ctenidium as the organ for feeding and respiration (Bayne
1965, Sastry 1965, Hodgson and Burke 1988). During this period of intense
morphological and physiological changes, survival is usually very low in hatcheries
(Castagna and Duggan 1971, Bourne et al. 1989, 0' Foighil et al. 1990, Bourne and
Hodgson 1991, Abarca 2001, Uriarte et al. 2001) and difficult to estimate in natural
populations, but presumably also very low (Orensanz et al. 1991). Limited feeding
capability immediately after metamorphosis with the exhaustion of endogenous energy
reserves has been proposed to explain such mortalities (O'Foighil et al. 1990, Whyte et al.
'

1992), and this view is revised in Chapter II.
The intermediate step between the controlled hatchery situation and growout in
the sea is known as nursery culture (Claus 1981). Unlike other bivalves that strongly
attach to the substrate, scallop postlarvae are very fragile, weakly attached with a small
byssus, and are able to alternate periods of attachment and crawling on the collectors,
making it difficult to· manipulate for experimental and aquaculture purposes. After
settlement on monofilament collectors or other substrates, scallop postlarvae are usually
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cultured in a land-based nursery until they attain a size of approximately 1 mm shell
height, when they can be deployed to the sea-based nursery, or further maintained in the
land-based nursery until they grow larger (Bourne and Hodgson 1991). The sea-based
approach consists of transferring spat collectors directly to the sea inside nylon mesh bags
or in mesh-lined plastic trays, or at a larger size, postlarvae can be placed directly inside
pearl nets (Bourne and Hodgson 1991, Uriarte et al. 2001). After deployment to the sea,
postlarval scallops are subject to the natural variation of environmental factors, and in
temperate and boreal regions seasonality significantly affects their growth and survival
(Bourne and Hodgson 1991, Grecian et al. 2000). In some tropical regions, on the other
hand, the natural variation of environmental factors is much narrower and in the Gulf of
Cariaco, Venezuela, for example, it does not influence growth and survival of juvenile
scallops (Lodeiros and Himmelman 1994, 2000). It remains unclear whether in a
.subtropical environment seasonal signals are strong enough to cause significant
differences in growth and survival of scallops.

1.3. Environmental Variability in the Study Region

The study area (Fig. 1.2) is a subtropical coastal site near the high latitudinal
distribution limit of N. nodosus in the Southern Hemisphere (Lat. 27° 50'S) characterized
as a warm-temperate marine biogeographic province, that is also the limit of distribution
of several tropical species (Briggs 1995). The southern Brazilian coast is seasonally
influenced by different water masses. The oceanographic structure of this region is quite
complex, but macro-scale oceanographic patterns have been identified (Emilson 1961,
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Matsuura 1986, Castro and Miranda 1998, Sunye and Servain 1998, Borzone et al. 1999).
As a general model, it can be inferred from these studies that during summer to midautumn neritic waters off Santa Catarina State are influenced by the warm and
oligitrophic waters of the Brazil Current (tropical waters), which penetrates over the
continental shelf. During winter, the region is mainly influenced by coastal advection of
cold, relatively low salinity and phytoplankton-rich waters of sub-Antarctic origin
(SAW). Furthermore, from October-November to April, intrusions of cold and nutrientrich South Atlantic Central Water (SACW) into the bottom layers over the continental
shelf create a strong stratification in the water column, influencing the inner shelf region.
This event leads to the formation of a strong thermocline, creating phytoplankton maxima
below the thermocline (Brandini 1990, Castro and Miranda 1998, Borzone et al. 1999).
Therefore, in neritic waters of the inner continental shelf in southern Brazil, food
availability and temperature tend to vary in opposite directions, which is a different
pattern from those described for some temperate and boreal regions, where primary
production is usually decreased during winter and increased during warmer periods, so
that it is difficult to decouple the effects of both factors on scallop growth (Bricelj and
Shumway 1991, Orensanz et al. 1991). In some boreal regions, however, when
phytoplankton blooms occur while temperature is still low, growth of scallops (Chlamys

islandica) is not inhibited by low temperature (Wallace and Reinsnes 1985,
Thorarinsd6ttir 1994). Prior to the present study, it was uncertain if the pattern of
variation of environmental factors reported for neritic waters of the inner continental shelf
significantly affected near-shore aquaculture sites in southern Brazil. Whereas several
studies have focused on growth of juvenile and adult scallops in temperate and boreal
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regions (MacDonald and Thompson 1985, Wallace and Reinsnes 1985, Andersen and
Naas 1993, Thorarinsd6ttir 1994, Kleinman et al. 1996, Chauvaud et al. 1998, Grecian et
al. 2000), as well as in the tropics (Lodeiros et al. 1998, Lodeiros and Himmelman 2000),
none has addressed the effects of environmental factors on growth and survival of
postlarval scallops (0.5-5 mm) in a subtropical environment. It is postulated in the
present investigation that if the temporal and spatial pattern in the properties of inner shelf
waters in southern Brazil influences a coastal aquaculture site, then there would be
significant effects on growth, survival and byssal synthesis of scallops under culture
conditions (Chapters III, IV and V).

1.4. Objectives and Scope of the Study

The main objective of the present study is to examine the influences of food
availability and abiotic environmental factors on growth and survival of postmetamorphic life stages of Nodipecten nodosus. This investigation consists of four
studies focusing mainly on critical periods in which high mortalities often occur, using
laboratory and field approaches.
Chapter II examines the effects of food deprivation and the importance of different
food sources immediately after metamorphosis, a period during which the feeding
capability of scallops is uncertain and low survival has been reported in hatcheries.
Chapter III focuses mainly on the influences of temporal variation of several abiotic and
biotic environmental factors on growth and survival of postlarvae deployed in a
subtropical marine environment, in whi~h temperature and food availability may vary
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seasonally in opposite directions. This study is also innovative in the approach of
deploying scallops smaller than 1 mm and assessing the environmental influences.
Growth and survival of postlarvae deployed in the sea at different sizes are also
compared. Chapter IV provides the first data on the influence of sub-surface cold and
phytoplankton.:..rich water intrusions on a coastal aquaculture site in southern Brazil, and
reveals important consequences of growing postlarval scallops at different depths. In
addition, the influence of stocking density is examined. Chapter V describes the lethal
and sublethal responses of different size scallops to temperature and salinity changes.
This study was carried out given the high spatial and temporal variability recorded for
these factors in the previous chapters, and further explained the observed growth and
survival responses recorded in the sea, providing significant ecological, aquaculture, and
biogeographic information about N nodosus. In Chapter VI the general conclusions of
this investigation are presented, and the implications of these findings for the
enhancement of aquaculture of the lion's paw scallop are discussed.
The specific objectives are as follows:
1. To examine the influence of food deprivation and different food sources on
growth and survival of N nodosus immediately after metamorphosis (0.2-0.4 mm shell
height) (Chapter II).
2. To determine the size at which availability of exogenous food begins to support
growth and survival of scallops after metamorphosis (Chapter II).
3. To determine the influence of seasonal variation in food availability and abiotic
environmental factors on growth and percentage retrieval of postlarval scallops deployed
in the sea-based nursery (Chapter ill).
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4. To compare growth rates and percentage retrievals ofpostlarvae deployed at
different sizes in the sea-based nursery, determining the size at which growth becomes
enhanced under field conditions (Chapter III).
5. To assess growth and percentage retrieval ofpostlarvae deployed in the seabased nursery over consecutive samplings (Chapter III).
6. To examine the influences of environmental factors associated with depth, on
growth and percentage retrieval ofpostlarvae (Chapter IV).
7. To investigate the effects of stocking density on growth and percentage retrieval
ofpostlarvae (Chapter IV).
8. To determine the combined influence of temperature and salinity on
survivorship and byssal attachment of three size-classes N. nodosus (Chapter V).
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Figure 1.2. Location of the study sites off Porto Belo, Santa Catarina State (SC), Brazil.
1 - Joao da Cunha Island (Chapter III), 2- Porto Belo Point (Chapter IV).
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CHAPTER II

Influence of Food Supply on Post-Metamorphic Growth and Survival of
Hatchery Produced Nodipecten nodosus

12

ll.l. Introduction

Bivalve molluscs undergo important morphological and physiological changes
upon completion of larval development, when the planktonic environment is abandoned
and benthic life is assumed (Burke 1983). Metamorphosis is an energetically demanding
process, and after the loss of the larval velum there is a cessation of filter-feeding
capability until the postlarval ctenidia become functional (Bayne 1965, Sastry 1965,
Hodgson and Burke 1988). During metamorphosis, the biochemical reserves utilised can
be neutral lipids (Holland and Spencer 1973), proteins (Rodriguez et al. 1990), both
proteins and lipids (Whyte et al. 1992, Lu et al. 1999), or proteins, lipids and
carbohydrates (Farias et al. 1998, Videla et al. 1998), although the energetic contribution
of the carbohydrates is minor. Post-metamorphic shell growth of bivalves relies initially
on endogenous reserves accumulated during larval life, and subsequent growth and
survival are believed to depend upon efficient acquisition of exogenous food before
endogenous energy reserves are depleted (Whyte et al. 1992).
While suspension feeding begins early in post-metamorphic oysters (Reid et al.
1992) which rapidly develop functional gills within a few hours after attachment (Baker
and Mann 1994), in pectinids it is not clear when suspension-feeding is reestablished after
metamorphosis. The anatomy of the gills of adult scallops differs from that of other
groups of bivalves due to the highly reduced latero-frontal cirri (Beninger 1991, Beninger
and Le Pennec 1991), suggesting that scallops are not as efficient as other lamellibranchs
in capturing small particles(< 5-7 J...l.m) (MSllhlenberg and Riisgard 1978, Palmer and
Williams 1980). In addition, it is not clear if on postlarval stages, the efficiency in
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capturing small particles is also reduced. Gills of postlarval Pecten maximus at a shell
height of 0.25-0.9 mm are believed to be partly functional (Beninger et al. 1994). The
development of gills of postlarval Placopecten magellanicus is more protracted than in
other bivalves, so that suspension feeding is probably inefficient in spat less than 1-2 mm
in shell height (Veniot et al. 2003). According to Reid et al. (1992), suspension feeding in
Patinopecten yessoensis starts one week after metamorphosis at a size of 400 f..tm, when
the supra- and infrabranchial chambers are formed. Some bivalves also utilise a
transitional phase of pedal feeding, which allows detritus and benthic diatoms to be
ingested, bridging the nutritional gap until suspension feeding becomes effective (Reid et
al. 1992). Pedal feeding involves collection of epiflora by protrusion of the ciliated foot,
which is then withdraw into the mantle cavity, where benthic particles adhering to the cilia
are transferred to the palps and then carried to the mouth (Reid et al. 1992). Pedal feeding
is an important feeding mode for up to 12 weeks after metamorphosis in the geoduck
Panope abrupta (King 1986). It has also been documented in the scallop Patinopecten
yessoensis at sizes < 350 f..tm, but in larger spat, its nutritional contribution is not clear
(O'Foighil et al. 1990, Reid et al. 1992). The uptake of dissolved organic matter (DOM) is
also an alternative mode of nutrition, for bivalve larvae and spat, but its energetic
contribution is considered low (Manahan 1983).
The period from metamorphosis to a size of 0.5 mm is critical for successful
production of scallops in hatchery/nursery culture, where high mortalities have been
recorded for Nodipecten nodosus at the Laboratory for the Culture of Marine Molluscs,
Santa Catarina, Brazil (pers. obs.), as well as for other scallops (Castagna and Duggan
1971, Bourne et al. 1989, O'Foighil et al. 1990, Bourne and Hodgson 1991, Abarca 2001,
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Uriarte et al. 2001). Nevertheless, few studies have focused on the influence of food on
growth and survival of scallops within this size range (O'Foighil et al. 1990, Nicolas and
Robert 2001). The causes of high mortality ofpostlarval scallops in hatcheries remain
unclear. It has been suggested that depletion of endogenous reserves before exogenous
food intake can meet the energetic demands of growth and metabolism may explain these
mortalities (O'Foighil et al. 1990, Whyte et al. 1992).
The body size at which suspension feeding becomes an important mechanism
supporting growth during early postlarvallife of Nodipecten nodosus is not known.
Neither is it clear to what extent growth relies exclusively on endogenous food reserves,
nor is it known whether pedal feeding is an important mechanism of food intake during
early postlarvallife.
The lion's paw scallop Nodipecten nodosus has great potential as an aquaculture
species in Brazil, and due to insufficient wild spat collection (Rupp 1994), hatchery
production of juveniles is the only source of spat for aquaculture development. Therefore,
optimisation of growth and survival during hatchery/nursery production will be essential
for the establishment of an aquaculture industry. Considering the uncertainty about the
feeding capabilities of early postlarval scallops, the objectives of the present study were to
examine the influence of food availability on growth and survival of N. nodosus
immediately after metamorphosis (0.2-0.4 mm shell height), and to determine the size at
which availability of exogenous food begins to support growth and survival.
Postlarval growth and survival of N. nodosus were determined in two experiments
when presence or absence of epiflora and suspended food at different concentrations were
tested. It was hypothesised that if early postlarvae were not able to acquire food by
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suspension feeding due to delayed anatomic development of the gills, then growth would
depend on endogenous food reserves or on food uptake by pedal feeding. If growth
depended solely on endogenous reserves, then it would be identical in the presence or
absence of exogenous food sources. Conversely, ifpostlarvae benefited nutritionally from
bacteria and benthic microalgae by pedal feeding, then growth would be higher in the
treatment with substrates covered by a biofilm, compared with the unfed treatment.
Furthermore, if endogenous energy was depleted in scallops deprived of food, a significant
mortality should occur. After the gills become functional, growth would be higher in
postlarvae fed with algae. Additionally, postlarval growth, ingestion and survival were
determined at two algal concentrations.
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ll.2. Materials and Methods

ll.2.1. General procedures

11.2.1.1. Larval rearing

Larval rearing and postlarval culture experiments were undertaken at the
Laboratory for the Culture of Marine Molluscs - Federal University of Santa Catarina
(LCMM - UFSC), in Florian6polis, Santa Catarina State, Brazil. Broodstock (shell height
11-12 em) were collected in the wild by SCUBA diving and maintained in lantern nets off
Joao da Cunha island (Porto Belo, SC) until transfer to the laboratory 14 days before the
scallops were induced to spawn. Scallops were maintained in tanks with flowing seawater
at a temperature of 17-18°C, and fed a mixture of cultured microalgae (lsochrysis sp.
(clone T-iso), Chaetoceros calcitrans, C. muelleri) at final concentrations of 4-6xl04 cells

mL- 1• Such conditions produce successful spawnings, resulting in large number of oocytes
(Rupp et al. 1997). To induce spawning, 8 to 10 scallops were first immersed for 1 h in
UV-irradiated filtered seawater (UV-FSW) with a high concentration (ca. 5x105 cells mL1) of Isochrysis sp. (clone T-iso). They were then placed in flowing UV-FSW and the

water temperature was increased from 18 to 26°C over 3 hours (Rupp 1994). As soon as
gametes started to be released, individual scallops were separated in different containers.

N. nodosus is a functional hermaphrodite and the spawning scallops were frequently
transferred to a new container to avoid mixing the different gametes, therefore minimising
self-fertilisation. Fertilisation was carried out using sperm and eggs released by different
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individuals (pooled from several individuals). Two batches of larvae were raised using
scallop hatchery techniques (Rupp 1994, Uriarte et al. 2001) in 2000-L polyethylene tanks
at densities starting at 10 larvae rnL- 1 and ending at 1-2larvae rnL- 1. Seawater was filtered
(1 ~m) and UV-irradiated, salinity was 33 psu and temperature was maintained at 23-

240C. Water was changed daily and a mix (1:2:1) of Isochrysis sp. (clone T-iso),

Chaetoceros calcitrans, and C. muelleri (formerly C. gracilis, CHAGRA- ProvasoliGuillard CCMP Laboratory) in final concentrations of 1xl04 to 3x104 cells rnL- 1 was
supplied daily. Algae were cultured in 100-L plastic bags in Guillard "F/2"- modified
media, under fluorescent light. Bacterial proliferation was controlled by addition of
chloramphenicol (1 mg L- 1) to the larval cultures.

Il.2.1.2. Settlement

When larvae (pediveligers) displayed morphological and behavioural
characteristics indicating competence (conspicuous eyespot, well developed foot,
aggregation in clumps, forming mucous strands, and crawling behaviour), and attained a
mean shell length of ca. 200 ~m (shell height 185-190 ~m), they were considered
competent to undergo metamorphosis. Pediveligers were then retained on a

140-~m-mesh

Nytex screen, sub-sampled, counted in a Sedgwick-Rafter chamber using a microscope,
and then transferred to 100-L tanks (experimental treatments) at a stocking density of 1
larva rnL- 1. Water was changed daily and no antibiotic was used during the experiments.
The collectors used for larval settlement were polyethylene screens (mesh size 3-mrn),
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which in previous experiments resulted in high settlement of spat and were convenient to
manipulate for experimental purposes. The collectors were cut into rectangles (25 X 50
em) and the edges of the longer sides were tied together, so that they assumed a cylindrical
shape. During water changes, postlarval scallops in the bottom of setting tanks were
collected and observed under a dissecting microscope. When present, these assemblages
were composed mainly of dead scallops and were removed.

IT.2.2. Experiment 1

In experiment 1 four treatments were carried out in duplicate 100-L tanks.
Treatments consisted of (a) no algae supplied, (b) no algae supplied but the collectors had
previously been immersed in coarse-filtered seawater (sand filter ca. 100 !lJD) for 8 days to
allow growth of an epiflora of bacteria and benthic microalgae, (c) a mixed algal diet
consisting of Isochrysis sp. (clone T-iso) and Chaetoceros muelleri (1:1) at a final
concentration of 4x104 cells mL- 1, supplied daily after the water change, and (d) the same
volume of algal culture supplied in treatment "c" but with a cell concentration reduced by
90 % by gravity filtration using cellulose paper filter. This procedure resulted in a final
algal concentration of 4-5x103 cells mL- 1 (mean 4.7 x103 cells mL- 1) while keeping the
volume of the culture and concentrations of dissolved nutrients the same as in treatment
·"c". Preliminary observations indicated that algal cells were intact after filtration. Algal
cells were counted with a Coulter counter model Z1. Algal cultures in the exponential
growth phase were supplied daily to treatments (c) and (d) at volumes of ca. 0.3-0.4 L of
each species. Treatments (a) (b), (c) and (d) will hereafter be referred to as unfed (U),
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epiflora (E), high algal concentration (H), and low algal concentration (L), respectively.
Swimming larvae were retained during water changes and returned to the experimental
units until day 3 post-settlement, when they were removed, in order to reduce size
variability of settled postlarvae. In order to determine shell height (distance from the
umbo to the ventral margin of the shell) samples were taken of setting larvae and of spat at
3 days (1 collector/tank), 5 days (3 collectors/tank) and 9 days (3 collectors/tank) postsettlement, when postlarvae were detached from the collectors. Both sides of the
collectors were then thoroughly brushed with repeated gentle movements inside plastic
trays filled with filtered seawater. This procedure was repeated for four times, until no
more spat were retrieved from the collectors. Detached spat were then screened, separated
from debris, and preserved in 4 % buffered formaldehyde for further counting and
measurements. Shell height, rather than tissue weight was used as a growth parameter in
the present experiment, since post-metamorphic scallops display allometric relationship
between shell height and tissue weight, growth in size being much faster than tissue weight
(Lu and Blake 1996).
Water temperature was maintained at 23°C (sd ± 0.5 °C) and salinity at 33 psu.
Sampling to determine larval survival was carried out 5 and 9 days post-settlement (4
collectors/tank each day). Postlarval samples were preserved in 4 % buffered
formaldehyde in seawater. Shell heights were measured with a calibrated ocular
micrometer using a binocular microscope.
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II.2.3. Experiment 2

In experiment 2, treatments consisted of spat fed daily at concentrations equal to
those in treatments (H) and (L), as previously described for experiment 1. Each treatment
was carried out in duplicate 200-L tanks. General procedures were the same as for
experiment 1, but extended until16 days post-settlement. In this experiment, addition of
algal diets started 3 days after settlement. Water temperature was maintained at 25°C (sd ±
0.5) and salinity at 33 psu. Postlarval shell height (2 collectors/tank each day) and survival
(6 collectors/tank) were determined on days 3, 10, and 16 post-set. In addition, shell
height (maximum dorso-ventral dimension perpendicular to the hinge) and shell length
(maximum antero-posterior dimension, parallel to the hinge) were measured (n = 120) to
determine the relationship between shell dimensions.

11.2.3.1. Gut pigments

In order to determine ingestion of microalgae by the scallops, the pigment content
in the guts of larvae and postlarvae was determined by the gut fluorescence technique
(Yentsch and Menzel 1963), which is frequently used to determine pigment content in
meso- and macrozooplankton (> 200 j.Lm) (Bamstedt et al. 2000). Larvae (n=l00-200)
were sampled at settlement and at day 1. Postlarvae were sampled at 5, 10 and 16 days
post-settlement, when they were detached from the collectors, counted, and thoroughly
rinsed in FSW while retained in a 140-j.Lm mesh screen (Nalgene filter). Pigments were
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extracted on 90% acetone at 4°C for 24 h. Fluorescence was determined with a Turner™
digital fluorometer (TD 10-AU), with readings taken before and after acidification with
10% HCl. The concentrations of chlorophyll-a and phaeopigments (mainly phaeophytin
and phaeophorbide) were calculated following Bamstedt et al. (2000). Since ingested
chlorophyll-a is rapidly degraded and converted into phaeopigments (Dagg and Wyman
1983), the total pigment content in the guts of postlarval scallops was calculated as the
sum of chlorophyll-a and phaeopigments.

11.2.4. Data analyses

Data were analysed with the SPSS statistical package (version 10). For
experiment 1, nested ANOVAs (a= 0.05) were first carried out to determine the
significance of differences in postlarval shell height among collectors within a tank, and
among tanks within a treatment, which were found to be not significant. One-way
ANOV As were then carried out after pooling the tank and collector data within a given
treatment, with treatment as the main factor. Residuals were checked graphically for
normality and homoscedasticity (Sokal and Rohlf 1995), and the assumptions for ANOVA
were not violated. When significant differences were detected among means (a.=0.05), a

post hoc Tukey-B test was performed. In Experiment 2, independent samples Student "t"
tests were carried out to determine differences between treatments. The number of
postlarvae attached to the collectors was compared among treatments by one-way ANOV A
and independent samples Student "t" test for experiments 1 and 2, respectively. Linear
regression was used to describe the relationship between postlarval shell height and length.
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II.3. Results

II.3.1. Experiment 1

II.3.1.1. Growth

The mean shell height of setting pediveligers was 187
200.8

~m).

(se = 0.8) (shell length

Three days after settlement, mean shell height for all treatments ranged from

197.2 to 199.1
ANOV A, F

~m

~m

and there were no significant differences among treatments (one-way

=0.038; df =3,236; P =0.99) (Fig. II.1 ).

Five days after settlement, there

were significant differences in post-larval shell height among treatments (one-way
ANOVA, F = 28.68; df = 3,716; P < 0.001). Postlarvae fed at low algal concentration (L)
attained a mean shell height of 247.2

~m

(se = 2.2), which was significantly greater than in

the other treatments. Nine days after settlement, there were also significant differences in
shell height among treatments (one-way ANOVA, F = 155.3; df = 3,716; P < 0.001).
Postlarvae fed at low algal concentration (L) attained a mean shell height of 333.6 ~m (se
= 4.85), which was again significantly greater than for postlarvae exposed to the other

treatments (Tukey-B). Furthermore, postlarvae cultured at high ration (H) (mean shell
height 284.5

~m.

se

=3.35) attained a significantly greater shell height than those in the

treatments unfed (U) (mean shell height 246.1
height 241.8

~m,

~m,

se =2.61) and epiflora (E) (mean shell

se =2.27) (Tukey-B). Postlarvae in the treatments (E) and (U) displayed

similar shell heights (Tukey-B). Daily growth rates from day 3 to day 9 were 22.61,
14.49, 7.43 and 8.15 ~m d- 1 for the treatments L, H, Band U, respectively.
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ll.3.1.2. Survival

The mean number of postlarvae attached to the collectors 5 days after settlement
ranged from 166 (se = 46) in the low food concentration (L) treatment to 369 (se = 92) in
the epiflora treatment (E) (Fig. II.2). There were significant differences among treatments
(one-way ANOVA, F =6.71; df =3, 28; P =0.001). Collectors covered by an epiflora (E)
had significantly more scallops than the other treatments, which were statistically similar
to each other (Tukey-B). On average, 78 to 120% more postlarvae settled on the epifloracovered collectors than on those in the other treatments. On day 9, there were also
significantly more postlarvae on the collectors in the epiflora treatment. Overall, there was
a decrease of about 26.8% in the number of spat attached to the collectors from day 5 to 9,
and the percent loss of spat from the collectors did not differ among treatments (one-way
ANOVA, F =0.57; df =3,4; P =0.67).

11.3.2. Experiment 2

II.3.2.1. Growth

Setting larvae had a mean shell height of 190.7 Jlm (se = 0.8) (shell length 202.6
Jlm). Three days after settlement, mean postlarval shell height was 205.0 Jlm (se = 1.67)
and 208.1 Jlm (se = 1.97) for the treatments oflow algal concentration (L) and high algal

24

concentration (H) respectively, which were statistically similar ("t" test, t = -1.42; df =
1,238; P = 0.255) (Fig. II.3). On the other hand, ten days after settlement postlarvae from
treatment (L) had attained a significantly greater shell height (mean= 320.2 !liD, se = 5.29)
than those from treatment (H) (mean= 295.0 !liD, se = 4.07) ("t" test, t = -3.76; df = 1,238;
P < 0.001). After 16 days, mean shell heights were 401.08 !liD (se = 7.24) and 403.17 !liD
(se = 7.44) for treatments (L) and (H) respectively, which were statistically similar ("t"
test, t = 0.2; df = 1,238; P = 0.84). Daily growth rates from days 3 to 10 were 16.02 and
12.85 J..lm d- 1, respectively for treatments (L) and (H), and from days 10 to 16, 13.48 and
18.03 J..lm d-I, respectively.
The relationship between shell height (SH) and length (SL) of postlarval N.

nodosus followed the linear equation SH= 0.8322 SL + 13.482 (n = 120, ~ = 0.96) (Fig.
Il.4), which was highly significant (ANOVA, F = 2488; df = 1,119; P < 0.0001). Such
equation is provided as a useful means of comparison of shell dimension with other studies
in which sizes are presented as shell length.

11.3.2.2. Survival

The mean numbers ofpostlarvae attached per collector in treatment H were 397.6,
237.5 and 176.3 for days 3, 10 and 16, respectively (Fig. II.5). In treatment L, the mean
numbers of postlarvae attached per collector were 482.5, 447.1 and 445.4 for days 3, 10
and 16, respectively. While there was no statistically significant difference in the number
of spat/collector between treatments at day 3, in subsequent days the number of post-larvae
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in treatment L was significantly higher than in treatment H. In treatment L, loss of postlarvae from day 3 to 16 was 7% percent, while in treatment H the loss was 55%.

11.3.2.3. Gut pigments

Total pigments in the gut oflarvae decreased from 108.7 ng ind - 1 to 48 ng ind - 1
after 24 hours in the absence of suspended food, since algae were not supplied until 3 days
post-settlement (Fig. II.6). Five days after settlement, however, postlarvae had a higher
pigment content in the gut than in the previous sample, both in treatment H (143.3 ng ind1) and in treatment L (170.48), which were similar (t test, t =-1.39; df = 1,6; P =0.1). Ten

days after settlement, postlarvae in treatment H displayed a slightly higher gut pigment
content (316.11 ng ind- 1) than those in the treatment L (212.42 ng ind- 1) (t test, t = 1.99; df

= 1,6; P = 0.048). Subsequently, at 16 days post-set, the pigment content in postlarvae
from treatment H (1307.6)was significantly higher in treatment L ( 462.5) (t test, t = 4.54;
df = 1,5; p = 0.003).
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II.4. Discussion and Conclusions

This study focused on shell growth of Nodipecten nodosus shortly after
settlement. While settlement in bivalves involves a behavioural component of exploratory
activity of the substrate in which larvae may alternate periods of crawling and swimming,
metamorphosis is an irreversible developmental process of morphological and
physiological changes (Chia 1977, Burke 1983). In scallops, larval settlement on artificial
collectors and subsequent metamorphosis can extend from hours to several days (Sastry
1979). For example, 50% of Pecten maximus larvae undergo settlement and
metamorphosis within a 2-week period (Nicolas and Robert 2001). In the present study,
the remaining unsettled larvae were removed from the experimental units 72 h from
initiation of the experiment, so that variability in postlarval size was minimised. Scallops
displaying conspicuous dissoconch shell were considered to have accomplished
metamorphosis.
Growth in juvenile bivalves occurs when energy acquisition exceeds metabolic
demand to sustain basic physiological processes, since there is no energy allocation to
reproduction. In scallops, active suspension feeding on phytoplankton is the major form
of food acquisition (Bricelj and Shumway 1991). During postlarvallife, bivalves exhibit
fast shell growth rates, which are not accompanied by a proportional increase in biomass.
This growth pattern may be a protective adaptation of all bivalves, to reduce susceptibility
to predation (Holland and Spencer 1973, Whyte et al. 1992, Lu and Blake 1996). In the
present study, therefore, it was assumed that shell growth of postlarval scallops is
maximised after the onset of acquisition and utilisation of exogenous food.
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There was a significant increase in postlarval shell height (10-13 !J.m) from
settlement to 3 days post-set in all treatments from experiment 1, regardless of the
availability of exogenous food. The presence of a biofilm, suspended algae, or dissolved
organic matter associated with the algal cultures did not result in faster shell growth than
in the unfed control up to 3 days. These results demonstrate that shell growth of

Nodipecten nodosus immediately after metamorphosis is not dependent on exogenous
food, but fuelled by endogenous reserves accumulated during larval life. This was also
demonstrated in both treatments of experiment 2, when algae were not supplied for the
first 72 hours. Although the complete nutritional requirements of Nodipecten nodosus
larvae remain unknown, the mixed diet consisting of the flagellate Isochrysis sp. (clone Tiso) and the diatoms Chaetoceros calcitrans and C. muelleri (=C. gracilis) used during
larval culture is widely used in scallop hatcheries, supporting significant growth and
providing a balanced biochemical composition for larvae (Bourne et al. 1989, Farias 2001,
Uriarte et al. 2001). In this study, N. nodosus pediveligers accumulated sufficient energy
reserves to accomplish metamorphosis in the absence of exogenous food. In a study by
Lu et al. (1999) Argopecten irradians was able to complete metamorphosis when deprived
of food, and energy losses accounted for 57.9 % of the total organic reserves. Ostrea

chilensis pediveligers catabolised 65.5% of their energy reserves (Videla et al. 1998).
Five days after settlement, growth of postlarvae was significantly higher at low
algal concentration (ca. 4.7 xl03 cells mL" 1) than in the other treatments. This indicates
that postlarval N. nodosus at a shell height between 200 and 250 !J.m (days 3-5) can
already capture and utilise phytoplankton as a food source, suggesting that the gills are
already capable of capturing particles. Furthermore, 9 days after settlement, postlarvae

28

were larger when fed at low algal concentration than at high concentration (4x104 cells

mL- 1). Algal cell concentrations fed to postlarval scallops in hatcheries usually range
from 2.0-2.5xl04 cells mL- 1 (Bourne et al. 1989), 3.5x104 cells mL- 1 (Dabinett et al. 1999)
to 8.0-10x104cells mL- 1 (examples in Uriarte et al. 2001). The present results indicate that
the feeding requirement of N. nodosus immediately after metamorphosis is very low, and
that high algal concentrations are deleterious to growth for postlarvae smaller than ca. 350

J.Ull. High algal concentration inhibits filtration in bivalve larvae (Gerdes 1983, Sprung
1984, Riisgard 1988). In juveniles and adults the gills are completely functional, and
feeding activity can be controlled at high particle concentrations by discontinuous feeding
behaviour, reduction of clearance rate, or increasing pseudofaeces production (Bricelj and
Shumway 1991). However, none of these mechanisms has been demonstrated in
postlarval scallops smaller than 0.5 mm in shell height, in which the gills are not fully
developed (Beninger et al. 1994, Veniot et al. 2003). The present study suggests that high
algal concentrations may physiologically stress the scallops, preventing them from fully
exploiting their growth potential. Riisgard (1991) postulated that low growth rates of
bivalves recorded in laboratories may partly be due to unnaturally high algal
concentrations, which lead to sub-optimal conditions (valve closure, reduced metabolism,
and reduced biosynthesis). Two other studies on postlarval scallops reported an optimum
thresholds for growth at low concentrations: 1.0-2.0 xl04 cells mL- 1 for Argopecten

irradians (Lu and Blake 1996), and 0.7-1.7x104 cells mL- 1 for Pecten maximus larger
than 0.5 mm (Nicolas and Robert 2001).
Nine days after settlement, postlarvae from the epiflora and unfed treatments had
reached the same size, and were significantly smaller than fed postlarvae. Surfaces
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immersed in seawater are rapidly colonised by bacteria, and subsequently by diatoms and
protozoans (Corpe 1970). Thus, the provision of biofilm-colonised substrates provided no
nutritional benefit for N. nodosus for up to 9 days after settlement. These results suggest
that pedal feeding, if indeed it does occur, makes a negligible contribution to growth of N.
nodosus. It is also possible that the algae growing on the collectors were too large to be

ingested by postlarval scallops, or had no nutritional value. Microalgal assemblages on
the collectors were dominated by the cosmopolitan non-planktonic chain-forming diatom
Melosira sp. (Hasle and Syvertsen 1997), which had an individual cell size of ca. 25-30
JLm but formed large chains (> 300 JLm). Although Melosira is an abundant diatom in the

gut contents of adult scallops (Argopecten irradians) (Davis and Marshall1961) and
Placopecten magellanicus (Shumway et al. 1987) it was probably not ingested by

postlarval N. nodosus either due to the large size· of the chains, or absence of pedal feeding
behaviour. Within pectinids, pedal feeding has been reported only in Patinopecten
yessoensis as a vestigial behaviour, and its nutritional contribution is much less than

suspended algae and limited to the first week after settlement (O'Foighil et al. 1990, Reid
et al. 1992). If pedal feeding is a general mechanism in scallops, the suitability of
different species of epibenthic algae that could be induced to grow on the collectors
remains an interesting area for future investigations, which could contribute to
optimisation of postlarval growth.
Although the presence of an epiflora on the collectors did not enhance growth of
postlarval N. nodosus, it significantly increased settlement success, leading to 78-120%
more postlarvae on the fouled collectors. Increased settlement induced by the presence of
a bacterial film has been demonstrated for some bivalves, including the scallops
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Patinopecten yessoensis (O'Foighil et al1990), Chlamys hastata (Hodgson and Bourne
1988) and Placopecten magellanicus (Parsons et al. 1993), although in Pecten maximus a
certain bacterial film did not influence settlement (Trittar et al. 1992). The effects of
biofilms on settlement of N. nodosus have not been previously studied, and the present
results have direct implications for the optimisation of hatchery production. The
immersion of the spat collectors in seawater to allow the formation of a bacterial film is
therefore a recommended hatchery practice.
As the water used in the experiments passed through a series of filters with
decreasing pore size from 60 to 1 j..tm, the concentration of food particles in the water was
negligible, as confirmed by particle counts carried out with the Coulter counter.
Furthermore, water was exchanged daily, and tanks were covered to prevent entry of light,
thus minimising uncontrolled algal growth. There was an increment in shell height of 5560

j..tm in

the unfed and epiflora treatments, which was probably sustained by endogenous

reserves. Furthermore, mortality in these treatments did not differ from the fed group,
suggesting no significant effect of food availability on survivorship during this period.
Although survival beyond 9 days post-set was not followed, it is clear that the energy
accumulated during the larval phase was sufficient to supply energy for maintenance for at
least 9 days after settlement. Considering that acquisition and utilisation of suspended
food began 3 to 5 days after metamorphosis, the energy reserves accumulated during the
larval period were sufficient to meet the demands of metabolism and growth of N.

nodosus during the period in which there was no suspension feeding. In contrast to the
rock scallop (Crassodoma gigantea), in which pediveligers had high mortality during 4
days of starvation (Whyte et al. 1992), N. nodosus not only survived, but also
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metamorphosed and displayed limited shell growth in the absence of algal food for at least
9 days post-settlement.
According to Whyte et al. (1992) the fatty acid profile ofpostlarval scallops
Crassodoma gigantea indicate food assimilation at 25 days after metamorphosis, but their
calculations suggest that before this, the acquisition of exogenous energy is not sufficient
to meet the metabolic demand for growth, although earlier postlarvae were not analysed.
Postlarval mortality of C. gigantea was explained by insufficient acquisition of exogenous
food soon after metamorphosis to meet the energetic demands of shell growth, which was
postulated to be unimpeded by total energy depletion. The results of the present study,
however, clearly indicate that shell growth of N. nodosus postlarvae is inhibited by the
absence of suspended food compared to fed postlarvae, suggesting that energy acquisition
from exogenous sources is a limiting factor for shell growth, and endogenous energy is
not indiscriminately allocated to growth. Restrained growth in the absence of food may
be a strategy to prolong survival under unfavourable conditions. lfpostlarval growth had
been unimpeded until all endogenous energy was depleted, then mortality, not reduction
in growth, would have been observed in the unfed treatment. The present results give no
indication of mortality induced by deprivation of suspended food for up to 9 days postsettlement, and food acquisition started well before endogenous energy was depleted. It is
possible that the tropical scallop N. nodosus develops more rapidly than temperate
species, so the that gills become functional earlier, being capable of capturing suspended
particles at a smaller body size (200-250 J.Lm shell height) than Patinopecten yessoensis,
in which effective suspension feeding begins at 400 JliD (Reid et al. 1992) or Crassodoma
gigantea, two cold water species. Indeed, Barre et al. (2002), comparing morphological
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development of Placopecten magellanicus and Argopecten irradians, concluded that key
events in gill development occurred at a smaller size in A. irradians, indicating interspecific variability in gill ontogeny within pectinids.
Manahan (1983) demonstrated that filtrates from algal cultures (Thalassiosira

pseudonana) contained large concentrations of dissolved free amino acids, which could be
taken up by bivalves. In the present study, the same volume of algal culture media was
added for both treatments of high and low food concentrations, but reducing the algal cell
density by means of filtration in the latter treatment. This approach ensured that bacteria
and concentrations of dissolved nutrients in the algal culture media, as well as exuded
dissolved polymers and free amino-acids released by microalgae, which could have
nutritional value for bivalves, were similar in both high and low food concentration
treatments. Therefore, the only factor differing between treatments was the concentration
of algal cells supplied, and any differential contribution of DOM among the treatments in
which food was supplied was eliminated.
In experiment 2, after 10 days from settlement, postlarvae cultured at low algal
concentration had shell heights significantly larger than those in the other treatments,
consistent with experiment 1. However, sixteen days after settlement the shell heights of
postlarval scallops were similar between treatments. The increase in the gut pigment
content from settlement to day 5 post-set further confirms that at day 5 scallops were
already able to ingest phytoplankton. Furthermore, at day 10 the pigment concentration
was slightly higher in the scallops cultured at high algal concentration. As growth rates
from day 3 to 10 were higher in the scallops cultured at low concentration, postlarvae
utilized food more efficiently at low concentrations, as previously discussed. The present
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results suggest that there was an increase in food uptake around day 10 at ca. 300 !-liD shell
height, but this increase in ingestion was not immediately reflected in growth, but in the
subsequent period, when postlarvae cultured at high algal concentration displayed higher
growth rates than those cultured at the low concentration. The sharp increase in the gut
pigment of postlarvae from the high concentration treatment from day 10 to 16, suggests
that between 300-400 J.Lm shell height there is a significant increase in feeding activity,
which is probably associated with a critical stage in the gill development, as described for
Placopecten magellanicus (Veniot et al. 2003) and Pecten maximus (Beninger et al.
1994). Postlarvae cultured at low algal concentration also displayed an increase in
pigment content, but less than those at high cell concentration. At this point, the
availability of food probably became limiting in the low food treatment and ingestion of
algae was therefore lower, but not resulting in immediate differences in shell height
among treatments. Two non-exclusive hypotheses can be proposed to explain this result.
First, since there is a lag between food acquisition, digestion, assimilation and the shell
growth response, differences in shell heights between treatments would only be apparent
after day 16, and faster growth rates were indeed disP,layed by postlarvae at the high food
treatment from days 10 to 16. Second, absorption efficiency tends to decrease at high
food concentration, as demonstrated for other bivalves (Thompson and Bayne 1974,
Griffiths and King 1979, Navarro and Winter 1982, Yukihira et al. 1998). Thus, as the
capacity of the digestive gland is exceeded, more organic material is rejected in faeces. In
this manner, even at lower food concentration postlarval N. nodosus could maximise
absorption of ingested food and display significant growth, despite lower algal ingestion.
The present results suggest that food levels usually supplied to postlarval scallops in
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hatcheries are higher than the demand, and the high cell concentrations supplied may lead
to reduced feeding rate and/or lower absorption efficiency, therefore, resulting in a
significant waste of cultured microalgae. The present study sets the stage for further
studies on the effect of cell concentration on the feeding physiology of scallop postlarvae,
in order to maximise growth potential soon after settlement. Feeding early postlarvae at
an optimum cell concentration of a suitable algal species could increase growth,
significantly reduce the time to transfer to the sea-based nursery, and therefore, reduce
production costs.
Survivorship significantly differed between low and high food treatments in
experiment 2, higher mortality being recorded at the higher food level. It is unlikely that
the high cell concentration directly caused scallop mortality, but an excess of microalgae
may have led to settlement of cells to the bottom of the tank, where they may have
stimulated bacterial proliferation and reduced water quality. Nicolas and Robert (2001),
also found the lowest mortality in postlarval Pecten maximus fed at the lowest food
concentration. High bacterial concentration and accumulation of ectometabolites are
detrimental to larval and postlarval bivalves (Loosanoff and Davis 1963, Elston and
Leibovitz 1980, Prieur et al. 1990). Likewise, larval pectinids are highly susceptible to
bacterial infections in hatcheries (Freites et al. 1993, Riquelme et al. 1995, Nicolas et al.
1996, Sainz et al. 1999), being more vulnerable to vibriosis than are larval oysters and
penshells (Luna-Gonzales et al. 2002). The relatively immature immune system in larval
pectinids compared with other bivalves may explain such differential susceptibility to
pathogens (Luna-Gonzales et al. 2002). Furthermore, differences in the immune system
of adult scallops have been reported. Granular hemocytes, the cells more actively
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involved in the immune defence in oysters and mussels (Cheng 1981, Hine 1999), have
not been detected in N. nodosus (Vargas-Albores and Barraco 2001) nor in other scallops
(Hine 1999). In a mytilid (Mytilus galloprovincialis), antimicrobial peptides, mytilina and
defensina are synthesized during and after metamorphosis, respectively (Mitta et al.
2000). Although there is a lack of immunology studies of the early life stages of scallops,
it is possible that early post-metamorphic scallops have a delayed development of the
immune system compared with other bivalves, and are therefore more susceptible to
bacterial infection in hatcheries.
In conclusion, the present study demonstrated that the presence of epiflora on the
collectors significantly increased settlement of the lion's paw scallop, but did not enhance
postlarval growth. Furthermore, settlement, metamorphosis and early postlarval growth
were accomplished in the absence of suspended food, but 3-5 days after settlement, the
availability of algae was an important factor determining growth of N. nodosus, and a low
concentration (ca. 4.7 x103 cells mL- 1) of Isochrysis sp. (clone T-iso) and Chaetoceros
muelleri was more advantageous to growth and survival than 4 x1 04 cells mL- 1. The

absence of exogenous food does not limit survival for at least 9 days after settlement,
since ingestion of exogenous food started well before that. On the contrary, at high food
concentration (4 x104 cells mL- 1) mortality increased. Depletion of endogenous reserves
before initiation of suspension feeding did not account for postlarval mortality.
Alternatively, an immature immune system in early postlarval scallops, and therefore high
susceptibility to disease, may explain the high postlarval mortality often reported in
scallop hatcheries.
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CHAPTER III

Influences of Environmental Factors, Season and Size at Deployment on
Growth and Retrieval of Postlarval Nodipecten nodosus
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ITI.l. Introduction

Nodipecten nodosus is a promising aquaculture species in Brazil, and hatchery
production is the only feasible approach to supply juveniles (Rupp 1994, Uriarte et al.
2001). The intermediate step between the controlled hatchery situation and growout in the
sea is known as nursery culture (Claus 1981). The first phase of nursery includes the
period from metamorphosis to approximately 1 mm shell height, when postlarvae are
cultured in land-based facilities, usually attached to monofilament collectors or other
substrates. Unlike other bivalves that strongly attach to the substrate, scallop postlarvae
are extremely fragile and easily detachable from the collectors, being difficult to
manipulate. Therefore, culturing them requires nursery strategies different from those
used for some other molluscs. The second phase of nursery culture, until juveniles reach
about 5-10 mm in shell height, can be either land-based (upwellers, downwellers, recirculating waters, or flow-through systems), or carried out in the sea (Bourne and
Hodgson 1991). The sea-based approach consists of transferring spat collectors inside
nylon mesh bags or in mesh-lined plastic trays directly to the sea after several weeks of
land-based nursery, when spat are generally larger than 1 mm (Bourne and Hodgson 1991,
Uriarte et al. 2001). High losses are reported in both types of nursery culture. In the seabased nursery, spat may be subject to high mortalities due to environmental factors such
as salinity and temperature exceeding the limits of tolerance, smothering, predation or
handling (Bourne and Hodgson 1991). In the land-based nursery, high mortalities have
been explained by nutritional deficiencies resulting from limited filter-feeding capabilities
of early postlarvae (Whyte et al. 1992, Beninger et al. 1994), but see Chapter II. In
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addition, intensive culture facilities for molluscs may be subject to infectious disease
outbreaks causing high mortalities (Elston 1984).
Growth of spat held in land-based nurseries, after a certain size, is limited by
nutritional deficiencies of the cultured microalgae (Bourne et al. 1989, O'Foighil et al.
1990, Coutteau and Sorgeloos 1992, Whyte et al. 1992, Heasman et al. 1996).
Furthermore, the increasing quantity of algae required to satisfy the growing demand of a
large number of organisms and associated costs, is also a factor limiting the maintenance
of bivalves for long periods under artificial conditions (DePauw 1981, Rhodes et al.
1981), requiring transfer of spat to the sea-based nursery as early as possible. However,
deployment of small scallops may be constrained by the small mesh size required to retain
them and by losses due to detachment, and this approach has not been well documented in
the literature. While nursery culture for temperate and boreal scallops has been studied
(O'Foighil et al. 1990, Bourne and Hodgson 1991, Widman and Rhodes 1991, Grecian et
al. 2000), there have been fewer studies in subtropical regions (Martinez et al. 1992), and
none on nursery culture of N. nodosus.
The study area is a subtropical region near the high latitudinal distribution limit
of N. nodosus in the Southern Hemisphere (Lat. 27° 50' S), which is classified as a warmtemperate marine biogeographic province (Briggs 1995). The oceanographic patterns of
the southeastern Brazilian coast have been studied on meso- and large-scales, but no study
has so far addressed the effects of abiotic and biotic environmental factors on growth and
survival of marine bivalves in this region. According to the general oceanographic model
proposed originally by Emilsson (1961), the southeastern Brazilian coast is seasonally
influenced by different water masses. Subsequent studies by Matsuura (1986), Brandini
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(1990), Castro and Miranda (1998), Sunye and Servain (1998), and Borzone et al. (1999)
have surveyed the neritic region beyond the 20 m isobath, including waters off Santa
Catarina State. From these studies it can be inferred that during summer, surface layers of
the inner shelf off Santa Catarina State are influenced by Coastal Water (CW- salinity<
35 psu) or Shelf Water (SW- salinity 35-36 psu), with high temperature (20-28°C) and
oligotrophic characteristics, whereas further offshore, warm, oligotrophic and high salinity
(> 36 psu) Tropical Water (TW) is present. On the contrary during winter (June to

September), CW disappears and is replaced mainly by a coastal branch of the Malvinas
Current (sub-Antarctic water- SAW), with cold (< 20°C), low salinity (as low as 29 psu)
and phytoplankton-rich waters (Sunye and Servain 1998). As a result, waters off Santa
Catarina State are subject to a strong semi-annual thermal cycle in which food availability
and temperature tend to vary in an inverse manner. This pattern differs from higher
latitudes, where there are also marked seasonal variations in temperature and
phytoplankton biomass, but both factors generally co-occur, making it difficult to
decouple the effects of food and temperature on bivalve growth (Orensanz et al. 1991). In
temperate and boreal regions, the relative importance of temperature and food availability
on growth has been controversial. While Vahl (1978), MacDonald and Thompson (1985),
Wallace and Reinsnes (1985), and Thorarinsd6ttir (1994) found that food availability was
the most important factor influencing somatic growth of scallops in the sea, Andersen and
Naas (1993), Kleinman et al. (1996), Chauvaud et al. (1998) and Laing (2000) concluded
that temperature was the major factor driving growth of scallops. On the other hand, in a
tropical region growth of juvenile scallops was not influenced by food variability or
temperature (Lodeiros and Himmelman 1994, 2000), but after sexual maturity, periods of
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low food abundance and high temperature, which coincided with high settlement of
biofouling organisms on shells, were stressful for the scallops (Lodeiros and Himmelman
1996, 2000). It is not clear the extent to which the variability in conditions reported for
neritic waters of the inner continental shelf in southern Brazil, influence sheltered
aquaculture sites. In addition, it is not known whether growth of bivalves is mainly driven
by temperature or food availability in this subtropical environment, nor whether such
variability is an important aspect that should be considered in developing aquaculture
strategies.
The size at which scallops are transferred to the sea is an important factor for the
success of nursery culture, and the trade-off among growth, percentage retrieval and costs
of maintaining spat in the sea and in the land-based nursery must be evaluated in order to
establish protocols for optimising yields. Furthermore, when deployed in the sea, scallops
are exposed to seasonal variation in environmental factors, and an understanding of the
influence of temporal variation in food availability and abiotic variables on growth and
survival of spat is essential for the establishment of viable culture strategies in southern
Brazil. While the sea-based nursery approach has been studied for scallops larger than 1.5
mm (O'Foighil et al. 1990, Bourne and Hodgson 1991, Widman and Rhodes 1991,
Grecian et al. 2000, Christophersen and Magnesen 2001), growth and survival in the sea
of scallops smaller than 1 mm have only been addressed in one study (Heasman et al.
2002), but environmental influences were not considered. The present study the first to
use the approach of assessing the influences of food availability and abiotic factors on
scallops deployed in the sea-based nursery at a size of 0.5 mm, as well as in comparing
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growth and percentage retrievals of postlarvae deployed at different sizes (0.29 to 1.1 mm)
and culturing them simultaneously in the sea and in the laboratory.
The present study was designed to test the hypotheses that ( 1) seasonal
variability in environmental factors significantly influences growth rates of postlarval and
juvenile N. nodosus in a coastal sheltered subtropical environment, with growth mainly
driven by temperature rather than food variation, (2) after a certain size, postlarvae
deployed in the sea-based nursery display higher growth rates than those maintained in the
land-based nursery, and (3) loss of spat in the sea-based nursery is initially high and then
stabilizes. The specific objectives of the present study were: (1) to determine the
influence of seasonal variation in food availability and abiotic environmental factors on
growth and percentage retrieval of postlarval scallops deployed in the sea-based nursery,
(2) to compare growth rates and percentage retrievals of scallops deployed at different
sizes as well as maintained simultaneously in the sea-based and land-based nurseries,
determining the size at which growth becomes enhanced under field conditions, and (3) to
assess growth and percentage retrieval of spat after consecutive samplings.
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ID.2. Materials and Methods

III.2.1. Study area
Larvicultures and land-based nursery experiments were undertaken at the
Laboratory for the Culture of Marine Molluscs (LCMM - UFSC), in Florianopolis, Santa
Catarina State, Brazil. Sea-based nursery experiments were carried out on the East side of
Joao da Cunha Island, Porto Belo (Lat. 27° 08' S; Long. 48° 33'W) (Fig. 1.2), Santa
Catarina State, located 90 km from the laboratory.

III.2.2. Environmental variables

Water samples were taken weekly at the field site with a 2-L Van Dom sampling
bottle and transferred to the laboratory in a cooler containing ice packs. Temperature in
the sea was recorded hourly with Stowaway® data loggers and dissolved oxygen was
determined in situ with a digital dissolved oxygen meter (YSI model 55/12FT). Within
two hours, water samples were gently stirred and filtered through a 350-!..t.m-mesh screen
to remove larger zooplankton. Total suspended particulate matter was determined
gravimetrically after filtering 400 mL seawater on a 24 mm diameter Whatman 934-AH
glass microfibre filter (pore size 1.5 ~-tm) and drying for 72 h at 600C. Particulate organic
and inorganic matter were determined by weight loss on ignition at 450°C as described by
Parsons and Dadswell (1992). Chlorophyll-a concentration was determined with a
Turner™ digital fluorometer (TD 10-AU), after filtering triplicate, 100-mL water samples
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and extracting chloropigments in 90 % acetone, using standard methods (USEPA Method
445.0). Turbidity was determined by a Lamotte 2020 turbidity meter and salinity by a
digital WTW Multiline P4 water quality meter. All variables were determined in triplicate
samples.
Rainfall data were obtained from a meteorological station (CLIMERH - Centro
Integrado de Meterologia e Recursos Hfdricos) located in Itajaf (SC), approximately 35
km NW from the study site. Precipitation was recorded daily and cumulative precipitation

was calculated for the periods during which the nursery culture experiments were carried
out.

TII.2.3. Spat production

Broodstock (shell height 12-14 em) were collected in the wild by SCUBA diving
and maintained in lantern nets at the field site throughout the study. Scallops were
transferred to the laboratory 2 to 3 weeks prior to spawning and maintained in tanks with
flowing seawater at temperature of 17-18°C, fed a mixture of cultured microalgae
(lsochrysis sp. (clone T-iso), Chaetoceros calcitrans, C. muelleri) at final concentrations
of 4-6x104 cells mL- 1 (Rupp et al. 1997). Broodstock (8-12 scallops) were induced to
spawn and gametes pooled from several scallops were used for fertilization. Five larval
cultures were carried out using hatchery techniques described in Chapter II. When larvae
(pediveliger) displayed certain morphological and behavioural changes (conspicuous
eyespot, protrusion of foot and crawling behaviour), and attained shell lengths of 200-210
Jlm (shell height 185-190 Jlm), they were considered competent to undergo settlement and
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metamorphosis. Pediveligers were then retained on a 140-J..Lm-mesh Nytex screen, subsampled, counted in a Sedgwick-Rafter chamber under a microscope, and then transferred
to the experimental nursery tanks. The substrates used for larval settlement were
polyethylene screens (Nortene®) with 3-mm mesh which in previous experiments had
resulted in high settlement and were convenient to manipulate for experimental purposes.
The collectors were cut into rectangles of 25 X 50 em (mean weight of 31.35 g; se = 1.4 g)
and the edges of the longer sides were tied together, so that they assumed a cylindrical
shape. The relationship between the number of collectors and the volume of water was
similar in all experiments, and the number of eyed pediveligers deployed per tank ranged
from 1.2 to 1.9 larvae mL- 1. The collectors were thoroughly cleaned with 5 % sodium
hypochlorite solution and then rinsed in filtered seawater before use.
Settlement and land-based nursery cultures were carried out in 100 or 300-L
fibre glass tanks. Seawater was UV-irradiated, filtered through a 1 J..Lm cartridge filter and
salinity was 33-34 psu. Water was changed daily, and diet consisted of a mixture of at
least three of the following species: Isochrysis sp. (clone T-iso), Chaetoceros calcitrans,
C. muelleri and Nanochloropsis occulata in exponential growth phase, at final
concentrations ranging from 4x104 cells mL- 1 after larval settlement to 8 x104 cells mL- 1
prior to final deployment in the field. To reduce the risk of bacterial outbreaks during
experiments, a bacteriostatic agent (chloramphenicol- 12.5 mg L" 1) was added to the
microalgal cultures 1 h before feeding the scallops. The final concentration of
chloramphenicol in the experimental tanks was lower than 0.5 mg L- 1, after food was
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supplied. In the laboratory, water temperatures were maintained at 24-25°C for
experiments 1 and 3, and 23-24°C for the other experiments.

111.2.4. Transfer to the sea-based nursery

For every spat deployment in the sea-based nursery, collectors were taken from a
setting tank and placed inside spat bags (3 collectors/bag; 3 bags). This procedure was
repeated for each of the setting tanks (3 replicates). Spat bags consisted of 0. 7 mm-mesh
(diagonal) nylon bags with one end sealed by a Velcro strip to allow opening and closure.
The total number of collectors and spat bags varied among nursery culture experiments,
depending on the number of deployments and retrievals, but triplicate spat bags were
retrieved at any given sampling.
Prior to each deployment, 3-4 collectors were sampled per tank in order to
determine the initial number of postlarvae. Collectors were thoroughly brushed with
repeated gentle movements inside plastic trays filled with filtered seawater. Detached spat
were then screened, separated from debris, and preserved in 4 % buffered formaldehyde
for further counting and measurements
The nylon spat bags to be transferred to the field were placed inside plastic bags
filled with filtered seawater which were tightly closed and transported to the field site
inside Styrofoam containers. Transfer time from experimental tanks to the sea was about
3 h for all nursery culture experiments. Emersion time of the collectors was less than 1
minute, at transfer from the experimental tanks to the transport bags and at deployment in
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the sea. Water temperature during transfer remained within 2°C of the temperature in the
experimental culture tanks. For the winter and early-spring deployments, the seawater
temperature in the sea-based nursery site was lower than in the land-based facilities, so the
water in the experimental tanks was cooled overnight(~ 2°C), in order to minimise
thermal shock to postlarvae and reduce possible spat detachment upon deployment in the
sea at a lower temperature (Bourne and Hodgson 1991).
At the sea-based nursery, the spat bags were tied to a surface long-line 2m below
the surface by SCUBA diving at a 5 m deep site. During the immersion period, the
outside of each spat bag was cleaned weekly by gentle brushing to prevent fouling and
sediment build up, so that water flow was not be impeded. Similar collectors without spat
were deployed inside spat bags during three of the nursery experiments in order to
determine natural settlement, which resulted in no wild spat of N. nodosus settled on the
collectors. Therefore, the influence of natural settlement in the experiments was ruled out.
For retrievals, spat bags were taken from the long-line by SCUBA diving, placed in plastic
bags filled with site seawater, tightly closed, placed inside Styrofoam containers and
returned to the laboratory for further analysis.
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111.2.5. Experimental approach

· Il/.2.5.1. Seasonal comparison

The influence of seasonal variability of environmental factors on daily growth rates
and percentage retrieval of scallops (objective 1) was determined in five seasonal
deployments (SD) in the sea-based nursery, carried out in: late winter-early spring-00 (WSp). late spring-00-early summer-01 (Sp-Su). late summer-early autumn-01 (Su-A), late

autumn-early winter-01 (A-W), and late winter-early spring-01 (W-Sp). Postlarvae were
deployed in the sea-based nursery 14 to 17 days after settlement at about 0.5 mm shell
height and retrieved 30-33 days later (Table ill.1).

III.2.5.2. Comparison of land-based and sea-based nursery

The comparison of growth rates and percentage retrievals between postmetamorphic scallops in the land-based nursery and those in the sea-based nursery
(objective 2) was carried out in nursery culture experiments (NC) in late winter-early
spring-00 (NC-1) and in late summer-early autumn-01 (NC-2) (Table ill.2). Postlarvae
were deployed in the sea two weeks after settlement (shell height ca. 0.5 mm), while a
corresponding group was simultaneously maintained in the laboratory for an identical
period. A second group of postlarvae were deployed in the sea 10-11 days after the first
deployment (24-25 days post-set; shell height ca. 0.8-0.9 mm), and a third group was
deployed 10-11 days later (five weeks post-set; shell height ca. 1.1 mm). For each
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deployment, triplicate spat bags were retrieved from the sea after 10-11 day intervals.
The final retrieval from all three groups deployed was carried out 10 days after the final
deployment (i.e., 30-33 days after the first deployment; 44-47 days post-set).
The influence of spat size at deployment was also studied in late winter-early
spring-01 (NC-3), when final shell height and percentage retrievals ofpostlarvae from the
sea-based nursery were compared among three groups deployed at different initial sizes
(mean shell heights 0.29, 0.54 and 0. 72 mm) after 7, 17 and 27 days in the laboratory.
Land-based nursery cultures of postlarvae were undertaken under conditions
described in Spat production (III.2.3). Sampling for determination of shell height and
number of spat attached per collector was carried out on the same dates the collectors were
transferred to, or retrieved from the sea-based culture. In addition, the number of spat
detached from the collectors during transport was determined simultaneously in three of
the nursery culture experiments (NC-2, 3 and SD-4).

III.2.5.3. Consecutive samplings from the sea-based nursery

. Growth and percenaget retrievals of postlarval scallops in consecutive samplings
(objective 3) were determined in nursery cultures simultaneously with the seasonal
deployments (SD) 3 and 4 carried out in late summer-early autumn-01 and in late
autumn-early winter-01 (Table III.3). Postlarvae were deployed in the sea-based nursery
two weeks after settlement and retrieved at intervals of 10-11 days until 53 days postdeployment.
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IIL2.5.4. Growth rate

After the spat collectors were retrieved from the sea-based nursery, spat were
detached and shell heights were measured with an ocular micrometer(± 0.01 mm) using a
compound or a dissecting microscope, depending on spat size. Daily growth rates (DGR)
were calculated for scallops in each replicate bag by subtracting the initial mean shell
height at deployment (SRi), from the shell height at the end of the experimental period
(SRr) and dividing by the period of time (in days) the spat were maintained in the seabased or in the land-based nursery [DGR = (SRr- SRi) d- 1] (n = 30; when fewer spat were
retrieved, all were measured). Shell height, rather than tissue weight was used as a growth
parameter in the present experiment, since post-metamorphic scallops display allometric
relationship between shell height and tissue weight, growth in size being much faster than
growth in tissue weight (Lu and Blake 1996).

IIL2.5.5. Percentage retrieval

Retrieval of spat from the sea-based nursery is defined as the number of live
scallops remaining in a spat bag after mortality and/or losses due to detachment and
escape through the nets. The number of spat retrieved was determined by counting the
total number of postlarvae per collector for a given sampling date. Percentage retrieval
was determined in relation to the initial mean number of spat settled on the collector for a
given deployment. In the land-based nursery, percentage survival refers to the number of
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live scallops present after a given period in relation to the initial number of postlarvae
settled on the collectors.

111.2.6. Statistical analyses

Data were analysed with the SPSS statistical package (version 10). One-way
ANOVA was undertaken to determine the differences between environmental factors
among the experiments carried out at different seasons, as well as for differences in DGR
and shell height of scallops, at a significance level of 0.05. Residuals were checked
graphically for normality and homoscedasticity. If assumptions for ANOVA were
violated, variables were log 10 transformed (Sokal and Rohlf 1995) and residuals reexamined. Since turbidity data violated the assumptions of ANOVA before and after
transformation, the non-parametric Kruskal-Wallis test was used in this case. When
significant differences were detected among means (a= 0.05), a post hoc Tukey B test was
performed. Spearman correlation analysis was used to determine significant correlations
among environmental variables and between mean daily growth rates and environmental
variables (significance at P < 0.05). Environmental variables that were significantly
different among seasons and independent (temperature, salinity, turbidity, TPM) were
used to build a multiple linear regression model, using the enter method, to identify the
factors best explaining variability in growth. The comparison of daily growth rates
between spat maintained in the land- and sea-based nurseries was performed with twoway ANOV A followed by an independent sample Student "t" test to compare DGR
between experiments.
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ill.3. Results

lll.3.1. Seasonal comparison

III.3.1.1. Environmental variables

There were significant differences in environmental factors among the nursery
culture experiments carried out in different seasons (Fig. III.1). Temperature was
significantly higher in spring-00-summer-01 (Sp-Su) and summer-autumn-01 (Su-A),
when maximum values reached 28.4 and 28.6°C and means were 25.6 and 26.1°C,
respectively (Fig. III.1A). Temperature for winter-spring-00 (W-Sp-00), autumn-winter
01 (A-W) and winter-spring-01 (W-Sp-01) averaged 17.7, 20.4 and 20.8°C, respectively,
being significantly lower in W -Sp-00, when minimum values reached 16.1 °C. Salinity
was significantly higher in Sp-Su averaging 33.7 psu, whereas in W-Sp-00 and W-Sp-01
salinities were significantly lower, averaging 31.3, 30.3 psu, respectively (Fig. ID.1B),
with minimum values of 29.4 and 26.7 psu, respectively. Maximum concentrations of
chlorophyll-a were recorded during W-Sp-00 (2.75 J,Lg L- 1) and W-Sp-01 (3.02 J,Lg L- 1),
when mean concentrations were 1.41 and 1.7, mg L- 1 respectively (Fig. III.1C). Mean
concentrations of chlorophyll-a in Sp-Su, Su-A and A-W were 0.77, 0.67, and 0.94 J,Lg L-\
respectively, with maximum values reaching 1.19, 1.68 and 1.78 J,Lg L- 1, respectively.
However, differences in chlorophyll-a among nursery cultures were not statistically
significant (P = 0.056). Total suspended particulate matter (TPM) in W-Sp-00, Sp-Su and
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W-Sp-01 averaged 4.36, 6.73 and 6.53 mg L-I, respectively (Fig. Ill.ID), being
significantly higher than TPM recorded in A-W (1.70 mg L- 1). TPM in Su-A (2.13 mg L- 1)
was similar to W-Sp-00. Particulate inorganic matter (PIM) and particulate organic matter
(POM) followed the same pattern as TPM (Fig. III. IE). Mean PIM in W-Sp-00, Sp-Su and
W-Sp-01 (3.33, 5.22 and 5.38 mg L- 1, respectively) was significantly higher than in A-W
(1.29 mg L- 1), but mean PIM in nursery cultures W-Sp-00 and Su-A was similar (1.66 mg
L- 1). Mean POM in nursery cultures W-Sp-00, Sp-Su and W-Sp-01 (1.03, 1.51 and 1.15 mg

L- 1, respectively) was significantly higher than in A-W (0.41 mg L- 1), but mean POM in
nursery cultures 3 (0.48 mg L- 1), 1 and 5 were similar. Mean percent PIM ranged from
73.4 to 81.7% throughout the study, and the ratio PIM:POM averaged from 3.1 to 4.5
with no significant differences among seasons (Figs. III. IF and G). Percent oxygen
saturation, ranging from 88.7 to 95.1 %, was also similar among seasons. Results of the
ANOVA comparing environmental factors among nursery cultures are shown in Table
ill.4. Mean turbidity in W-Sp-01 (4.48 NTU) was significantly higher than in the other
nursery cultures (0.77 to 1.63 NTU) (Fig. III.IH). Cumulative precipitation at a nearby
station during W-Sp-01 was 440.4 mm, whereas during the other nursery cultures it
ranged from 119.7 to 157.1 mm (Fig. III.2).
Spearman correlation analysis (Table ill.5) indicated that temperature was
significantly correlated with salinity (P

=0.023).

Chlorophyll-a was positively correlated

with POM (P = 0.006), PIM (P = 0.013), TPM (P = 0.007) and turbidity (P =0.003), and
was negatively correlated with salinity (P =0.017).
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Ill.3.1.2. Growth rate

Postlarval scallops deployed to the sea-based nursery at various times of the year
approximately two weeks after settlement (14 to 17 days) had a mean shell height ranging
from 0.48 to 0.53 mm. Final shell heights, determined 30 to 33 days after deployment,
were 2.03, 5.34, 4.96, 4.52 and 2.88 mm, respectively, for the five consecutive seasonal
deployments (W-Sp-00, Sp-Su, Su-A, A-Wand W-Sp-01) (Fig. Ill.3), and significant
differences in DGR were recorded (F = 42.0; df = 4,10; P < 0.001). Spat deployed in WSp-00 displayed significantly lower DGR (0.045 mm d- 1) than spat deployed at all other
seasons. Spat deployed in Sp-Su (0.152 mm d- 1), Su-A (0.149 mm d- 1) and A-W (0.130

mm d- 1) had significantly higher DGR than those deployed in W-Sp-01 (0.078 mm d- 1).
Spearman correlation analysis, indicated significant positive correlations between
DGR and temperature (P < 0.001) and between DGR and salinity (P < 0.001). Negative
correlations were found between DGR and chlorophyll-a (P < 0.001), and DGR and
turbidity (P

=0.0024).

The relationships between DGR and environmental factors were examined by
multiple linear regression. Temperature was the main factor affecting growth, explaining
69% of the observed variation in DGR (F =28.33; df = 1,13; P < 0.001). A model
including temperature and turbidity explained 78.2 % of the variability in DGR (F

=

21.48; df == 2,12; P < 0.001). The addition of salinity and TPM to the model explained
90.3% of the observed variability in DGR (F == 23.39; df

=4,10; P < 0.001).

The multiple

regression equation of growth rate and environmental factors is expressed as: DGR

=

65.69 + 0.46 Temp - 2.37 Sal - 1.97 Turb + 0.88 TPM, where, DGR = daily growth
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rate, Temp= temperature, Sal= salinity, Turb =turbidity and TPM = total particulate
matter.

III.3.1.3. Percentage retrieval

The percentage retrievals of Nodipecten nodosus deployed at the sea-based nursery
in different seasons at an average initial shell height of approximately 500 J.!m and
retrieved after 30 to 33 days of suspended culture were, 3.36, 6.04, 15.24, 42.8, and 1.45
%for nursery cultures deployed in W-Sp-00, Sp-Su, Su-A, A-Wand W-Sp-01, respectively
(Fig. III.4).

III.3.2. Comparison of land-based and sea-based nursery

III.3.2.1. Three spat deployments at different sizes with simultaneous culture in
sea- and land-based nurseries

Two weeks after settlement, mean shell heights of postlarval scallops were 0.534
mm and 0.505 mm, respectively for nursery cultures NC-1 (late winter-early spring-00)
and NC-2 (late summer-early autumn-01), when the comparison of scallops in the landand sea-based nurseries began. Growth of postlarvae in the sea was faster than in the
land-based nursery. After 20-22 days of deployment (34-36 days post-set), scallops
maintained in the sea attained a mean shell height of 1.61 mm in NC-1 and 2.95 mm in
NC-2, whereas those maintained in the land-based nursery had a mean shell height of 1.13
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mm and 1.14 mm, respectively. The resulting DGR ofpostlarvae held in the sea-based
nursery was 0.045 mm dai 1 in NC-1 and 0.122 mm day- 1 in NC-2, both being
significantly higher (F =93.2; df = 1,8; P < 0.001) than the DGR displayed by spat
maintained in the land-based nursery (0.027 and 0.032 mm dai 1) (Fig. Ill.5). There were
also significant differences in DGR between NC-1 and NC-2 (F = 52.1; df = 1,8; P <
0.001), and a significant interaction between ambient (sea-based or land-based) and
nursery culture (F =41.04; df = 1,8; P < 0.001). This interaction was due to the
significant differences in DGR of postlarvae maintained in the sea ("t" test, t =-7 .24; df =
1,4; P =0.002), since the DGR of postlarvae maintained in the land-based nursery was
statistically similar between NC-1 and NC-2 ("t" test, t = -1.19; df = 1,4; P = 0.3).
On the other hand, in both nursery cultures, percentage retrievals after 20-22 days of
deployment (34-36 days post-set) were lower for spat collectors maintained in the sea
than for those maintained simultaneously in the land-based nursery (Fig. Ill.6). In NC-1,
percentage retrieval from the sea-based nursery was 5.78 %, whereas from the land-based
nursery survival was 14.30 %. In NC-2, percentage retrieval from the sea-based nursery
was 23.21% whereas percentage survival from the land-based nursery was 42.79 %.
Postlarvae maintained for an additional10-11 days in the land-based nursery and
deployed in the sea at 0.8-0.9 mm (24-25 days post-set) showed similar percentage
retrieval to the collectors deployed earlier, i.e., 4.20% and 21.22% for NC-1 and NC-2,
respectively, when scallops were retrieved simultaneously with the other groups (Fig.

Til. 7). However, a different result was obtained when the postlarvae maintained longer in
the land-based nursery for both NC-1 and NC-2 (34-36 days post-set) were deployed in
the sea at a size of 1.1 mm, and retrieved 10 days later (i.e., 44-47 days post-set),
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simultaneously with postlarvae deployed earlier at a size of 0.5 mm (deployment 1, 14
days post-set) and 0.7-0.8 mm (deployment 2, 24 and 25 days post-set). In this case,
percentage retrievals were similar for the collectors held at different periods in land-based
nursery, for both NC-1 and 2 (Fig. ffi.7), but postlarvae deployed earlier to the sea were
significantly larger (F = 17.37; df =2,178; P < 0.001 for NC-1 and F = 181.1; df =2,238;
P < 0.001 for NC-2) than those maintained for longer periods in the land-based nursery
(Fig. 111.8).

III.3.2.2. Three spat deployments at different sizes with one final retrieval

A comparison of postlarvae transferred at different sizes to the sea-based nursery
after 7, 17 and 27 days in land-based culture was carried out in NC-3 (deployed in winterspring-01). Mean shell heights at deployment were 0.29, 0.54 and 0.72 mm, respectively,
for the three consecutive deployments. At retrieval, carried out 47 days after settlement
(40, 30 and 20 days from deployment, respectively, for deployments 1 to 3), spat had
mean shell heights of 3.05, 2.88 and 2.48 mm, respectively (Fig. Ill.8). Differences in
shell heights were significant among groups (F = 10.8; df = 2,203; P < 0.001), shell
heights of postlarvae from deployments 1 and 2 being statistically greater than those from
deployment 3 (Tukey B test). The percentage retrievals from the sea-based nursery in
NC-3, in relation to the number of spat initially settled in the collectors, were 2.7, 0.82 and
0.99 %, respectively, for the three consecutive deployments (Fig. ffi.7).
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III.3.2.3. Detachment during transport

The mean number of postlarvae detached during transport to the sea-based nursery,
decreased as size at deployment increased (Fig. III.9). In NC-2, the mean numbers of spat
detached from collectors during transport were 46, 9.3 and 1.5, for postlarvae deployed at
mean sizes of 0.50, 0.89 and 1.14 mm, respectively. In SD-4, when postlarvae were
deployed at 0.50 mm, the mean number of postlarvae detached was 52.8. In NC-3, the
mean numbers of spat detached during transport were 369, 74.4 and 27.4, respectively, for
postlarvae deployed at mean sizes of 0.29, 0.54, and 0.72 mm. For postlarvae maintained
in the land-based nursery for approximately 2 weeks, and deployed to the sea-based
nursery at approximately 0.5 mm, the percentage detachment was 41, 7.1 and 7.4% for
NC-2, 3, and SD-4, respectively.

m.3.3. Consecutive samplings from the sea-based nursery

Postlarvae deployed in late summer-early autumn-01 (Su-A) and late autumn-earlywinter-01 (A-W) had an initial size of0.50 mm. After 30-31 days (retrieval3) there were
minimal differences in shell height (means 4.9 and 4.5 mm, respectively) (Fig. III.IO).
However, 11 days later postlarvae deployed in Su-A were significantly larger than those
deployed in A-W, displaying mean shell heights of7.6 mm and 5.7 mm respectively,
which were significantly different ("t" test, t = 5.2; df = 1, 192; P < 0.01). Furthermore, at
the final retrieval (53 days in the sea-based nursery) the difference in shell height between
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both groups increased, postlarvae reaching 9.1 mm in Su-A and 6.6 mm in NC-2,
indicating a significant reduction in postlarval growth in A-W.
The percentage retrieval of spat in five consecutive samplings ranged from 15.24 to
26.0% in Su-A and 40.9 to 55.7 %, in A-W (Fig. III.ll). Losses in both groups were
higher between deployment and the first retrieval (10-11 days after deployment).
Subsequently, percentage retrievals tended to stabilise for up to 53 days after deployment.
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111.4. Discussion and Conclusions

111.4.1. Seasonal comparison

III.4.1.1. Environmental variables

This is the first study carried out in Brazil to determine the variability of several
environmental factors in a sheltered coastal area, and to relate this variation to growth of
scallops. The mean values recorded in the present study for temperature, salinity and
chlorophyll-a in the sheltered coastal site off Porto Belo, were within the range reported
for inner shelf surface waters off Santa Catarina by previous studies in similar seasons
(Matsuura 1986, Brandini 1990, Castro and Miranda 1998, Sunye and Servain 1998,
Borzone et al. 1999). The clear seasonal variation in temperature indicated that this
coastal aquaculture site at latitude 27° S was influenced by warming and cooling of the
open ocean. The influence of Coastal Water (CW) (temperatUre> 20°C; salinity 29-35
psu, Sunye and Servain 1998) was evident during most of the year, but during late winter
-early spring-00, the site was also influenced by sub-Antarctic water (SAW) (temperature

< 20°C; salinity 29-35 psu, Sunye and Servain 1998). In the experiment carried out in
winter-early spring-01 the mean temperature was 20.8°C, and periods of temperature <
20°C were recorded in July-August, before the beginning of the experiment, indicating an
inter-annual variation in the period of influence of SAW. The negative correlation
between temperature and salinity at the study site agrees with the observations from the
previous studies in the inner continental shelf. Periods of lower salinities coincided with
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lower temperatures during the presence of the SAW, which is phytoplankton-rich and
influenced by estuarine waters from Rio qe la Plata and Lagoa dos Patos, whereas higher
salinities occurred when oligotrophic waters of tropical origins were influencing the shelf
region (Brandini 1990, Sunye and Servain 1998). However, differences in salinity
between the coastal site and expected values for the inner shelf were occasionally
recorded. Low salinity events (< 29 psu) at the study site indicated a significant influence
of freshwater runoff, since these events were preceded by periods of precipitation. The
significant negative correlation between salinity and chlorophyll-a also reflects the
influence of SAW in winter-spring-00, when temperatures were below 20°C. However,
the coincidence of some peaks of chlorophyll-a with low salinity events but temperature >
20°C other than in winter spring, suggests that the input of nutrients from freshwater
runoff could also stimulate phytoplankton production. Although chlorophyll-a was
variable within a given seasonal deployment period, maximum concentrations were
recorded in the winter of both years simultaneously with lower temperatures, and
minimum values recorded during summer-autumn experiments, when water temperatures
were higher. However, due to the high variability within a given seasonal deployment,
probably due to inputs of nutrients from continental runoff, mean concentrations of
chlorophyll-a were not significantly different among seasons, as it could be expected in
the neritic waters of the inner shelf (Brandini 1990). Another important oceanographic
feature in southern Brazil is the sub-surface intrusion of cold and phytoplankton rich water
(South Atlantic Central water - SACW) which reaches the inner continental shelf during
summer (Brandini 1990, Borzone et al. 1999). The effects of temporal and spatial
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variation in SACW intrusions on growth and percentage retrieval of postlarval scallops in
a coastal aquaculture site is examined in detail in Chapter IV.
The variation of water temperature (12.5°C) among different seasons recorded in the
present study is comparable to the annual variation of temperature characteristic of some
scallop habitats in temperate and boreal regions, such as Passamaquoddy Bay, Canada
(11.4°C) (Parsons and Dadswell1992), and western Norway (1 0°C) (Christophersen and
Magnesen 2001). The levels of chlorophyll-a in southern Brazil (0.28-3.02 f..tg L "1) are
also comparable with values recorded for temperate-boreal scallop habitats, e.g. Sunnyside
and Colinet (Newfoundland, Canada) (0.2-5.5 f..lg L" 1) (Macdonald and Thompson 1985),
and for west Iceland (0.2-3.8 f..lg L "1) (Thorarinsd6ttir 1994). However, the peak
chlorophyll-a levels recorded in these studies were associated with the spring
phytoplankton bloom, whereas during winter chlorophyll-a values were lower. In
contrast, in southern Brazil, there was no indication of phytoplankton blooms, and
variability on a short temporal scale (ca. weeks) was of similar magnitude to seasonal
variation.
No published information is available on suspended particulate material (seston)
concentrations in coastal areas of southern Brazil, except for a study simultaneous to this
one (Suplicy et al. 2003). TPM in the present study ranged from 0.95 tp 10.8 mg L -I,
displaying greater variability than those recorded for coastal non-estuarine areas in
temperate-boreal regions where scallops are found, such as Bellevue (2-6 mg L "1)
(Thompson 1984) (Newfoundland, Canada) and Tr!llmso (Norway) (5-12 mg L "1) (Vahl
1980). However, values for POM in southern Brazil (0.2-2.37 mg L" 1) were lower than
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those for temperate-boreal areas reported in the above studies (1-4 mg L" 1). Furthermore,
seston levels in high latitudes are generally higher during spring-summer than in winter,
while in southern Brazil there is no such seasonal pattern for TPM. Differences in TPM
recorded in southern Brazil are possibly caused by wind-driven resuspension and/or
freshwater run-off.

Ill.4.1.2. Daily growth rate and percentage retrieval

Significant differences in environmental conditions were detected among the
seasonal deployments, influencing DGR of postlarval scallops. Daily growth rate in
December-00-January-01 (Sp-Su) was 3.4 fold higher than in August-September-00 (WSp-00) and 1.9 fold higher than in August-September-01 (W-Sp-01), whereas no
difference in DGR was recorded among deployments carried out in mid-March to midApril-01 (Su-A) and in June-July-01 (A-W). The influence of environmental factors on
DGR was determined for postlarvae deployed to the sea-based nursery at an initial shell
height of 0.48 to 0.53 mm. Over a large size range, DGR in scallops decreases with
increasing in shell height (Parsons et al. 1993b, Lu and Blake 1996). However, in the
present study the difference in initial shell height among the different nursery cultures was
minimal, allowing comparison of DGR in different nursery cultures. Temperature was the
major factor influencing DGR in the sea-based nursery, as shown by the significant
correlation of temperature and DGR and the high contribution of temperature to the total
variance in the multiple regression model. When mean temperature was 17.6°C in W-Sp00 DGR was significantly lower than in the other experiments, in which mean
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temperatures were 2: 20°C. The significant correlation between DGR and salinity also
suggests an important effect of freshwater runoff. Although there were no significant
differences in temperature between A-Wand W-Sp-01 differences in DGR were
significant, which can be explained by salinity and turbidity. In W -Sp-0 1 there was a
period of high precipitation and freshwater runoff (see Fig. III.3), resulting in an episode
of low salinity (26.7 psu), possibly stressing the scallops and inhibiting growth (see
chapter V). Another consequence of rainfall was the increased turbidity of the seawater
during W-Sp-01, which may also have affected growth, since scallops are vulnerable to
high turbidity (Brand 1991, Orensanz et al. 1991). In the present study turbidity was
determined with a turbidity meter, which measures the attenuation of light by dissolved
substances and suspended particles in the seawater. Dissolved organic compounds
associated with continental runoff generally have a strong absorbance of light (Kitchen et
al. 1982). Therefore, the presence of dissolved compounds associated with continental
runoff in W-Sp-01 may explain turbidity being higher in W-Sp-01 than in Su-A, but TPM
being similar in both periods.
Daily growth rates were similar in the nursery cultures carried out in Sp-Su
(December-00 to early January-01), Su-A (mid-March to mid-April-01) and A-W (June to
early-July-01), when seawater temperatures were> 20°C, indicating that there is a wide
range of temperatures (20-27°C) for which growth is not significantly affected by
temperature. Conversely, growth was depressed below 19°C, in agreement with results
from Chapter V, in which the rate of byssal attachment of spat was higher at temperatures
from 19 to 27°C, and significantly depressed at temperatures near the lower limits
recorded in southern Brazil.
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Growth of bivalves in seasonal environments is influenced by the interaction of
several factors, particularly food supply and temperature (Bayne and Newell1983,
MacDonald and Thompson 1985, Parsons and Dadswell1992, Cote et al. 1993, Grant
1996). Scallops, like other active suspension feeding bivalves, rely on phytoplankton and
suspended detritus as their food source (Bricelj and Shumway 1991). Suspended material
(seston) includes a variety of organic particles (POM) of different qualitative value and
inorganic matter (PIM) with little or no nutritional value (Bricelj and Shumway 1991).
Phytoplankton biomass, as indicated by chlorophyll-a, and seston indices such as ratio
PIM:POM or percent PIM, have been used as indicators of food availability for scallops
(Broom and Mason 1978, Wallace and Reinsnes 1985, Thorarinsd6ttir 1994). The
influence of chlorophyll-a on scallop growth was negligible in the present study, given the
unusual negative correlation between chlorophyll-a and DGR. Food supply, as expressed
by concentrations of chlorophyll-a, was not, therefore, a factor limiting growth in this
subtropical environment. Chlorophyll-a was significantly correlated with PIM and
turbidity, as well as negatively correlated with salinity, all of which could have stressed
the scallops, reducing shell growth. The effects of PIM, turbidity and salinity were
probably responsible for the inverse correlation between DGR and chlorophyll-a.
Furthermore, the negative correlation between temperature and chlorophyll-a probably
contributed to the observed relationship. Shell growth of juvenile Pecten maximus was
also mainly regulated by water temperature and salinity, rather than food availability
(Chauvaud et al. 1998). The food supply for cultured bivalves is also largely influenced
by water flow, concentration, size and quality of food particles (Grant 1996). It is likely
that in the present study, water flow was similar between experiments at different seasons,
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since all deployments were carried out in the same site and depth, having a duration of
approximately one month. Scallops were, therefore, exposed to a complete lunar cycle
and consequently similar tidal and water flow conditions. Although it was not possible to
identify the phytoplankton species in the present study, pectinids are capable of ingesting
algal cells of a wide size range, from 2-950 IJ-m (examples in Bricelj and Shumway 1991).
It is possible that there is a seasonal variation in phytoplankton composition in the study

area, but there are no indications that during the periods of lowest growth (late winterearly spring), the phytoplankton species present would not support scallop growth.
According to Soares ( 1983) the phytoplankton composition near the study region in late
winter-early spring was dominated by diatoms, (Skeletonema costatum, Thalassiosira
spp., Chaetoceros spp., Nitzchia spp., among others), followed by phytoflagellates, which
are among the suitable algal species used as food for bivalves (Webb and Chu 1983, Duerr
et al. 1998).
The ratio PIM:POM is an important factor affecting growth of bivalves. The
amount of PIM in seawater dilutes POM, reducing the nutritional value of seston for
scallops (Vahl1980, Wallace and Reinsnes 1985, Bricelj and Shumway 1991, Emerson et
al. 1994). For example, Wallace and Reinsnes (1985) recorded a reduction in growth rate
of Chlamys islandica, when PIM:POM reached a critical value of 3.5, i.e., when PIM
represent ca. 78 % of the seston. Although certain bivalves, including the scallop

Placopecten magellanicus, can selectively ingest organic particles compensating for
dilution of food quality (Widdows et al. 1979, Bricelj and Malouf 1984, MacDonald and
Ward 1994), at high concentration of low quality seston P. magellanicus lack this ability
(Bacon et al. 1998), suggesting that scallops are less suited than other bivalves to
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compensate for organic dilution. The percent PIM in the present study averaged 74.4 to
81.7, (PIM:POM range 3.5-4.5) which is close to the critical value inhibiting growth in

C. islandica. However, since percent PIM did not differ among the seasonal deployments,
it did not account for differences in DGR.
Whereas the influences of food availability on growth of adult bivalves have been
extensively studied, less is known about the effects of food availability on early
postlarvae. Postlarval scallops undergo major anatomical changes during metamorphosis,
and development of feeding structures is more prolonged than in other bivalves (Veniot et
al. 2003). The gills of Pecten maximus only become fully functional at a shell length of 4

mm (Beninger et al. 1994). However, as demonstrated in Chapter II, N. nodosus
postlarvae at 0.25-0.30 shell height can already ingest suspended algae. Furthermore, at a
size of 0.5 mm Argopecten irradians can actively capture and ingest the microalga
Isochrysis galbana (Lu and Blake 1997a), and Shumway et al. (1997) demonstrated that
three species of scallops, ranging from 0.8 to 1.16 mm, can clear unialgal diets and natural
phytoplankton assemblages. In the present study N. nodosus deployed in the sea at a size
of 0.5 mm was already feeding on phytoplankton, thus chlorophyll-a and seston
measurements were appropriate parameters to estimate food availability. In this coastal
subtropical environment, growth of postlarval scallops is not food limited, and the present
results suggest that variability in abiotic factors, such as temperature, salinity and
turbidity, override any influence of food availability on growth.
In the present study, growth of postlarval scallops was evaluated in terms of shell
height, since logistical constraints prevented the determination of dry tissue weight, and
postlarvae were too small to allow removal of soft tissues. In postlarval bivalves,
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including scallops, all energy available is allocated to maintenance and growth, and
postlarvae normally undergo fast shell growth, which is not accompanied by a
proportional increase in biomass (Lu and Blake 1996). Furthermore, from an aquaculture
perspective, size, not weight, is the parameter used to select the culture gear.
Percentage retrievals varied greatly among the five nursery culture experiments
carried out in different seasons (range 1.45 to 42.8 %). It is difficult, however, to establish
a direct seasonal correlation, owing to uncontrollable factors such as possible predator
settlement, or detachment of spat resulting from wave action on the long-line, which were
not evaluated. Nevertheless, the variations in retrievals among nursery cultures can be
explained by observed variations in environmental factors. Percentage retrievals of
scallops are determined by mortality and/or byssal detachment with subsequent loss of
spat through the bag mesh. Mortality of bivalves in the sea are attributed to biotic factors
such as low food availability and predation (Kennedy 1996), or to siltation (examples in
Bricelj and Shumway 1991), or to values of abiotic factors such as temperature and
salinity that exceed the tolerance limits (Kinne 1970a). The limits of tolerance for these
factors have been studied for N. nodosus (Chapter V), and were not exceeded during the
present study. It is likely that sublethal changes in temperature and salinity affected
byssus synthesis (see Chapter V) and contributed to detachment of spat and subsequent
loss. A low percentage retrieval obtained in W-Sp-00 (3.33 %) was associated with lower
temperature, and in W-Sp-01 (1.45 %) with low salinity and high turbidity. The degree of
byssus attachment has been proposed as an indicator of unfavourable environmental
conditions, and a low rate of byssus attachment has been related to sub-optimal salinities
and temperatures (Pau11980a,b, Chapter V). Heasman et al. (1996) also found that byssus
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attachment is higher at temperatures supporting the highest growth rates of Pecten

fumatus, and significantly reduced at low temperature. In the present study, low
temperature in W-Sp-00 and a low salinity event in W-Sp-01 may have stressed the
scallops, suppressing byssal synthesis and inducing spat detachment, as suggested by the
result obtained in Chapter V. Furthermore, in W -Sp-0 1 fine sediments accumulated in the
collectors (pers. obs.) as a result of higher turbidity, which may also have contributed to
spat detachment. Few studies have reported survival or retrieval rates of postlarval
scallops under culture conditions in the sea. Survival from setting larvae to commercial
size can be as low as 0.5 % owing to high losses during the nursery stage, in which
survival is often less than 5% (Bourne and Hodgson 1991). O'Foighil et al. (1990)
reported that high mortalities of post-metamorphic Patinopecten yessoensis occur before
spat reach 400 JJ.m in shell height, with a second period of high mortality at 600-1000 JJ.m,
indicating that yields of 6 % from setting larvae to juveniles > 1 mm are exceptional.
Uriarte et al. (2001) reported yields of 3 to 15% from pediveliger to 1-2 mm postlarva.
Lu and Blake (1997b) recorded percentage survival of 17.8 to 22.6% for Argopecten

irradians from 0.5 mm to 10 mm when cultured in spat bags. Yields of A. purpuratus
postlarvae in commercial operations in Chile vary from 2 to 6 %, when deployed on spat
collectors in the sea-based nursery a few weeks after settlement (Abarca 2001), as in the
present study. Heasman et al. (2002), using a similar approach to the present study,
recorded percentage retrievals of 5-41 % for Pecten fumatus spat deployed in the seabased nursery at sizes from 0.35 to 1 mm and retrieved after 1 month, as in the present
study. Percentage retrievals for N. nodosus deployed at 0.5 mm and retrieved after
approximately one month (6.04-42.8% in the seasonal deployments Sp-Su, Su-A and A-
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W, when environmental conditions were more favourable), were within the range reported
in the above studies. Higher percentage retrievals (70-80 %) were obtained when
postlarvae were deployed in the sea-based nursery on a sub-surface long-line (Chapter V).

Ill.4.2. Comparison of land-based and sea-based nursery

III.4.2.1. Three spat deployments at different sizes with simultaneous culture in
sea- and land-based nurseries

Postlarvae grown in the sea-based nursery attained higher shell heights than those
cultured simultaneously in the land-based nursery. In the late winter-early spring-00
deployment (NC-1), DGR was 1.6 fold higher in the sea than in the land-based nursery,
and in late summer- early autumn-01 deployment (NC-2) DGR in the sea was 3.8 fold
higher than in the land-based nursery. Differences in growth rates in the sea between
nursery cultures were mainly correlated with water temperature (mean 17.4°C in NC-1 and
26.1 °C in NC-2). The possibility of endogenous factors or disease causing a reduction in
growth rates of postlarvae maintained in land-based culture can be ruled out, since the spat
were subsequently transferred to the sea, where postlarval growth rates increased in both
experiments. In NC-1, although temperature was higher in the laboratory (24°C), growth
was higher in the sea. This suggests that in the land-based nursery, growth was
nutritionally limited, despite favourable temperatures. It is unlikely that food quantity was
a limiting factor in the laboratory, because algal concentrations were monitored daily
before and after water changes, and suspended algae always remained in the tanks before
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the water changes. It is more likely that the mixture of algal species supplied (lsochrysis
sp. (clone T-iso), Chaetoceros calcitrans, and Nanochloropsis occulata in NC-1, and

lsochrysis sp. (clone T-iso), C. calcitrans and C. muelleri in NC-2), which are widely used
in hatcheries as food for bivalves, did not fulfil the nutritional requirements of postlarval
scallops. Furthermore, according to the results from Chapter II, the algal concentration
supplied in the land-based nursery, although within the range normally used in scallop
nurseries, may have been sub-optimal for growth. Bourne and Hodgson (1991) also found
that growth of Patinopecten yessoensis spat was higher in systems supplied with natural
phytoplankton assemblages, and Heasman et al. (1996) demonstrated that growth of

Pectenfumatus in the hatchery/nursery ceased 6 weeks after settlement, when mean shell
heights were 2-4 mm. Martinez et al. (1992) indicated that Argopecten purpuratus grown
in the sea attained greater shell heights after 6 weeks of deployment than spat maintained
in laboratory, and this was related to lower levels of docosahexaenoic acid (DHA) in
scallops held in the laboratory. In the present study, differences in growth rates between
sea-based and land-based experiments were clearly related to nutrition, and slow growth in
the land-based nursery in relation to the sea became evident as early as 2 weeks after
settlement. In summary, the earlier deployment resulted in spat significantly larger than
those deployed later, when retrieved simultaneously about two months post-set.
Few studies have reported growth rates of postlarval scallops within the size range
(0.5-3 mm) used in the present study. Lu and Blake (1996) reported growth rates of 20 to
50 J..lm dai 1 for 0.5 mm Argopecten irradians fed different concentrations of lsochrysis

galbana in the laboratory. The rock scallop Crassodoma gigantea 0.6 to 2 mm in shell
height, had growth rates varying from 8.1 to 26.5 J..lm dai 1 when fed different algal diets
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in a land-based nursery (calculated from Bourne and Hodgson, 1991). Postlarval Chlamys
asperrimus displayed growth rates of 14 Jl.m daf 1 in the laboratory (Rose and Dix 1984).
Under field conditions, Parsons et al. (1993b) recorded DGR of Placopecten magellanicus
(shell height 0.3 to 1.5 mm) ranging from 30 to 60 Jl.m daf 1. A. gibbus within the same
size range displayed growth rates in the sea of 41 to 69 Jl.m daf 1 (calculated from Allen
1979). Daily growth rates of N. nodosus in the laboratory (27-32 Jl.m daf 1) from the
present study are consistent with published data for scallops, but growth rates in the sea
(45-122 Jl.ID daf 1) were higher than literature values for other scallops. Thus, there
remains a large scope for improvement in the composition of algal diets for postlarval
scallops, so that their full growth potential can be exploited in land-based aquaculture
facilities.
Spat collectors maintained for ca. 5 weeks post-set in the land-based nursery
initially yielded higher percentage retrievals of spat than the collectors deployed earlier at
the sea-based nursery (ca. 2 and 3 weeks post-set) (Fig. III.6). Furthermore, when spat
were deployed in the sea approximately 5 weeks post-set, and retrieved 10-11 days later
(44-47 days post-set) simultaneously to the collectors deployed earlier, the percentage
retrievals were similar (see Fig. II1.7). Thus, although losses in the sea-based nursery
were initially higher, soon after the collectors maintained longer in the land-based nursery
were transferred to the sea, percentage retrievals were similar. In addition, spat deployed
earlier had a greater mean shell height than th9se deployed later (Fig. III.8). Therefore, it
was more advantageous to deploy postlarvae to the sea-based nursery at ca. 0.5 mm (2
weeks post-set) than at ca. 1.1 mm after 5 weeks in the land-based nursery.
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Il/.4.2.2. Three spat deployments at different sizes with one final retrieval

Since there was no advantage in maintaining spat in the land-based nursery for
longer than about 2 weeks after settlement (shell height ca. 0.5 mm), as demonstrated in
NC-1 and 2, a deployment of spat one-week post-set (shell height ca. 0.29 mm) was tested
in NC-3. The results showed that postlarvae deployed one week after settlement attained a
final shell height similar to those deployed 17 days post-set (Fig III.8). Deploying
scallops at 27 days post-set (mean shell height 0.72 mm), on the other hand, resulted in
smaller shell heights than spat deployed earlier, when retrieved simultaneously.
Therefore, when deployed at 0.29 mm spat displayed similar growth rates to those
maintained in thelaboratory until 17 days post-set, but after that, spat transferred to the
sea-based nursery grew faster than those maintained in the land-based nursery. These
results demonstrate that postlarval growth becomes hindered in the laboratory at a shell
height of about 0.5 mm, or after approximately two weeks post-set, compared with spat
transferred to the sea. It is possible that postlarvae smaller than 0.5 mm could not benefit
from more favourable nutritional conditions from natural phytoplankton assemblages in
the sea.
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III.4.2.3. Detachment during transport

The number of postlarvae detached during transport decreased as spat size increased.
Detachment was greatest in postlarvae from collectors deployed one week after settlement
(0.29 mm shell height), and was significantly less when spat were deployed around two
weeks from metamorphosis (ca. 0.5 mm). Considering the mesh opening of the spat bags
(0. 7 mm diagonal), a lower escape of larger spat would be expected, but spat at 0.29 and
0.5 mm shell height were smaller than the mesh opening and would equally escape if
detached from the collectors. Thus, it is possible that one week after metamorphosis spat
are not as strongly attached as after two weeks. There was less detachment in subsequent
deployments, but the number of postlarvae in the collectors deployed later was lower due
to mortality in the laboratory. The use of a smaller mesh to avoid loss would not be
practical, since it would quickly clog due to sediments and fouling. Percentage retrievals
could possibly be increased if transport conditions were optimised. The distance from the
land-based nursery required a 2.5 h journey in a truck, followed by 0.5 h in a boat, before
the collectors were deployed in the sea. In situations where the hatchery is close to the
sea-based nursery, detachment during transport could possibly be significantly lower. The
method used to transport the collectors could also be improved, (e.g., racks inside the
transport boxes to reduce agitation among the collectors) to reduce detachment.
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111.4.3. Consecutive samplings from the sea-based nursery

Growth of spat deployed in late summer-early autumn-01 (Su-A) and late autumnearly winter-01 (A-W), and retrieved consecutively, was similar until 30-31 days after
deployment, when spat attained ca. 5 mm shell height. At this size, scallops could be
handled and detached from the collectors for transfer to intermediate culture in pearl-nets.
Subsequently, however, there was a significant reduction in growth in the A-W
deployment, which can be attributed to a decrease in temperature. While in Su-A the mean
temperature remained around 24°C, inA-Wit dropped from 21.3 to 18.4°C. This is in
agreement with results obtained in the seasonal deployment carried out in W -Sp-00, when
significantly lower growth rates were associated with temperatures below l9°C. Fiftythree days after deployment (67 days post-set), scallops attained mean shell heights of 9.1
and 6.5 mm in Su-A and A-W, respectively, further evidencing that lower temperatures
significantly reduced growth.
While initial losses of spat were higher in the first 10 days (from the deployment to
the first sampling), losses tended to stabilise in subsequent retrievals from both
experiments, suggesting that the major source of postlarvalloss was detachment early
after deployment. The data also suggest that predation was negligible, since there must
have been a lag period before potential predators could settle on the collectors, undergo
metamorphosis and reach a size at which they could prey on the scallops. Therefore, if
predation had been a significant factor causing mortality, there would have been a
continued decrease in the number of scallops retrieved over time. In the present study,
spat bags were deployed on a surface long-line, vulnerable to the effects of wave action,
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which may have induced detachment of spat in the initial period post-deployment.
Although the nursery site was sheltered and normally protected from the swell,
exceptionally strong winds could have occasionally induced wave action. Deployment of
spat on a sub-surface long-line, unaffected by wave action was examined in Chapter IV.

lll.4.4. Conclusions and implications for aquaculture strategies in southern Brazil

Temporal variability of environmental factors, as reported in other studies of
neritic waters of the inner continental shelf in southern Brazil (Matsuura 1986, Brandini
1990, Castro and Miranda 1998, Sunye and Servain 1998, Borzone et al. 1999)
significantly affected the coastal sheltered aquaculture site at Porto Belo, which was also
influenced by continental run-off during severe rainfall. Such variability significantly
affected growth rates of postlarval and juvenile scallops cultured in the sea-based nursery,
and is therefore an important consideration in establishing aquaculture sites and practices.
Water temperature was the major seasonal factor affecting growth, whereas food
abundance as expressed by concentrations of chlorophyll-a had a negligible effect.
Periods of lower temperatures(< l9°C) and lower salinities(< 29 psu) also reduced
postlarval growth, and possibly increased losses, by inhibiting byssus attachment, causing
detachment and escape through the mesh of the nursery enclosures. In southern Brazil
there is a wide window of opportunity for deploying postlarval scallops in the sea-based
nursery, with growth being maximised during most of the year, except for a short time in
winter when temperature decreases below 20°C, and during periods of high rainfall, if the
site is affected by freshwater runoff. Growth rates of scallops transferred to the sea-based
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nursery at ca. 0.5 mm shell height were significantly higher than in scallops maintained in
the land-based nursery. As a result, when scallops were deployed in the sea at 0.5 mm,
the time to reach ca. 5 mm (a size at which spat could be detached from the collectors and
transferred to pearl-nets) was approximately 6 weeks since settlement, whereas when the
postlarvae were deployed at 1.1 mm an additional2-3 weeks would be required to reach
the same size in periods of favourable environmental conditions. Percentage retrieval of
postlarvae transferred to the sea-based nursery 2 weeks post-set (ca. 0.5 mm) was initially
lower than survival of those maintained in the laboratory for approximately 5 weeks postset (ca. 1.1 mm). However, 10 days after postlarvae maintained longer in the laboratory
were deployed in the sea, percentage retrievals were similar to that for spat deployed
earlier, which attained larger size. Considering the high cost of maintaining a large
number of postlarval scallops in a land-based nursery for long periods, transfer of
postlarval N. nodosus to the field nursery at a size of about 0.5 mm, may be economically
advantageous when the seawater temperature is above 20°C. Although the loss of spat
was initially higher in the sea, improvements in transport method and a selection of a
deeper nursery site unaffected by freshwater runoff, together with the use of a sub-surface
long-line, could greatly increase percentage retrievals of spat from the sea-based nursery.
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Table III.1. Summary of the seasonal deployments (SD) to the sea-based nursery undertaken from August 2000 to
September 2001.

00
~

Seasonal deployment

Deployment

Date of
deployment

Age at deployment
(days post-set)

SD-1

Winter/Spring

24-Aug-00

14

Retrieval
days post-deployment
(No. sEat ba~s = 3)
33

SD-2

Spring/Summer

1-Dec-00

16

32

SD-3

Summer/Autumn

17-Mar-01

14

30

SD-4

Autumn/Winter

4-Jun-01

14

31

SD-5

Winter/Spring

10-Sep-01

17

30

Table lll.2. Summary of experiments comparing sea- (SBN) and land-based nurseries (LBN) indicating the dates of
deployment, days in the LBN and days in the SBN at different retrievals. (number of spat bags
retrieved/sampling = 3;

00
VI

Nursery culture
(NC)

NC-1

NC-2

NC-3

* n=2).

Deployment

Date of
deployment

DaysinLBN
(days post-set)

Shell height at
deployment
(mm)

Days in SBN
Retrieval I
(days post-depl.)

Days in SBN
Retrieval2
(days post-depl.)

Days in SBN
Retrieval3
(days post-depl.)

1

24-Aug-00

14

0.53

11

22

33

2

4-Sep-00

25

0.80

11

22

3

15-Sep-00

36

1.13

11

1

17-Mar-01

14

0.50

10

20

2

27-Mar-01

24

0.90

10

20

3

6-Apr-01

34

1.14

10

1

31-Aug-01

7

0.29

40

2

10-Sep-01

17

0.54

30

3

20-Sep-01

27

0.72

20

*

30

Table 111.3. Summary of sea-based nursery cultures in which growth and percentage retrieval of spat were compared in
consecutive samplings. (number of spat bags retrieved/sampling = 3).

00

0\

Days postsettlement

Retrieval!

Retrieval2

Retrieval3

Retrieval4

RetrievalS

Date of
deployment

Season

17-Mar-01

Summer/Autumn

14

10

20

30

41

53

4-Jun-01

Autumn/Winter

14

11

21

31

42

53

(days post-depl.) (days post-depl.) (days post-depl.) (days post-depl.) (days post-depl.)

Table 111.4. One-way ANOV A for environmental factors surveyed during five sea-based nursery experiments off Porto
Belo, SC, Brazil, from August 2000 to October 2001.

df

F

p

Temperature

4,22

52.74

< 0.001

Salinity

4,22

4.83

0.006

Chlorophyll-a

4,22

2.72

0.056

TPM

4,22

7.59

0.001

PIM

4,22

5.97

0.002

POM

4,22

7.27

0.001

%0z

4,22

0.900

0.481

Ratio PIM:POM

4,22

0.384

0.866

%PIM

4,22

0.440

0.778

Environmental Factor

00

-:I

Table III.5. Spearman correlation coefficients among environmental variables surveyed during five sea-based nursery
experiments off Porto Belo, SC, Brazil, from August 2000 to October 2001. P < 0.05 (*), P < 0.01 (**).

Temperature Salinity Chlorophyll-a
(n=27)
(n=27)
Temperature
Salinity
00
00

Chlorophyll-a
TPM
PIM
POM
%PIM
PIM:POM
%02
Turbidity

0.436 *

-0.330
-0.455

*

TPM
(n=27)

PIM
(n=27)

POM
(n=27)

%PIM
(n=27)

PIM:POM
(n=27)

%02
(n=27)

Turbidity
(n=27)

-0.094

-0.093

-0.046

-0.122

-0.130

0.186

0.040

0.118

0.115

0.280

-0.180

-0.170

-0.272

-0.289

0.510 **

0.472 *

0.516 **

-0.096

-0.092

-0.150

0.544 **

0.990 **

0.872 **

0.142

0.140

-0.234

0.445

*

**

0.250

0.248

-0.283

0.426

*

-0.284
27

-0.288
27
0.998 **

-0.044
27
-0.437 *

0.363
27
0.082

*

0.085

0.808

-0.449

-0.125

Figure 111.1. Values for environmental variables in five sea-based nursery cultures off
Porto Belo, SC, Brazil, undertaken in different seasons: late winter-early
spring 2000 (W-Sp); late spring 2000-early summer 2001 (Sp-Su); late
summer-early autumn 2001 (Su-A); late autumn-early winter 2001 (A-W);
late winter-early spring 2001. A- temperature; B- salinity; Cchlorophyll-a; D - TPM; E - PIM and POM; F- %PIM; G- ratio PIMPOM; H- turbidity. (mean+ se) (common letters denote no significant
differences) (A-G- Tukey B test; H- Kruskal-Wallis).
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Figure 111.2. Cumulative precipitation (mm) at a coastal meteorological station
(CLIMERH- Itajai, SC) during sea-based nursery experiments undertaken in
different seasons: late winter-early spring 2000 (W-Sp); late spring 2000early summer 2001 (Sp-Su); late summer-early autumn 2001 (Su-A); late
autumn-early winter 2001 (A-W); late winter-early spring 2001 (W-Sp).
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Figure III.3. Daily growth rate (DGR) of Nodipecten nodosus spat cultured in the seabased nursery in different seasons, deployed at an average initial size of about
500 J.lm and retrieved after one month: late winter-early spring 2000 (W-Sp);
late spring 2000-early summer 2001 (Sp-Su); late summer-early autumn 2001
(Su-A); late autumn-early winter 2001 (A-W); late winter-early spring
200l(W-Sp). (mean+ se). (Common letters denote no significant difference).
Numbers in brackets= final shell height (mm) at retrieval(± se).
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Figure III.4. Percentage retrieval of Nodipecten nodosus spat cultured in the sea-based
nursery in different seasons, deployed at an average initial size of about 500
j.lm and retrieved after one month: late winter-early spring 2000 (W-Sp); late
spring 2000-early summer 2001 (Sp-Su); late summer-early autumn 2001
(Su-A); late autumn-early winter 2001 (A-W); late winter-early spring
2001 (W-Sp).
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Figure 111.5. Daily growth rate (DGR) of Nodipecten nodosus spat reared simultaneously
in land-based (L-B) and sea-based (S-B) nurseries, deployed at an initial
average size of about 500 J..tm and retrieved after 20-22 days (34-36 days
post-set). NC-1 = late winter-early spring 2000, NC-2 = late summer-autumn
2001. (means+ se) (Common letters denote no significant difference).
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Figure III.6. Percentage retrieval of Nodipecten nodosus spat held simultaneously in landbased (L-B) and sea-based nurseries (S-B) for 20-22 days, and of spat
transferred to the sea-based nursery after 10-11 days in the land based-nursery
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Figure III. 7. Percentage retrieval of Nodipecten nodosus spat from the sea-based nursery
(SBN) after being maintained for different periods in the land-based nursery,
and retrieved 44-47 days post-set, for three nursery culture experiments: NC1 =late winter-early spring 2000, NC-2 =late summer-autumn 2001, NC-3 =
late winter-early spring 2001.
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Figure III.8. Final shell height (mm) of Nodipecten nodosus spat from the sea-based
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CHAPTER IV

Influences of Depth and Stocking Density on Growth and Retrieval of
Postlarval Nodipecten nodosus
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IV.l. Introduction

Coastal sheltered areas off Santa Catarina State are currently experiencing an
intense development of bivalve aquaculture, but the influence of environmental
variability on bivalve growth and survival has only recently been addressed (Chapter III).
As available embayments continue to be occupied, there will be a need in the near future
to expand aquaculture activities to deeper areas farther from shore. It is therefore critical
to understand the influence of depth-related variability in environmental factors on
growth and survivorship of bivalves in order to establish sustainable culture strategies.
As demonstrated in Chapter III, the seasonal temperature variation and a low salinity/high
turbidity event associated with a period of heavy rain significantly influenced growth and
possibly percentage retrieval of postlarval Nodipecten nodosus in sea-based nursery off
Porto Belo, a coastal site in southern Brazil. While Chapter III focused on the effects of
temporal variability of environmental factors on growth and survival of postlarval
scallops, the present chapter focuses mainly on the influence of spatial variability in
environmental conditions on performance of postlarvae.
The South Brazil Bight (SBB), is the region of the continental shelf that lies
between two prominent capes, Cabo Frio (23° S) and Cabo de Santa Marta (28.5° S)
(Castro and Miranda 1998), where the shelf displays a crescent shape, being wide in the
centre and narrow at the northern and southern limits. The SBB is one of the most
economically and ecologically important regions on the Brazilian coast, but the effects of
its oceanographic variability are still poorly understood (Brandini 1990, Campos et al.
1996, Borzone et al. 1999).
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An important and poorly understood oceanographic feature influencing the central
SBB is the seasonal sub-surface intrusion of cold and phytoplankton-rich South Atlantic
Central Water (SACW), which ascend the continental slope from deeper layers (200-500
m), influencing the shelf region (Matsuura 1986, Brandini 1990, Campos et al. 1996,
Castro and Miranda 1998, Sunye and Servain 1998). Except for coastal upwelling at the
extreme limits of SBB, SACW has previously been considered to be an event mainly
affecting the middle and outer continental shelf, detected at distances greater than 30 km
from shore (Castro and Miranda 1998). However, sub-surface intrusions of SACW have
been recently documented to influence inner shelf waters up to 15 m in a 38 m deep
station during summer (Borzone et al. 1999). This oceanographic feature may have an
important influence on growth and reproduction of benthic invertebrates, but to date
biological effects of SACW on marine bivalves have not been addressed. Furthermore, it
is not known whether SACW reach nearshore (< 1 km) coastal areas off Santa Catarina
State where aquaculture activities are now expanding, nor if these sub-surface intrusions
could affect growth and survival of cultured bivalves to such a degree as to be an
important factor to be considered when establishing aquaculture practices.
Whereas the influence of depth on growth of juvenile and adult bivalves has been
extensively studied in temperate and boreal regions (examples in Bricelj and Shumway
1991, Thompson and MacDonald 1991 ), no studies have focused on the influence of
environmental factors related to depth on growth and survival of postlarval scallops in a
subtropical environment. While some studies have reported slower growth near the
surface (MacDonald and Bourne 1989, Roman et al. 1999), growth usually decreases
below a critical depth, as environmental conditions such as temperature, food availability
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or turbidity often display a vertical gradient, reaching sub-optimal levels in deeper waters
(Leighton 1979, MacDonald and Thompson 1985, MacDonald and Bourne 1989, Cote et
al. 1993, Emerson et al. 1994, Lodeiros et al. 1998, Grecian et al. 2000, Frechette and
Daigle 2002). In view of the environmental variability characteristic of waters off
southern Brazil, it is possible that an unusual situation of high food level and low
temperature below a critical depth could influence growth of scallops in suspended
culture close to shore.
The stocking density of bivalves within enclosures is an important variable to be
considered in aquaculture, due to intraspecific competition for food and space. Densitydependent growth of juvenile and adult scallops cultured in lantern or pearl nets has been
well documented (Duggan 1973, Ventilla 1982, Parsons and Dadswe111992, Cote et al.
1993, Cote et al. 1994, Maeda-Martinez et al. 1997, Roman et al. 1999, Grecian et al.
2000) but none of these studies focused on postlarval scallops within the size range
examined in the present one, in which they were attached to the collectors by byssal
threads.
The main objective of the present study was to investigate the influences of
environmental factors associated with depth on growth and percentage retrievals of
postlarval N nodosus. Experiments were carried out during a period when it was
predicted that SACW could influence the coastal site (experiment 1) (March-April), as
well as when no influence of SACW was expected (experiment 2) (June-July). It was
hypothesised that a cold and phytoplankton rich water mass originating from SACW
intrusions could reach the coastal aquaculture site in late summer, resulting in significant
differences in growth of postlarval scallops above and below the thermocline, growth
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being slower in the deeper layer. Conversely, in periods of SACW absence, growth
should be similar at different depths. It is possible, therefore, that the influence of depth
on scallop growth varies on a temporal scale on the southeastern coast of Brazil. A
secondary objective was to investigate the effects of stocking density on growth of
postlarval scallops.
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IV.2. Materials and Methods

IV.2.1. Study area

Experiments were undertaken off Porto Belo Point (Lat. 27° 07' S; Long. 48° 31'
W) (Fig. 1.2), Santa Catarina State, Brazil. A sub-surface long-line, on which the main

line was located at 3 m below the surface, was deployed at a 15 m deep site, at a distance
of 150m from shore. This site was located approximately 2 nautical miles to the NE of
Joao da Cunha Island, where the experiments from Chapter III were carried out.

IV.2.2. Spat production

Experimental production of postlarva1 N. nodosus was undertaken at the
Laboratory for the Culture of Marine Molluscs (LCMM-UFSC), Florian6polis, Santa
Catarina State, Brazil. Two experimental spat productions were carried out in February
and May 2001, using procedures described in Chapter II. When larvae were competent to
undergo settlement and metamorphosis, they were retained on a

140-~-tm-mesh

nytex

screen, counted and transferred to the experimental tanks. Settlement was carried out in
200-L tanks, stocking pediveligers at densities of 1.21arvae mL- 1• Japanese type Netlon®
monofilament collectors of about 1.5 m (averaging 105.2 g, se = 1.2; n=9), commonly
used in scallop commercial operations, were used as substrate for settlement. During
settlement, seawater (salinity= 33-34 psu) was UV-irradiated and passed through a
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1-~-tm

cartridge filter. Water was changed daily, and feeding consisted of a mixture of

Isochrysis galbana (T-iso), Chaetoceros calcitrans and C. muelleri (2:2: 1) in exponential
growth phase, supplied daily in final concentrations ranging from 4x104 to 5x104 cells

rn.L- 1• In the laboratory water temperatures were 24-25°C and 21-22°C for experiments 1
and 2, respectively.
In experiment 1, carried out from mid March to mid April, 2001 (late summerearly autumn), postlarval scallops were transferred to the field after 12 days postsettlement. The Netlon collectors were placed inside 1.5 mm-mesh nylon spat bags (1
collector/bag) and then transferred to the sea, using procedures described in Chapter III.
Prior to deployment, four collectors per tank were sampled to estimate the initial number
and size ofpostlarvae. Initial sampling indicated two different densities of spat/collector
in different setting tanks, which are hereafter termed high and low densities. Deployment
was undertaken by SCUBA diving, spat-bags being tied at depths of 4 and 12 m from the
surface to two ropes hanging perpendicularly from the long-line. A 2 kg weight was
attached to the bottom of each drop line. Spat-bags (high and low densities) were tied
individually to the ropes at 4 and 12m. In this manner, a factorial design with 2
replicates was used to evaluate the effects of depth and density on growth of postlarval
scallops. Control collectors were deployed in the sea simultaneously to the experimental
units to monitor wild scallop settlement. All collectors were retrieved 26 days after
deployment (38 days post-set), and transferred back to the laboratory, where spat were
detached and sampled as described in Chapter III. No spat of N. nodosus settled on the
control collectors.
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In experiment 2, carried out from early June to early July, 2001 (late autumnearly winter), postlarval scallops were transferred to the field 15 days after settlement.
The collectors, spat-bags and procedures were similar to experiment 1. As initial
sampling indicated that numbers of spat/collector were similar among setting tanks, single
spat-bags (1 collector/bag) were tied to triplicate ropes hanging perpendicularly to the
long-line at 4 and 12m depth. Collectors were retrieved 27 days after deployment (42
days post-set) and transferred to the laboratory, where spat were detached and sampled as
previously described.
For both experiments, the initial shell height before deployment (maximum dorsoventral distance perpendicular to the umbo) (n=30) and final shell height at retrieval
(n=30 I spat bag) were determined with an ocular micrometer. To estimate the degree of
clogging of the spat bags, individual bags from both experiments were thoroughly
scrubbed inside plastic containers after retrieval. The sediments and fouling deposited in
the containers were collected on pre-weighed 0.5 x 0.5 m cellulose filter papers folded
into a funnel shape. The filters were then dried for 72 h at 60°C, cooled in a dessicator
and re-weighed to determine the dry weight of the sediments and fouling attached to the
external spat bags.

IV.2.3. Environmental variables

Water samples from 4 and 12m depth were taken weekly at the field site using a 2L Van Dom sampling bottle. Samples were transferred to the laboratory in a cooler
containing ice packs. Temperatures at both depths were recorded hourly with
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Stowaway™ data loggers and dissolved oxygen was determined in situ with a digital
dissolved oxygen meter (YSI™ model 55/12FT). In the laboratory, water samples were
gently stirred and filtered through a 350-J..Lm-mesh screen to remove larger zooplankton.
Total suspended particulate matter (TPM), particulate organic matter (POM) and
particulate inorganic matter (PIM) were determined gravimetrically after filtering 400 mL
seawater samples on a 24 mm diameter Whatman™ 934-AH glass fibre filter (Parsons
and Dadswe111992). Chlorophyll-a, as an index ofphytoplankton biomass, was
determined with a Turner™ digital fluorometer (TD 10-AU) after filtering triplicate, 100

mL water samples (Whatman™ 934-AH) and extracting chloropigments in 90% acetone,
using standard methods (USEPA Method 445.0). Salinity was determined by a digital
WTW Multiline P4 water quality meter. All variables were determined in triplicate
samples.

IV.2.4. Statistical analyses

Data were analysed with the SPSS statistical package (version 10). Residuals
were checked graphically for normality and homoscedasticity (Sokal and Rohlf 1995). A
factorial design was used in experiment 1, and a two-way ANOVA (a.= 0.05) was
performed to test for differences in shell heights and percentage retrievals at different
depths and densities, using depth and density as fixed factors. In experiment 2, an
independent sample "t" test was used to determine the differences in shell height and
percentage retrievals between depths.
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IV.3. Results

IV .3.1. Growth

In experiment 1, carried out from mid March to mid April2001, postlarval
scallops were deployed in the sea at an initial mean shell height of 0.403 mm. The mean
number initially attached per collector was 340 (se = 54.7) and 150 (se = 47.0) for the
high and low density treatments, respectively. After 26 days of immersion, the mean
shell height of scallops at 4 m was 5.07 mm (se = 0.13) and 5.67 mm (se = 0.16) for
collectors with high and low densities, respectively (Fig. IV.1A), whereas at 12m the
corresponding shell heights were 3.28 mm (se = 0.10) and 3.60 mm (se = 0.11).
Significant differences in final shell height were found between depths (ANOVA, F =
232.4; df= 1, 236; P < 0.001) and between collectors with high and low densities of
scallops (ANOVA, F = 13.31; df= 1, 236; P < 0.001), but the interaction between density
and depth was not significant (P = 0.26). The resulting daily growth rates (DGR) at 4 m
were 0.179 mm day· 1 and 0.203 mm day· 1 for scallops grown at high and low densities,
respectively, whereas at 12m DGR was 0.11 mm day· 1 and 0.123 mm day· 1, respectively.
In experiment 2, carried out in from early June to early July 2001, postlarval
scallops were deployed in the sea at an initial mean shell height of0.434 mm, and the
initial mean number of spat attached per collector was 401 (se = 95.9). No significant
difference in mean shell height was detected between depths ("t"test, t = 1.93; df= 1,
178; P = 0.056). Mean shell height at retrieval (after 27 days) was 4.34 mm (se = 0.25) at
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4 m and 4.12 mm (se = 0.15) at 12m (Fig. IV.IB). DGR was 0.144 and 0.137 mm dai 1
at 4 and 12m, respectively.
The dry weight of sediments attached to the spat bags on retrieval was 33.05 g (se
= 1.47) and 30.06 g (se = 2.16) for 4 m and 12m in experiment 1, respectively, and 35.01
g (se = 1.55) and 34.18 (se = 5.12) for 4 m and 12m in experiment 2, respectively. There
was no significant difference in the sediment content between depths in both experiments,
eliminating sediment load as a factor influencing growth rates ("t"test, t = 1.5, df= 1,4; P
= 0.10 in experiment 1, and t = 0.99, df= 1,6; P = 0.18 in experiment 2).

IV.3.2. Percentage retrievals

In experiment 1, the mean number of spat retrieved from the collectors at 4 m was
247 (se = 42) and Ill (se = 10) for high and low densities, respectively, whereas at 12m
the number of spat per collector was 245 (se = 87) and 122 (se = 2), respectively. The
percentage retrievals were similar between depths and densities (ANOVA, F = 0.05; df=
3, 4; P = 0.9), ranging between 72.2% and 81.3% (Fig. IV.2A). In experiment 2, the
mean number of spat retrieved per collector was 317 (se = 28) and 278 (se = 54) at 4 m
and 12m, respectively. Percentage retrievals were similar between depths ("t"test, t =
0.64; df= 1, 4; P = 0.56) ranging from 69.3% to 79.05% (Fig. IV.2B).
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IV.3.3. Environmental variables

IV.3.3.1. Temperature

Water temperature in experiment 1 (March-April), recorded hourly, was highly
variable (Fig. IV.3A), especially in the first 2-3 weeks of the experiment (March), after
which the water column became homogeneous (April). At 12m temperature variability
CV = 10.4 %) was greater than at 4 m CV = 5.3 %) and temperatures were relatively
lower. The mean temperature at 4 m was 25.3°C, with a maximum of28.2°C and a
minimum of 19.6°C. At 12m, mean temperature was 22.8°C, with a maximum of27.2°C
and a minimum of 17.8°C. Furthermore, on several occasions in March temperature at 12
m varied 6-9°C within a 24 h period.
In experiment 2, from early June-early July, temperature was uniform throughout
the water column and thus similar at both depths (Fig.IV.3B). The mean temperature was
20.4°C and 20.1 °C at 4 and 12 m, respectively. While maximum temperature at 4 m and
12m was 22.2°C and 21.7°C, respectively, the minimum temperature at both depths was
17.8 °C.

IV.3.3.2. Salinity

There was negligible variation in salinity at 12m (mean 33.3 psu) throughout
experiment 1 (Fig. IV.4A), whereas at 4 m mean salinity was 32.2 psu, and a lower value
(29 psu) was recorded on one occasion. In experiment 2, the water column was
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homogeneous with mean salinities of 32.1 psu and 32.4 psu at 4 m and 12 m,
respectively.

IV.3.3.3. Chlorophyll-a

The concentration of chlorophyll-a was highly variable during experiment 1, and
there were marked differences between 4 and 12m (Fig. IV.4B). The mean concentration
at 12m (1.16 J..Lg L" 1) was more than twice that at 4 m (0.5 J..Lg L" 1). Maximum
concentrations at 12 m reached 1.55 and 2.82 J..Lg L" 1, which coincided with periods when
the difference in temperature between 4 and 12m was about 6°C. Simultaneously to
these samplings, mean concentrations at 4 m were 0.21 J..Lg L" 1and 1.15 J..Lg L-\
respectively. In experiment 2, on the other hand, variability of chlorophyll-a was
relatively small and there were negligible differences between depths. At 4 m the mean
chlorophyll-a was 0.85 J..Lg L" 1, whereas at 12 mit was 0.82 J..Lg L- 1•

Jv.3.3.4. Seston

Total particulate matter (TPM) was highly variable in experiment 1, and was
higher at 12m (mean 2.17 mg L" 1) than at 4 m (mean 1.16 mg L" 1) (Fig. IV.SA). On the
other hand in experiment 2, there were negligible differences in TPM between 4 m (mean
1.56 mg L" 1) and 12m (mean 1.71 mg L-\ and TPM was higher towards the end of the
experiment.
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In experiment 1, PIM was higher at 12m, averaging 1.76 mg L- 1 , whereas at 4 m
mean PIM was 0.69 mg L- 1 (Fig. IV.5B). POM followed a similar pattern at both depths
with a mean of0.47 mg L- 1 at 4 m and 0.44 mg L- 1 at 12m (Fig. IV.5C). PIM as
percentage ofTPM was higher at 12m (mean 81.4 %) than at 4 m (mean 59.6 %) (Fig.
IV.6A). In contrast in experiment 2, PIM values were similar at 4 and 12m, averaging
1.10 mg L_ 1 .and 1.14 mg L- 1, respectively (Fig. IV.5B). Differences in POM levels
between 4 m (mean 0.46 mg L- 1) and 12m (mean 0.57 mg L- 1) were negligible (Fig.
IV.5C). As a result, mean PIM as a percentage ofTPM was 69.7% and 65.2% at 4 and
12m, respectively (Fig. IV.6A).

IV.3.3.5. Dissolved oxygen

In experiment 1, dissolved oxygen was higher at 4 m, where percent saturation
ranged from 82.8 to 92.1% (mean 91.1 %) (Fig. IV.6B), whereas at 12m (mean 75.3 %)
minimum levels reached 61.9% and 48.8 %. These dissolved oxygen minima coincided
with periods when temperature at 12 m was about 6°C lower than at 4 m. In experiment
2, mean percent oxygen saturation was 90.82 % and 84.50 % at 4 m and 12 m,
respectively.
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IV.4. Discussion and Conclusions

IV.4.1. Growth

Differences in growth of postlarval Nodipecten nodosus were recorded between 4
and 12m in experiment 1, during lat~ summer-early autumn. Scallops attained a larger
size near the surface, where growth rate was approximately 1.6 times higher than at 12m.
Conversely, in experiment 2, during late autumn-early winter, growth of scallops was
similar at both depths. Whereas similar growth rates in experiment 2 could be explained
by the homogeneous conditions throughout the water column, the differential growth
recorded in experiment 1 can be attributed to differences in environmental factors
between depths.
This is the first study to report the influence of a sub-surface intrusion of cold
water with higher phytoplankton biomass in a coastal aquaculture area in southern Brazil,
and to demonstrate its significant effect on bivalve farming. Although food quantity, as
expressed by concentration of chlorophyll-a, was higher at 12m in experiment 1, growth
was lower. Differences in mean temperature between depths were too small (2.5 °C) to
account for the observed differences in growth. However, the higher temperature
variation on a short time scale recorded at 12m, together with the longer exposure period
to lower temperatures, may have stressed the

sc~llops,

thus limiting growth. In addition,

while at 4 m temperature dropped below 20°C for only 4 h, and at 12m this happened for
at least 78 h, a period which growth rates may have been reduced. Growth in bivalves is
an integrated response to food availability and temperature (Bayne and Newell1983,
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MacDonald and Thompson 1985, Bricelj and Shumway 1991, Parsons and Dadswell
1992, Cote et al. 1993). No studies on bivalve growth have considered the effects of
temperature variation on such a short time scale as in the present study (ca. semi-daily).
Pilditch and Grant ( 1999) studied the effect of food availability and temperature variation
in 8 d cycles on growth and metabolism of juvenile scallops Placopecten magellanicus
under laboratory conditions. Temperature variation in such cycles, had a minimal effect
on growth, but scallops did not acclimate to the temperature cycles, displaying metabolic
rates tightly coupled with water temperature, which is also in agreement with results
obtained by Shumway et al. (1988) who found that metabolic rates of P. magellanicus
follow the seasonal and laboratory acclimation temperatures. The scallop P.

magellanicus in Newfoundland also displayed feeding and metabolic rates significantly
correlated with environmental temperatures, but also with food availability (MacDonald
and Thompson 1986). In mussels (Mytilus edulis), on the contrary, compensatory
acclimation to temperature changes have been demonstrated (Widdows 1976). A strong
dependence of physiological rates on environmental temperature in scallops suggests that
the periods of lower temperature may have depressed physiological rates inN nodosus,
contributing to the observed reduction growth during periods of lower temperature.
PIM as percentage of TPM is an important environmental factor affecting growth
of bivalves. The amount ofPIM in seawater dilutes POM, reducing the nutritional value
of seston for scallops (Vahll980, Wallace and Reinsnes 1985, Bricelj and Shumway
1991, Emerson et al. 1994). For example, when PIM reaches a critical value of about 80
% ofTPM, Chlamys islandica cannot absorb POM, resulting in a reduction of feeding
rate, thus reducing or stopping growth (Vahl1980). Although certain bivalves (including
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some scallops) can selectively ingest organic particles to compensate for dilution of food
quality (Widdows et al.l979, Bricelj and Malouf 1984, MacDonald and Ward 1994), at
high concentration of low quality seston P. magellanicus lack this ability (Bacon et al.
1998). In experiment 1, percent PIM was markedly higher at 12m than at 4 m, averaging
81.4% and reaching a maximum of90.5 %. Thus, the benefits ofhigher food abundance,
as expressed by levels of chlorophyll-a, were probably offset by the negative effect of a
higher inorganic content of seston, resulting in significantly lower growth rates at 12m.
It was therefore difficult to decouple the effects of temperature and inorganic content of
the seston in determining which was the major factor affecting growth, since high PIM
was associated with temperature oscillations in experiment 1. It is more likely, however,
that an interaction of both variables contributed to the slower growth recorded at 12m. In
general, POM concentrations were similar between depths, but on one occasion an
unusual situation arose in which POM was higher at 4 m, but chlorophyll-a was higher at
12 m. This coincided with a low salinity event at 4 m, probably caused by continental
runoff due to rainfall (as also reported in Chapter III), which may have exported
terrigenous organic matter.
The food supply for cultured bivalves is also largely influenced by water flow and
the concentration, size and quality of food particles (Grant 1996). It is unlikely that water
flow have differed between 4 and 12m in the present study causing differences in growth,
because such differences would have also been observed in experiment 2, in which
growth was similar between depths. Food size and quality for bivalves is dependent on
the phytoplankton species composition, which was not possible to evaluate in the present
study. The possibility that phytoplankton composition differed between depths in
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experiment 1 cannot, therefore, be ruled out and requires further investigation. Although
several studies have surveyed phytoplankton composition in coastal and oceanic regions
of southern Brazil (citations in Soares 1983), none focused on the composition of subsurface intrusions ofSACW. Nevertheless, from an aquaculture perspective, it is
significant that during summer-early autumn the coastal culture site is under the influence
of a thermocline oscillation caused by the proximity of SACW, and under these
circumstances nutritional conditions and thermal variation are less favourable for growth
of postlarval scallops.
Brandini et al. (2000) proposed that if bivalves were grown offshore in depths
influenced by SACW, growth would be maximised due to higher food abundance as
expressed by levels of chlorophyll-a. The present study suggests that growing scallops
below the thermocline during the SACW intrusion may not necessarily be beneficial,
since other concurrent factors may neutralise the benefits of enhanced food levels. It is
possible, however, that the influence of SACW on growth may vary according to the
species under consideration. Nodipecten nodosus occurs in shallow tropical waters (Smith
1991) and the study area is at its southern limit of distribution in the Southern
Hemisphere, where minimum temperatures approach values that reduce growth rates
(Chapters III and V). Furthermore, scallops display low tolerance to high PIM (examples
in Bricelj and Shumway 1991). Therefore, if N nodosus is to be cultured in open areas of
southern Brazil in the future, it is suggested that growth would be enhanced if the culture
nets were suspended in waters above the influence of SACW. Conversely, other species,
such as the Pacific oyster Crassostrea gigas and the mussel Perna perna, which are
currently cultured in embayments in southern Brazil, may grow well if cultured under
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SACW influence. Unlike scallops, intertidal bivalves are usually more tolerant to
temperature variability and high PIM levels (Bayne 1976, Newell and Langdon 1996,
Shumway 1996). The influence of environmental instability associated with SACW
intrusions on bivalve growth requires further examination before aquaculture expands
further to deeper waters off southern Brazil.
In the present study, the postlarval scallops cultured at a higher stocking density

(340/bag) displayed a slight but statistically significant reduction in growth compared
with those grown at lower density (150/bag) at both depths in experiment 1. Grecian et
al. (2000), however, found no difference in growth of Placopecten magellanicus at
stocking densities of2600 and 5200 spat/bag, but the surface area of the spat bags and the
mesh opening were larger than those used in the present study, so that a direct comparison
is difficult. A negative relationship between growth and stocking density inside culture
nets has been described for other scallops (Duggan 1973, Ventilla 1982, Parsons and
Dadswell1992, Cote et al. 1993, Cote et al. 1994, Maeda-Martinez et al. 1997, Roman et
al. 1999). Parsons and Dadswell (1992) postulated that at higher stocking density intraspecific competition for food reduces its availability per individual, limiting growth.
Higher densities also lead to frequent contact among organisms, which may induce
irritation, retraction of the mantle or valve closure, resulting in less feeding, and may also
cause shell breakage along the edges (Cote et al. 1993). Within the range of densities
tested, the reduction in growth at higher density was slight and it would be more costeffective to grow postlarval N nodosus at the higher density. This strategy, however, is
only appropriate if the spat bags are retrieved after an immersion period of about 26-30 d,
as in the present study, when scallops at 4 min experiment 1 reached a mean size(> 5
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mm) at which they could be transferred to pearl nets. On the other hand, if the spat bags
are to be immersed for longer periods before spat are detached and transferred to pearl
nets, it is likely that the density dependence of growth would increase as scallops attain
larger sizes.
A comparison of daily growth rates (DGR) can be made between the high density
treatment in experiment 1 (350 scallops/bag; se = 54.7) and experiment 2 at both depths
(401 scallops/bag; se = 95.9), in which stocking densities were equivalent. While the
lowest DGR was recorded in experiment 1 at 12 m (0.11 mm d- 1), and the highest at 4 m
(0.179 mm d" 1), DGR in experiment 2 was 0.144 and 0.137 mm d-I, respectively, at 4 and
12m, which were statistically similar. Lower growth rates at 12m in experiment 1 can
be explained by differences in environmental factors between depths as previously noted.
Differences in DGR between 4 m in experiment 1 and both depths in experiment 2 can be
explained by seasonal differences in temperature. Chlorophyll-a, seston, salinity and
oxygen were similar at 4 m in experiment 1 and at both depths in experiment 2, and
therefore cannot account for observed differences in growth. Temperature, on the other
hand, was significantly lower in experiment 2 (mean 20.4°C and 20.1 °C at 4 and 12m,
respectively) than experiment 1 at 4 m (mean 25.6°C). This difference probably
accounted for differences in growth between seasons, in accordance with the results from
Chapter III, which showed that variation in temperature, rather than food availability,
explained seasonal differences in DGR of postlarval scallops.
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IV.4.2. Percentage retrievals

Percentage retrievals of postlarval N nodosus were similar between depths and
experiments, and ranged from 69.3 % to 81.3 %. These results are much higher than
those obtained in Chapter III (1.5-42.8 %) when spat were deployed in the sea at the
same size as in this study, but spat bags were suspended from a surface long-line.
Percentage retrievals of N nodosus were also higher than those reported in Heasman et al.
(2002) (25.4 %) for Pectenfumatus, when postlarval scallops at a shell height of0.5 mm
were deployed in the sea-based nursery attached to monofilament collectors, as in the ·
present study. Stocking density, as well as the variability in environmental factors
recorded in the present study, had a negligible effect on retrieval of scallops, even when
they experienced sudden temperature changes at 12m in experiment 1. Dickie and
Medcof (1963) reported mass mortalities of adult scallops Placopecten magellanicus in
Atlantic Canada, due to a sudden change in the position of the thermocline. In southern
Brazil, N nodosus under culture at 12m can experience sudden temperature shocks semidaily of the same magnitude as seasonal temperature variation, but such variation did not
cause spat mortality. Temperatures in the present study did not reach lethal levels, as
determined in Chapter V. In Chapter III, it was postulated that wave action affecting the
surface long-line may have contributed to detachment of postlarval scallops from the
collectors and consequent losses through the mesh, and it was proposed that the use of a
sub-surface long-line could improve spat retrievals. In the present study, the buoys and
the main line were located 3 m below surface, resulting in little, if any, influence of wave
action on the spat bags. Two of the field-based nursery experiments described in Chapter
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III, which resulted in percentage retrievals of 15.2% and 42.8 %, were carried out
concomitantly with the present study. The higher percentage retrievals recorded from the
sub-surface long-line indicate that wave action may have indeed increased detachment of
spat in the Chapter III experiments, although the effects of other factors (i.e., salinity,
turbidity) may also have contributed to low retrieval in the experiments undertaken in
different seasons.

IV.4.3. Environmental variables

During the first 2-3 weeks of experiment 1 (March), scallops at 12m were
influenced by an oscillating water mass with thermal characteristics different from the
upper layer, with the result that temperature variability at 12m was greater than at 4 m.
A colder bottom water mass frequently influenced the 12m layer, but only occasionally
reached 4 m. These differences in water masses between depths resulted in a temperature
change of 10.4°C between 4 m and 12m in less than 24 h, resulting in a semi-daily
variability in temperature equivalent to that observed on a seasonal time scale (Chapter
III). Such cold water intrusions disappeared towards the end of the experiment 1 (April)
and were not observed in experiment 2 (June-July). Furthermore, maximum values of
chlorophyll-a were recorded in March, when concentrations at 12 m were higher than at 4
m. Such spatial variation in temperature and chlorophyll-a is in agreement with the
patterns reported in other studies for the inner continental shelf when SACW is present
(Brandini 1990, Borzone et al. 1999). There was strong evidence that scallops held at 12
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m in experiment 1 were under the oscillating influence of a water mass that could be
identified as predominantly SACW. SACW has been characterised as a cold water mass

(1 0-20°C) affecting lower layers of the continental shelf (Matsuura 1986, Castro and
Miranda 1998) with relatively higher concentrations of nutrients and chlorophyll-a, lying
underneath warmer Coastal Waters (CW), which during summer are reported to be
relatively oligotrophic (chlorophyll-a< 0.4 J..Lg/L) off Santa Catarina State (Brandini
1990). Borzone et al. (1999) indicated that from December to April (summer-early
autumn), the water column on the inner continental shelf displayed a marked thermocline,
with near-surface temperature reaching 27°C, whereas below the thermocline,
temperature was 16°C and maximum chlorophyll-a was recorded (ca. 3 J..Lg L- 1). This
gradient was attributed to SACW intrusions. Conversely, from May to September (late
autumn-winter-early spring) the temperature gradient disappeared with vertical mixing
of the water column (Borzone et al. 1999). During this period SACW retreats toward the
shelfbreak (Castro and Miranda 1998) and the inner continental shelf becomes influenced
by cold(< 20°C), low salinity water (29-35 psu) of sub-Antarctic origin (SAW), leading
to a vertically mixed water column (Sunye and Servain 1998). These observations are in
agreement with the recorded differences in temperature between experiments 1 and 2 in
the present study. The salinity reported for SACW is around 35 psu (Matsuura 1986,
Castro and Miranda 1998), and salinity at 12m remained close to 33 psu throughout the
present study. According to Castro and Miranda (1998), mixing ofSACW and CW
occurs across the continental shelf during summer. The water resulting from this
interaction, maintaining the major characteristics of SACW (relatively low temperature
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and high chlorophyll-a but with slightly lower salinity) is probably the water mass that
repeatedly affected the culture site at 12m during summer, causing strong thermal
instability. Moreover, during summer, when the upper layers of the inner continental
shelf are dominated by warm CW, the only reports of waters colder than 20°C in the
whole SBB are for areas affected by SACW (Castro and Miranda 1998), providing further
evidence that the cold waters affecting lower layers of the coastal aquaculture site
originated from SACW.
The oscillation of the cold water mass in the study site during summer may have
been a result oftidal influence or wind stress. Penetration ofSACW onto the continental
shelf has been related to situations in which prevailing winds blow offshore, generating a
cross-shelf circulation towards shore in the deeper layers (Castro and Miranda 1998).
However, the short-term variability in the position of SACW has not been investigated in
detail. The factors influencing hydrographic processes in shallow coastal areas are
complex and vary greatly on short spatial and temporal scales (Mann and Lanzier 1991).
The study region is characterised by a micro-tidal regime, which may have contributed to
the oscillation of the cold water mass, but the small tidal amplitude may not have been
sufficient to destabilise the thermocline and generate vertical mixing throughout the water
column. The spatial and temporal dynamics of SACW along the southeastern coast of
Brazil are still poorly understood, and the implications of SACW intrusions on
aquaculture requires further study.
Another important environmental factor that markedly differed between 4 and 12
min experiment 1, but not in experiment 2, was PIM, which was higher at 12m. No
previous study carried out in southern Brazil has investigated the organic and inorganic
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contents of the seston associated with different water masses. The higher percent PIM
near the bottom recorded in experiment 1, but not in experiment 2, is possibly associated
with SACW, suggesting that during the process of SACW intrusion into the lower layer
across the continental shelf, a frictional shear on the substrate resuspends bottom
sediments, resulting in the higher particulate inorganic matter of SACW. According to
Borzone et al. (1999), the bottom sediments ofthe inner continental shelfofSBB are
formed by quartz sand with a silt-clay fraction that increases with depth. These fine
sediments could be resuspended in the water column, increasing PIM levels of SACW. A
further indication of the deeper origin of the water mass affecting the bottom layers is the
dissolved oxygen, which was lower at 12m on two occasions, once falling below 50%.
According to Longhurst and Pauly (1987), waters originated from deeper layers of the
ocean often contain less oxygen than surface waters.

In conclusion, the influence of environmental factors associated with depth at an
aquaculture site in southern Brazil varied seasonally, depending on the sub-surface
intrusion of SACW. The characteristics of this water mass were less favourable for
postlarval scallop growth than those of near-surface waters. During summer-early
autumn, lower temperature and sudden temperature changes, together with a higher
inorganic content of the seston associated with SACW, resulted in slower growth of
postlarval N. nodosus at 12m than at 4 m. Furthermore, on several occasions the vertical
thermal gradient from 4 to 12m (ca. 10°C) was similar to the seasonal temperature
variation. Conversely, during late autumn-early winter, the water column was vertically
mixed and scallop growth was similar at both depths. Higher temperatures explained
higher growth rates near surface during summer-early autumn, compared with lower
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growth in late autumn-early winter at both depths. Furthermore, growth of postlarval
scallops cultured in spat bags showed an inverse relationship with stocking density, but
the differences were small and it would be more advantageous to grow postlarval scallops
at the highest density tested. It is suggested that during summer-early autumn, if the site
is subject to SACW intrusions, suspended nursery culture should be undertaken above the
thermocline in order to maximise growth.
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Figure IV.l. A- Final shell heights (mm) of scallops cultured at 4 m and 12m depth at
high (350 spat/collector) and low (140 spat/collector) stocking densities for
26 days off Porto Belo Point - experiment 1 (March- April 2001 ). B - Final
shell heights (mm) of scallops cultured at 4 m and 12 m depth for 27 days
off Porto Belo Point- experiment 2 (June- July 2001). (Common letters
denote no significant differences). (mean +se).

127

A
100
a

a

a

a

80
60
40

4 m High

4mLow

12mHigh

12mLow

B
100
a

->co

80

'i:
.....

60

a

T

T

(I)
(I)

0::

?fl.

',,(-

40

I

20
4m

12m

Figure IV.2. A - Percentage retrieval of scallops cultured at 4 m and 12 m depth at high
(350 spat/collector) and low (140 spat/collector) stocking densities for 26 days
off Porto Belo Point- experiment 1 (March- April2001). B- Percentage
retrieval of scallops cultured at 4 m and 12m depth for 27 days off Porto Belo
Point- experiment 2 (June- July 2001). (Common letters denote no
significant differences) (mean+ se).

128

A
29
27

-(.)

0

e!

::s

25
-4m
--12m

23

ICl)!

c.

E
~

21
19
17

'e/~

iir

<o/4t

iir

<'.J1tt

iir

<e1tt

iir

<s1tt

iir

<'/..q~I"

6/~~I"

8/..q

~I"

B
29
27

-(.)

25
-4m
-12m

0

e
::s

ICl)!

c.

E

23
21

Cl)

1-

19
17

Date

Figure IV.3. Hourly temperature at 4 m and 12m depth off Porto Belo Point: (A)
experiment 1 (March -April 2001 ); (B) experiment 2 (June - July 2001 ).
129

A
Expt. 1

35

Expt. 2

:1

!

32

~

29

UJ

26

'i

-

~-
------..-~

--e-4m
--o--12 m

23+---~~--~--~~--

B
----------------------.
.... 4.0 . . . . - -Expt.
1
Expt. 2

':.J

-

g' 3.0

cp

~

.c

e
:c
O

0

2.0
1.0

"
I

/

.. ~

•

\

\

4m

- -o- -12

~
\

0. 0 +--,.-----.----.,---,------,,...---

Date

Figure IV.4. Salinity (psu) (A) and chlorophyll-a (J-Lg L- 1) (B) at 4 m and 12m depth off
Porto Belo Point, during experiments 1 (March- April2001) and 2 (JuneJuly 2001). (mean± se; where bars not seen, se is too small to plot).

130

A
4.0~----------------------------------------~
Expt. 2
i'li
Expt. 1

{"" 3.0

~,

' '!... -

...I
Cl

-

E 2.0

__._4m
- -o- -12m

:::ill

I=

1.0

0.0 +--..,..--...---,..-----,.-__,...-

B
4.0~----------------------------------------~

Expt. 1
~

3.0

~

-a:
Cl

E 2.0

:::ill

1.0

0.0

~'

''

Expt. 2

__._4m

l---~

- -o- -12m

~

+--.....--......---......---....---....---

c
2.0 --.----------------------------------------------.
Expt. 1

Expt. 2

- 1.5

":'

...I

__._4m

C)

.§. 1.0 - -o--12 m

::E

fr

0.5

Date

Figure IV.5. Total particulate matter (TPM) (A), particulate inorganic matter (PIM) (B)
and particulate organic matter (POM) (mg L- 1) (C) at 4 m and 12m depth off
Porto Belo Point during experiments 1 (March- April2001) and 2 (JuneJuly 2001). (mean± sd).
131

A
100
80

Expt. 1
13... .....

Expt. 2

'
-e-4m

:E

0::

60

- -o--12 m

?f.

40
20
~

'q~"·o7

4i'q~"·o 4i'q~"·o
7

7

-<1,0,

'~"·o 7

-<1,0,

'~"·o7

B
Expt. 2

•

4m

--a--12m

Date

Figure IV.6. Percentage of inorganic matter in relation to total seston (% PIM) (A) and
percent oxygen saturation (B) at 4 m and 12m depth off Porto Belo Point
during experiments 1 (March- April2001) and 2 (June- July 2001).

132

CHAPTERV

Effects of Salinity and Temperature on the Survival and Byssal
Attachment of Nodipecten nodosus at its Southern Distribution Limit
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V.l. Introduction

The capacity of an organism to survive in its environment is restricted by its limits
of tolerance to abiotic factors. Temperature and salinity are primary abiotic variables
affecting survival, activity and distribution of marine organisms, and the effect of one
variable can modify, or be modified, by the other (Kinne 1964, 1970a,b). The lion's paw
scallop Nodipecten nodosus, is a subtidal, non-estuarine bivalve which inhabits shallow
tropical waters in the Caribbean region (Smith 1991), extending its geographic distribution
discontinuously as far south as the surroundings of Santa Catarina Island (Lat. 27.5° S), in
southern Brazil (Rupp 1994). This area is within a warm-temperate marine biogeographic
region which is a distribution boundary for several tropical species (Briggs 1995). In
tropical areas, marine organisms are generally exposed to a narrower range of
temperature, whereas at the high latitude distribution limit, tropical species are exposed to
a broader temperature variation (Levinton 2001). In the Caribbean, N. nodosus can be
exposed to a maximum thermal amplitude of about 6°C at a given depth (Lodeiros et al.
1998), and the arid conditions result in negligible salinity changes at coastal aquaculture
sites (Lodeiros and Himmelman 1994). At the southern limit of distribution, on the other
hand, the lion's paw scallop is subject to major oceanographic events leading to a seasonal
temperature variation of at least 12.5°C (Chapter III), a magnitude comparable to that
experienced by some scallop populations in temperate environments. Furthermore,
sudden temperature changes (ca. 10°C) in the water column caused by sub-surface
intrusions of cold waters during summer-early autumn affect coastal sites and scallop
growth (Chapter IV). In addition to these remarkable thermal shifts, coastal aquaculture
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areas in southern Brazil can be affected by continental runoff during severe rain, resulting
in periods of decreased salinity (Chapter III). Whereas intertidal and estuarine bivalves
are generally tolerant to sudden and large changes of temperature and salinity (Dame
1996), scallops are more vulnerable, and mass mortalities caused by temperatures and
salinities beyond their tolerance limits have been well documented (Brand 1991, Orensanz
et al. 1991). To date, no studies have focused on the effects of temperature and salinity on
N. nodosus or other subtidal bivalves on the warm temperate coast of Brazil.

Thermal stress due to sudden change in the position of the thermocline may cause
mass mortalities of Placopecten magellanicus (Dickie and Medcof 1963) and Argopecten

gibbus (Miller et al. 1981). Likewise, severe cold winters have caused massive mortalities
of Chlamys opercularis in European waters (Crisp 1964). Furthermore, the geographic
distribution of many scallop species is clearly associated with the thermal characteristics
of major ocean currents (Brand 1991). At the high-latitude distribution limit, low
temperature may be an important factor limiting distribution (Briggs 1995). Knowledge
of the lethal and sublethal temperature limits for N. nodosus at its distribution boundary is
therefore ecologically important in assessing habitat suitability and possible thermal
influences on distribution of the species.
Within pectinids, the capacity to tolerate exposure to low salinities varies among
species. Whereas juvenile Argopecten irradians (1 0-30 mm) display high survival (> 80
%) at a salinity of 15 psu over a wide range of temperatures for up to 48 h (Mercaldo and
Rhodes 1982), juvenile Mimachlamys asperrima do not survive a salinity of 25 psu for 24
h, nor an exposure to 30 psu for about 72 h (O'Connor and Heasman 1998). In temperate
and boreal scallops, the limits of tolerance to reduced salinities depend on the exposure
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temperature (Paull980a, Mercaldo and Rhodes 1982, Strand et al. 1993), but in tropical
and subtropical species it is not clear if the range of temperatures experienced by the
scallops in the natural habitat results in differences in salinity tolerance. According to
some studies (Paul1980a, Heasman et al. 1996, O'Connor and Heasman 1998) tolerance
to temperature and salinity in scallops decreases with increasing age or body size for
benthic life-history stages, but there are also reports that smaller bivalves are killed more
rapidly than larger conspecifics at lethal salinities (Castagna and Chanley 1973). In
aquaculture settings, scallops of different size, i.e., spat, juveniles and adults, are subject
to different culture techniques (nursery culture, intermediate culture and final growout),
which are often carried out in different water depths, on the bottom, or at different sites.
Knowledge of the limits of tolerance for different life stages is therefore essential for
aquaculture.
Increased interest in developing aquaculture of N nodosus in coastal shallow areas
of Brazil requires a knowledge of the lethal and sublethal effects of temperature and
salinity, in order to establish ecological criteria for adequate site selection, as well as to
develop culture strategies leading to optimisation of survivorship and growth.
Furthermore, the approach of transferring hatchery-produced spat to the sea-based nursery
has been demonstrated to be a suitable alternative for lion's paw scallop production
(Chapters III and IV). At this stage individuals are attached to artificial collectors by their
byssus. Such an approach requires knowledge of the influence of temperature and salinity
on the synthesis ofbyssal threads, in order to understand the observed variability in spat
retrievals and to optimise aquaculture strategies in an environment displaying marked
gradients on spatial and temporal scales. Furthermore, the degree ofbyssal attachment has
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been used as an indicator of favourable environmental conditions for scallops (Paul
1980a,b, O'Connor and Heasman 1998, Christophersen and Strand 2003), and the highest
percentage of byssal attachment was recorded at temperatures supporting the highest
growth and survival rates (Heasman et al. 1996).
The objective of this study was to investigate the influences of abiotic
environmental factors on survivorship and byssal attachment ofhatchery-produced lion's
paw scallops at the high latitudinal distribution limit in the Southern Hemisphere. The
lethal and sublethal effects of salinity, temperature and salinity-temperature combinations
were studied in the laboratory for three size-classes of scallops, through long- and shortterm exposure bioassays. The following hypotheses were tested: a) the low salinity levels
recorded at a coastal aquaculture site in southern Brazil (Chapter III) approach the limits
for survival and byssal attachment of N nodosus; b) the temperature limits at the
distribution boundary of the species approach lethal thresholds, and determine differences
in byssogenesis and tolerance to low salinities of scallops acclimated at different
temperatures, and c) temperature and salinity tolerances vary for individual N nodosus of
different sizes.
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V.2. Materials and Methods

Experiments to determine lethal and sublethal effects of salinity and temperature
were carried out with different size scallops Nodipecten nodosus at the Laboratory for the
Culture of Marine Molluscs (LCMM-UFSC), Florian6polis, Santa Catarina State, Brazil.
All scallops were produced in the hatchery (LCMM) using techniques described in
Chapter II and maintained, prior to the experiments, in suspended culture using nylon bags
(spat) or lantern nets (juveniles and adults) off Joao da Cunha Island, (Lat. 27° 08' S)
Porto Belo (Santa Catarina State) (Fig. 1.2). Broodstock was obtained from a local
population off the coast of Santa Catarina State. All experiments were carried out during
summer-early autumn 2000 and 2002. Experimental procedures were based on standard
methods for static acute bioassays with aquatic invertebrates (Rand and Petrocelli 1985).

V.2.1. Maintenance of scallops prior to the experiments

One to two weeks before initiation of the bioassays, scallops were transferred from
the ocean to the laboratory using insulated containers, which maintained ambient seawater
temperature at the field site during transport. In the laboratory, scallops were cleaned of
epibionts and placed in holding tanks until the start of the experiments. Juveniles (with no
functional gonads, shell height 20-30 mm), adults (with functional gonads, shell height
50-60 mm) and spat (shell height 5-8 mm), were maintained at ambient temperature in
100-L tanks with static aerated filtered (1 !lm) seawater. When scallop spat were to be
used in salinity experiments at temperatures that were different than ambient, they were
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previously acclimated in 10-L plastic chambers immersed in a 100-L water bath, with
circulating chilled water or thermostatic immersion heaters, permitting a gradual thermal
adjustment (Table V.l) until the desired constant-temperature (16 or 28°C) was reached.
Scallops were fed daily a mixture of (I :2: 1) Isochrysis sp. (clone T-iso), Chaetoceros

calcitrans and C. muelleri at final concentrations of 3xl 04 to 5xl 04 cells day- 1• All
chambers were aerated with air diffusers and seawater was changed daily. Replacement
seawater was brought to the desired temperature with a titanium chiller-heater before
being added to the chambers. A constant room temperature was maintained with an air
conditioner. Only scallops showing healthy signs and normal behaviour (normal shell
gape and protrusion of mantle borders and tentacles) were used in the bioassays. An
initial sample of 15 individuals was randomly selected prior to each bioassay for
measurements of shell height and dry tissue weight.

V.2.2. Salinity bioassays

V.2.2.1. Effect of low salinity on different size scallops at ambient temperature

Acute salinity bioassays were carried out for different size scallops at a constant
temperature of23.5°C, when ambient seawater temperature in the field site was 23-25°C.
Scallops of three size-classes, adults (mean shell height 54.4 mm, sd = 4 .5), juveniles
(mean shell height 25.5 mm, sd = 1. 7) and spat (mean shell height 6.11 mm, sd = 0.5)
(Table V.l ), were placed inside plastic chambers with a volume of 8, 5 and 1.8 L of
seawater, respectively. For each size-class, scallops were exposed to salinities of33, 29,
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25, 21, 17 and 13 psu. For each salinity, there were triplicate chambers with 5-7 scallops
each. The experimental salinities were obtained by diluting filtered seawater (1 J.lll1) at
ambient salinity (33 psu) with distilled water, and salinities were measured with a digital
WTW Multiline P4 water quality meter. Treatments were randomly assigned to the
chambers and scallops were haphazardly assigned to each treatment. The experiments
were started by transferring the scallops directly to the experimental salinities. Mortality
was recorded after 12, 24, 36, 48, 72 and 96 h. Individuals with a permanent wide valve
gape with retracted mantle borders and which were not responsive to the touch of a glass
rod or fine brush were considered dead. Mortality of juveniles and adults was confirmed
by placing the scallops in seawater at a salinity of33 psu and observing possible recovery
after 24 h. Due to their small size, spat were observed under a dissecting microscope to
confirm mortality. Spat with a wide shell gape and no byssal attachment were placed in a
Petri dish and were considered dead when they lacked response to touch and had no heart
beat, which could be seen through the translucent shells. During the experiments carried
out with spat, the number of individuals attached by byssal threads was also recorded at
12, 24 and 48 h. Byssal attachment was confirmed by a gentle touch with a fine-haired
brush. Water in all chambers was gently aerated with air diffusers and was changed at 48
h, or earlier for the adults if spawning was detected in a chamber. Scallops were not fed
during the 96 h bioassay.
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V.2.2.2. Effects ofsalinity-temperature interactions on spat

Salinity tolerance bioassays were also carried out with spat acclimated to
temperatures of 16 and 28°C, using similar procedures as in the experiments carried out at
ambient temperature (Table V.1). The experimental temperatures chosen approximated
the extreme limits of seawater temperature recorded off Santa Catarina State (Chapter III).
Prior to the initiation of the experiments, scallops were acclimated in the laboratory at
constant experimental temperatures of 16 and 28°C for a minimum of 7 days.
Acclimation temperatures were reached by a gradual decrease (2°C day- 1) or increase
(2.3°C day- 1) until the desired temperature was reached. During the bioassays,
temperatures were kept constant by holding the experimental chambers in a water bath
with circulating chilled water (16°C), or with thermostatic immersion heaters (28°C). Spat
used in the experiments at both temperatures were from the same spawning and were
transferred from the sea-based nursery to laboratory at the same time. At the beginning of
the experiments, the group held at 16°C had a mean shell height of 6. 73 mm (sd = 0.5 8)
and those used in the 28°C experiments had a mean shell height of 7.51 mm (sd = 0.71).

V.2.2.3. Effect of short-term exposure to low salinity at different temperatures

Further experiments on short-term exposure to low salinities were carried out, since
it was found in the previous experiments that all spat exposed to salinities of 17 and 13
psu died within 12 h. Experiments of 1-h exposure to salinities of 17 and 13 psu were
carried out at temperatures of 16 and 28°C. After exposure, spat were returned to normal
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seawater salinity of 33 psu at the respective temperatures, and mortality was checked after
12, 24, 36, 48, 72 and 96 h. For each salinity and temperature there were triplicate
chambers with seven scallops each. Spat were selected from the same groups acclimated
to 16°C and 28°C used for the 96-h exposure experiments .

. V.2.3. Temperature bioassays

V.2.3.1. Lethal and sublethal effects of temperature on different size scallops

Acute temperature bioassays were undertaken when seawater temperature in the
field ranged from 25-28°C. All scallops were then maintained in the laboratory at a
constant temperature of27.0°C for 7 days prior to initiation of the experiments. Three
size-classes, adults (mean shell height 54.2 mm, sd = 4.27 ), juveniles (mean shell height
27.2 mm, sd = 1.67) and spat (mean shell height 6.1 mm, sd = 0.49) (Table V;2) were
placed inside plastic chambers with a volume of 8, 5 and 1.8 L of seawater, respectively.
For each size-class, triplicate chambers were used for each temperature. All trials were
carried out using 1 J.!Ill filtered seawater at a salinity of33 psu. In order to determine the
range of tolerance for a given exposure time, the higher experimental temperatures
selected exceeded the normal maximum temperature normally experienced by the scallops
in the field. Likewise, the lower experimental temperatures were below the range
normally experienced by Nodipecten nodosus in southern Brazil. Experimental
temperatures for adult scallops were: 11, 15, 20, 27, 31 and 35°C, and for spat and
juveniles 11, 15, 19, 23, 27, 31 and 35°C. Target temperatures above ambient temperature
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were obtained by placing the experimental chambers inside 250-L water baths containing
thermostatic immersion heaters. Temperatures of 19°C and 15°C, were obtained by
placing the experimental chambers inside 100-L tanks with a seawater flow at the desired
temperature, controlled by a titanium chiller. To achieve a temperature of 11 °C,
experimental units were placed inside a 100-L water bath in an insulated chamber
containing water re-circulated through a portable chiller unit.
The experiments started by transferring the scallops directly to the experimental
chambers at controlled temperatures. Mortality was recorded after 6, 12, 24, 48, 72 and
96 h. The criteria for mortality were the same as those used in the salinity tolerance
bioassays. However, lower temperature tolerance is usually more difficult to determine
because of induction of chill coma (Kinne 1970a), when scallops may not respond to
touch, but still be alive. Thus, after the 96 h exposure to temperatures of 11°C remaining
scallops were gradually returned to 23°C over a 24 h period and mortality recorded. The
number of scallops attached by byssal threads was also recorded at intervals of 6, 12, 24
and 48 h for the three size-classes, using the same procedures as in the salinity tolerance
experiments. Water in the experimental chambers was changed at 48 h, or earlier (6-12 h)
if spawning or abundant mucus caused by high mortality was detected in a chamber
(treatments at 31 °C and 35°C). Scallops were not fed during the 96-h bioassay.

V.2.3.2. Effect of short-term exposure to high temperatures

A further experiment to determine the effect of short-term exposure of spat and
juveniles to high temperature was carried out, since it was noted in the previous
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experiment (section V.2.3.1.) that scallops displayed high mortality at 35°C, but had high
survival at 31 °C, during a 6-h exposure. Scallops previously maintained at 27°C were
exposed to a temperature of33°C for periods of2 and 4 h, after which they were returned
to the initial ambient temperature. For each size-class (spat and juveniles) there were
duplicate chambers with twelve scallops each. After the initial exposure period (2 h), six
of the scallops were transferred to ambient temperature, and after 4 h the remaining
scallops from each chamber were transferred to ambient temperature. Mortality was
recorded every 12-h over a 48-h period.

V.2.4. Data analyses

For a given temperature or salinity, the percentage survival of scallops at different
treatments was plotted against the exposure period. Acute lethal effects of low salmities
on different size scallops held at different temperatures were analysed by determining the
median lethal concentration (LC50), which represents the salinity estimated to cause 50 %
mortality of a test population over a specific time period (Rand and Petrocelli 1985). This
approach was also applied to determine the acute lethal temperature (LTso) of scallops
exposed to high temperature. Probit analysis (SPSS 10.0) was used to calculate the LCso
and LT50 for each exposure time. Lethal effects of scallops exposed to low temperature
were determined 24 h after returning the scallops to ambient temperature, subsequent to
the 96-h exposure experiment. Sublethal effects of scallop exposure to different salinities
and temperatures were examined by determining the percentage of individuals attached by
byssal threads to the surfaces ofthe experimental chambers or to adjacent scallops.
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V.3. Results

V.3.1. Low salinity tolerance

V.3.1.1. Lethal effects on different size scallops

Nodipecten nodosus of all size classes were highly susceptible to low salinity. At an
intermediate temperature of23.5°C, mortality was recorded at salinities of25 psu and
below (Figs. V.1A, B, C). At this temperature, all scallops died within 12 h in salinities of
17 or 13 psu. At salinities of 29 and 33 psu, all animals tested survived. Spat had a higher
tolerance of low salinities than larger scallops. Whereas no juveniles or adults survived a
36-h exposure to a salinity of21 psu, spat had a 76% survival, and after 96-h exposure
spat survival was 54.2 %. The median lethal salinity (LCso) for a 24-h exposure was 21.9,
22.7 and 20.1 psu, respectively, for a?ults,juveniles and spat (Table V.3). For a 96-h
exposure, LCso was 23.6 psu for adults and juveniles and 21.2 psu for spat.

V.3.1.2. Effects ofsalinity-temperature interactions on halotolerance

Spat were more tolerant to low salinity at low temperature (l6°C) than at high
temperature (28° C) (Figs. V.2A and B). At 21 psu, all spat held at 16°C had survived for
up to 36 h, but only 66% survived at 28°C. Furthermore, after 96-h exposure, 65% of the
spat survived at 16° C, but only 19% survived at 28°C. The LCso for a 24-h exposure was
18.9 and 20.2 psu for spat maintained at 16° C and 28°C, respectively (Table V.3). After
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an exposure of96 h, the LC 50 was 20.5 and 22.9 psu, respectively, for l6°C and 28°C. As
at ambient temperature, no spat survived an exposure of 12 h to a salinity of 17 psu at
28°C, but at this salinity and period 20 % of spat survived at l6°C. Furthermore, at a
salinity of 29 psu some mortality ( 5 %) was recorded at 28°C, in contrast to ambient
temperature (no mortality).

V3.1.3. Effects of short-term exposure to low salinity

The extreme susceptibility of N. nodosus to low salinity was further demonstrated
by the short-term exposure (1 h) to salinities of 13 and 17 psu (Fig. V.3). The exposure
temperature also strongly influenced mortality. At 28°C, no spat survived a 12-h exposure
to either salinity. At l6°C, on the other hand, 100 % mortality of spat exposed to 13 psu
was recorded 36 h later. At this temperature 28.5 % of spat were alive 96 h after the shortterm exposure to 17 psu.

V.3.1.4. Byssal attachment

The capacity of spat to synthesise byssal threads was maximal at a salinity of 33 psu
and decreased as salinity decreased (Fig. V.4). Byssal attachment increased with time for
salinities of 29 psu and above. At 25 psu, byssal attachment was about 30-60 % lower
than at 33 psu throughout the experiment. Likewise, at 29 psu percentage byssal
attachment was about 20-40 % lower than at 33 psu. At a salinity of 21 psu, only 6 % of
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the spat were attached at a 48-h exposure, and below this salinity no byssal attachment
was recorded.

V.3.2. Upper and lower thermal tolerance bioassays

V.3.2.1. Lethal effects on different size scallops

Nodipecten nodosus adults, juveniles and spat displayed high survival at 33 psu
when exposed to a wide temperature range (15 to 27°C) during the 96-h bioassays, but
high mortality occurred at 31 °C and above. Tolerance to high temperature, however,
decreased as body size increased (Figs. V.5A, B, C,). Whereas all adult scallops died at
31 °C within 72 h of exposure, juveniles and spat displayed 28.6 and 66.7 % survival,
respectively. After 96-h exposure, 23.8% of the juveniles and 42.9% of the spat were
still alive at 31 °C. No scallops survived 6-h at 35°C. The median lethal temperatures
(LT50) for a 24-h exposure were 30.8, 30.5. and 32.8°C for adults, juveniles and spat,
respectively (Table V.4). For a 96-h exposure, LT50 was 28.0, 29.4 and 30.2°C, for adults,
juveniles and spat, respectively.
Lower temperature limits are more difficult to determine under laboratory
conditions due to the induction of chill coma (Kinne 1970a). Scallops exposed to l5°C
displayed no mortality for 96 h after the acute shock. lmmediatelly after the acute
exposure, scallops exhibited thermal shock, with a small shell gape and retraction of the
mantle and tentacles. After 12 h, however, scallops at 15°C started to protrude the mantle
border and tentacles, but the mantle was never as fully extended as in scallops at
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temperatures of 19°C to 27°C. At the termination of the experiments, scallops previously
exposed to 15°C were gradually returned to ambient temperature of23°C over a 24-h
period, and no mortality was recorded. At 11 °C, on the other hand, scallops clearly
displayed signs of cold-induced lethargy. Immediately after exposure, scallops displayed
retracted mantle border and tentacles but a wide shell gape, which subsequently
diminished. Over a 96-h period, scallops did not return to normal behaviour, displaying
retracted mantle borders and a small shell gape throughout. The response to touch was
extremely weak compared with scallops exposed to higher temperatures. Furthermore, 24
h after the end of the experiment, when scallops were gradually returned to the ambient
temperature of 23°C, significant mortality was recorded (78, 62 and 80 % in adults,
juveniles and spat, respectively). The surviving scallops, although responsive to touch
and therefore considered alive, showed mantle borders detached from the shells, indicating
limited viability.

V.3.2.2. Effects ofshort-term exposure to high temperature

Juveniles and spat were all alive immediately after exposure to 33°C for 2 and 4 h.
Forty-eight hours later, however, spat displayed 44 and 75 % mortality for 2- and 4-h
exposure to high temperature, respectively. Likewise, juveniles displayed 90 and 100 %
mortality 48 h later for 2- and 4-h exposure, respectively.
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V.3.2.3. Byssal attachment

Unlike many other scallops, Nodipecten nodosus retains the ability to produce
byssal threads at the adult stage. However, the percentage of attachment for adults was
lower than that for juveniles and spat (Figs. V.6A, B, C). After 12-h exposure, adults
were byssally attached only at temperatures of20°C (28.5 %) and 27°C (21.5 %) (Fig.
V.6A). After 96 h, 50% and 42% of the adults were byssally attached at 20°C and 27°C,
respectively. Juveniles had the highest percentage byssal attachment at temperatures
between 23°C and 27°C (Fig. V.6B). The percentage byssal attachment of spat was
initially lower at lower temperatures (Fig. V.6C), but after 48 hit increased, exceeding 75
%over a wide range of temperatures (15-27°C), and negligible attachment was recorded
at the extreme temperatures (11 and 31 °C). For all size classes, the rate ofbyssus ,
production increased with temperature (Figs. V.7A, B, C), except at 31°C, when the
opposite was recorded. Furthermore, spat had the lowest rate ofbyssal attachment at
15°C, and juveniles displayed the lowest rate of attachment at 15°C and 19°C.
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V.4. Discussion and Conclusions

A substantial amount of ecological, aquaculture and biogeographic information can
be obtained by determining lethal and sublethal responses of N. nodosus to salinity and
temperature. The approach of examining sudden changes to experimental temperatures
and salinities is controversial since it gives no opportunity for the animals to acclimate
physiologically to the new condition, and most wild subtidal populations are unlikely to
experience such sudden changes (Davenport et al. 1975). When the animal is gradually
acclimated to the experimental conditions, the tolerance range tends to be broader (Kinne
1970a). In southern Brazil, however, shifts in the position of the thermocline can occur at
coastal aquaculture sites in depths from 10-12 m during summer to early autumn, causing
sudden temperature changes of ca. 10°C (Chapter IV). Such conditions· also affect wild
populations, which occur at depths from 6-30 min the region (Rupp 1994). Furthermore
culturing scallops in coastal shallow waters, can expose them to sudden salinity changes
due to continental freshwater run-off(Chapter III). Therefore, the results of the present
study give an ecologically meaningful, indication of the scallops' responses to sudden
environmental changes in the natural environment in southern Brazil.

V.4.1. Salinity tolerance

Nodipecten nodosus is a stenohaline species, and high mortality occurs at salinities
of25 psu and below, depending on temperature and body size. Previous studies on other
pectinids have recorded lower salinity tolerance limits ranging from 15 to 30 psu (Paul
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1980a, Mercaldo and Rhodes 1982, Strand et al. 1993, O'Connor and Heasman 1998,
Frenette and Parsons 2001). Scallops, unlike several other bivalves, are incapable of
completely closing their valves due to the byssal notch opening (Brand 1991), and the
osmotic concentration of the hemolymph comes into equilibrium with the concentration of
the external medium after a certain lag period (Shumway 1977, Signoret-Brailovsky et al.
1996). A relationship between body size and salinity tolerance has seldom been
demonstrated in bivalves. In the present study, N. nodosus spat had a higher percentage
survival to low salinity (21 psu) and survived for a longer period than juveniles and adults.
Paul (1980a) reported that Chlamys opercularis spat (5-10 mm) displayed greater
tolerance to low salinity than larger scallops(> 30 mm). Likewise, O'Connor and
Heasman (1998) found that 18 mmMimachlamys asperrima survived longer at low
salinities than 28 mm scallops, and postulated that the additional metabolic demand due to
the onset of gonad maturation could explain such results, as also suggested by Kinne
(1970a) for other invertebrates. Gonads of N. nodosus are not functional until juveniles
attain a size of about 35 mm, and immature gonads first become discernible at a size of ca.
20 mm (pers. obs.). The present results, therefore, are consistent with the hypothesis that
increased susceptibility to low salinity is related to the onset of gonadic differentiation,
possibly due to the increased energy requirements for gametogenesis. In order to obtain
100 % survival for up to 3 days during culture of N. nodosus salinity should be above 25
psu for spat (nursery culture) and above 29 psu for growout of juveniles and adults.
The approach of determining the LC50 for a given exposure period and temperature
using standard methods is useful for inter-comparison of environmental tolerances among
different species or populations of the same species. However, only a few studies have
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used such an approach, and although several authors have studied the effects of salinity on
scallops (as previously noted), differences in methodology make it difficult to compare
results. Bergman et al. (1996) found that at low temperature (1 °C) LC50 for juvenile

Placopecten magellanicus was 11.4 psu for a 96-h exposure. In addition, Frenette and
Parsons (2001) recorded 96-h LCso for P. magellanicus ranging from 13 to 14.6 psu at
temperatures of3-18°C, indicating that this temperate-boreal scallop is significantly more
tolerant oflow salinity than the tropical/subtropical N nodosus (96-h LC50 , 20.5 to 23.6
psu) at the ambient temperatures of their respective habitats. Paul (1980a) recorded LC5o
for an exposure of 24 h ranging from 16 to 28 psu for Chlamys opercularis, depending on
size and acclimation temperature.
Tolerance of the lion's paw scallop to low salinity decreased as temperature
increased. For a 96-h exposure, LCso increased from to 20.5 to 23 psu as exposure
temperature increased from 16 to 28°C. Likewise, the tolerance of C. opercularis,

Argopecten irradians and P. magellanicus to low salinity decreases at increasing
temperatures (Paul1980a, Mercaldo and Rhodes 1982, Frenette and Parsons 2001).
However, greater susceptibility to low salinity at lower temperatures has also been
observed (Strand et al. 1993, Christophersen and Strand 2003). In addition, O'Connor and
Heasman (1998) found no temperature-salinity interaction for juvenile Mimachlamys

asperrima, which showed a negligible change in tolerance to low salinity over a 10°C
temperature range. According to Kinne (1964), several marine species can tolerate
subnormal salinity at the lower part of their temperature range, but others survive low
salinity better at higher temperatures. Nevertheless, tolerance to low salinity tends to
decrease at extreme temperatures, when temperature becomes the factor limiting survival.

152

The apparent divergence among studies may be explained by the range of temperatures
tested and the plasticity of temperature tolerance of the species. In the present study,
however, the experimental temperatures covered the range normally found in coastal
waters, so the observed responses are ecologically meaningful and useful for establishing
aquaculture criteria. It could be argued that, the higher tolerance to low salinity at lower
temperature in the long exposure experiment did not exclude the possibility that scallops
could take longer to die at low temperature. The short-term experiments however, further
emphasised the effect of temperature. Whereas N. nodosus spat did not recover from a 1-h
exposure to 17 psu at 28°C, at 16°C, 28.5 % of the scallops survived. Thus, the seasonal
temperature variation normally recorded at coastal sites in southern Brazil, which may
range from 15°C to 29°C in some places, influences the tolerance limits of the spat of
lion's paw scallop to low salinity. The present data suggest that in shallow waters N.
nodosus spat were more vulnerable to low salinity events during summer. During years of
strong influence of the El Niiio Southern Oscillation (ENSO), intense rainfall may occur
during late winter to early spring, causing catastrophic floods in southern Brazil
(CLIMERH 2003), but in non-Nino years higher precipitation usually occurs in summer
(Sunye and Servain 1998), when heavy rain is often concentrated in short periods of time,
causing hyposaline events or a freshwater surface lens in coastal aquaculture areas.
A reduction in salinity also affected synthesis ofbyssal threads by N. nodosus spat.
Byssal attachment was greatest in salinities above 29 psu. Although spat mortality was
not severe at salinities between 25 and 29 psu, byssal attachment was significantly
reduced, suggesting that below 29 psu growth of spat may also be inhibited.
Christophersen and Strand (2003) also found reduced byssal attachment within this
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salinity range in Pecten maximus, together with a significant reduction in growth and
clearance rate. Likewise, Argopecten purpuratus displayed negative scope for growth at
27 psu (Navarro and Gonzalez 1998), and Laing (2002) found that a salinity of28 psu
resulted in significantly lower growth rates of Pecten maximus, depending on temperature.

In Chapter III, a salinity episode of 27 psu was recorded in a coastal aquaculture site,
coinciding with a period when spat retrieval was low and growth was less than was
predicted by temperature. It is possible that the low salinity may have physiologically
stressed the scallops, reducing growth, and possibly affected byssal attachment, causing
loss of spat. In this manner, although spat were shown to be more tolerant than adults to
low salinity exposure, in order to achieve maximum growth and retrievals during nursery
culture, N. nodosus spat should only be grown in areas where salinity does not drop below
29 psu, as is the case for juveniles and adults.

V.4.2. Temperature tolerance

Since temperature responses of ectotherms depend on temperature acclimation and
the thermal regime to which animals were previously exposed (Kinne 1970a, Newell and
Branch 1980) LT50 values are valid only for a particular acclimation temperature. All
temperature tolerance experiments in the present study were carried out from summer to
early autumn, when scallops in the field were exposed to temperatures of25-28°C prior to
the start of the experiments, i.e., were "summer-acclimated". This is the period when
temperatures are maximal in shallow coastal waters as well as in the upper layers of shelf
waters, due to the influence of the warm Brazil Current (Sunye and Servain 1998).
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Furthermore, during this period sudden temperature changes often occur in the waters off
southern Brazil due to sub-surface intrusions of cold South Atlantic Central Water
(SACW) (Chapter IV, Matsuura 1986, Brandini 1990, Castro and Miranda 1998). During
this period, scallops may therefore be exposed to temperatures close to the upper tolerance
limits, as well as to sudden temperature shock.
The lion's paw scallop displayed high survival within the normal range of
temperatures experienced by wild populations at the southern distribution limit, but the
recorded temperatures in the sea approached the upper lethal limit. At some coastal
aquaculture sites, seawater may occasionally reach 29-30°C, i.e., above the lethal
threshold, depending on scallop size and exposure period. The highest experimental
temperature at which no mortality was recorded was 27°C, and all size-classes displayed
high mortality at 31 °C. Spat, however, were more tolerant to high temperatures than
juveniles and adults. The lethal temperature to kill 50 % of the scallops (LT so) decreased
as exposure time increased. This is in agreement with previous studies on other scallops
(Dickie 1958, Paul1980b). A 48-h exposure period has been proposed to determine lethal
temperature adequately, since shorter exposures may result in tolerance of higher
temperature (Paul1980b). In the present study, exposures of24 hand longer consistently
resulted in L T so values approximately 2°C higher for spat than for adults, juveniles
displaying an intermediate L Tso after 48-h exposure. This size-tolerance relationship
obtained for N. nodosus is in agreement with a previous study on Chlamys opercularis
(Paul1980b), in which spat displayed higher tolerance to high temperatures than juveniles
and adults at sizes comparable to those in the present study. The results with N. nodosus
also suggest that the additional metabolic demand due to gonad maturation reduces
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tolerance to high temperature. This is consistent with aquaculture studies carried out in
the Caribbean region, in which the scallops N nodosus and Euvola ziczac displayed
higher mortality after sexual maturation during periods of high water temperature (ca.
28°C) and lower phytoplankton abundance (Lodeiros et al. 1998, Lodeiros and
Himmelman 2000). Mortality of N nodosus in the sea can therefore occur at temperatures
near the upper lethal limit, during periods of high metabolic demand and poor nutritional
conditions associated with warm and oligotrophic tropical waters. Such conditions can
influence nearshore regions off the southeastern coast of Brazil (Brandini 1990, Sunye and
Servain 1998).
An acute temperature drop from 27°C to 15°C, as is likely to occur during sudden
changes in the position of the thermocline during summer, was not lethal toN nodosus
spat, although it caused a significant thermal shock to the organisms, as reflected by
behavioural responses. The present experiments, however, were not designed to assess
the effects of cyclic thermal oscillations caused by.fluctuations of the thermocline, which
could cause physiological stress and possible mortality, as reported by Dickie and Medcof
(1963) and Miller et al. (1981) for other scallops. Further studies should focus on the
effects of cyclic temperature variation on growth, survival and physiological responses of
the lion's paw scallop, in order to assess the effects of the cyclic cold water intrusions,
which affect aquaculture sites in this subtropical environment (Chapter IV).
Lower temperature limits have seldom been determined for scallops. Lower lethal
limits are generally more variable and more difficult to determine than upper limits (Kinne
1970a). At low temperature scallops may exhibit chill coma, in which they display no
contractile response to touch, yet remain alive. On the other hand, animals may respond
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to stimuli, but be irreversibly impaired. Although significant mortality was not detected
during the 96-h experiment in any size-class, N. nodosus was severely damaged when
exposed to temperatures of 11 °G, displaying minimal response to touch throughout the
experiment, retracted mantle borders and tentacles and a sub-normal shell gape, symptoms
of cold lethargy. At the end of the experiment, after ambient water temperature was
gradually restored, mortality was high for all size-classes and the few survivors were
irreversibly damaged due to the extensive detachment of the mantle border from the shell.
Ninety-six hour exposure to 11 °C were therefore lethal for the lion's paw scallop.
Scallops maintained at 15°C initially displayed symptoms of thermal shock similar to
those exhibited at 11 °C, but after 12 to 24 h shell gape was wider and the mantle border
and tentacles protruded, but never as extensive as at higher temperatures, also indicating
temperature-induced lethargy. The lower temperature limit for N. nodosus therefore lies
between 11 °C and 15°C. Further studies should focus on narrower temperature intervals
within this range, not only during summer, but also during winter, in order to determine
the lower thermal limit of this southern population. Although temperatures below l5°C
have not been recorded at an experimental aquaculture site off Santa Catarina State (Lat.
27° S) (Chapters III and IV), not far south of the study site, between Cabo Santa Marta
(Lat. 28.5° S) and Arroio Chui (Lat. 33° S), surface waters are dominated by SAW during
winter which reach temperatures below l5°C (Castro and Miranda 1998), and the
northward flow of this current reaches latitudes as low as 23.3° Sin some years (Campos
et al. 1996), possibly influencing wild populations of N. nodosus as well as aquaculture
sites. Furthermore, during summer, water temperatures below l5°C have been recorded
during upwelling events off Cabo Frio, Rio de Janeiro State (Lat. 23° S) (Gonzalez-
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Rodriguez et al. 1992), as well as in southern parts of Santa Catarina Island (Lat 27.5° S)
(pers. obs.).
Short-term exposure to a temperature of33°C indicated that immediately after the
exposure scallops were alive but physiologically impaired, as reflected by the high
mortality recorded 24 to 48 h later. Irreversible physiological damage was therefore
caused by a 2-h exposure to a temperature not far above the maximum recorded at some
coastal areas. Furthermore, during the process of thinning stock and changing the nets in
aquaculture operations, scallops are brought to surface and transferred to a basin filled
with seawater, where they may be held for one or more hours. This is a risky practice
under the hot subtropical sun, when the water temperature in the basin could rapidly reach
a temperature at which mortality would not be immediately seen but would subsequently
occur.
The thermal range within which growth and normal physiological function can
occur is usually narrower than the tolerance limits (Kinne 1970a, Newell and Branch
1980). In the present study, scallops displayed a higher percentage ofbyssal attachment
within a narrower range of temperatures than those at which mortality was recorded.
Byssogenesis in scallops is very sensitive to environmental conditions (Brand 1991 ), and
it has been suggested that the highest rate ofbyssal attachment occurs at the optimum
temperature for growth (Paull980b, Heasman et al. 1996). As the byssal threads are
composed of complex proteinaceous molecules (Bubell984), the rate ofbyssal synthesis
may reflect the overall rate of protein synthesis, which is temperature regulated (Somero
and Hochachka 1976), as well as other physiological functions of the organism. Optimum
temperatures for byssal synthesis are therefore likely to indicate the most favourable
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temperature range for growth. A knowledge of the optimum temperature range for growth
of bivalves is essential to an adequate selection of aquaculture sites (Lodeiros et al. 2001),
and determination of the optimum temperature for byssal attachment may be a simple way
to estimate the temperature range most favourable for growth.
Unlike several other scallops in which adults lose the capacity to synthesise byssus,
small adult lion's paw scallops (size range of 50 to 60 mm) retained this capacity,
although it decreased as scallop size increased. This is in agreement with Caddy (1972),
who reports that small Placopecten magellanicus are more active in byssus formation than
larger individuals. The range of temperatures at which N nodosus was byssally attached,
however, was wider for spat than for juveniles and adults. Adults displayed higher
percent attachment between 20°C to 27°C and juvenile attachment was highest between
23°C and 27°C. However, differences between adults and juveniles in the temperature
range for maximum attachment may be explained by logistic constraints that prevented
experiments with adults to be carried out using narrower temperature intervals, and may
therefore be more apparent than real. Spat, on the other hand, displayed maximum percent
attachment over a wider range of temperatures ( 15 to 27°C) than adults and juveniles.
These results agree with others in the present study, in which spat displayed a wider
temperature and salinity tolerance than juveniles and adults. The proportion of attached
spat reached an equilibrium over time within a wide range of temperatures, which is in
agreement with the observations of Caddy (1972). The rate at which scallops become
byssally attached at a given temperature is therefore more meaningful for estimating
optimum temperatures than the final percent attachment. Spat exposed to a temperature of
15°C had a slower rate ofbyssal attachment than those exposed to temperatures from 19°C
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to 27°C. Whereas spat exposed to 19°C to 27°C reached a maximum attachment at 12-h
exposure, those at 15°C took 48 h to reach a similar percent attachment. At 31 °C byssal
attachment decreased with time, strongly suggesting that the spat were physiologically
stressed. Thus the optimum temperature for synthesis ofbyssal threads in spat lies
between l9°C and 27°C, which could be an indicator of the most favourable temperatures
for physiological function and consequently growth. These results agree well with
findings obtained in Chapter III, where growth rates of N nodosus spat in the field-based
nursery were significantly reduced when seawater temperature was below 19°C even
though food availability was high. Juvenile N nodosus in the present experiment
displayed a significantly lower rate ofbyssal attachment at 19°C, and never reached the
percent attachment attained at 23°C and 27°C, suggesting that the most favourable
temperatures for juvenile growth lie between 23°C and 27°C. The results for adults, are
less conclusive, since data were not obtained for temperature intervals between 20°C and
27°C. A decrease in percent attachment was recorded at 27°C, between 24 and 48 h after
exposure, suggesting that this temperature may be stressful for the adults. In summary,
the temperature range at which byssal synthesis was maximised in adults and juveniles
was narrower than that for spat.
Several studies have demonstrated that growth is a complex function of several
environmental factors, food availability and temperature being of major importance
(Bricelj and Shumway 1991, Thompson and MacDonald 1991). Estimates of optimum
temperatures for byssal attachment from the present study may be a good indicator of the
range of temperatures most favourable for growth of N nodosus at different life stages.
i

However, such results should be interpreted with care, and may be predictive of growth in
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the field only in situations where food availability is not limiting, and in the absence of
other factors impeding the normal physiological functions of food acquisition and
utilisation. Further studies using physiological integration indices such as the scope for
growth (Thompson and MacDonald 1991) or scope for activity (Bayne et al. 1976, Sicard
et al. 1999), as well as measuring growth rates at different temperatures, would be useful
to establish a relationship with byssal attachment, and provide further insights into the
applicability of the rate ofbyssal attachment as a predictor of favourable conditions for
growth in scallops.
The present results for lethal and sublethal temperatures and salinities suggest that
from a biogeographic perspective these factors may be important determinants of the.
distribution of N nodosus along the Brazilian coast. It is likely that the cold sub-Antarctic
waters, with temperature below 15°C, that influence southern Brazil during winter (Castro
and Miranda 1998), along with low salinity (ca. 29 psu) water advected from Rio de la
Plata, Lagoa dos Patos (Sunye and Servain 1998) and other coastal lagoons, are important
barriers preventing the distribution of the lion's paw scallop further south than the
surroundings of Santa Catarina Island. Furthermore, the discontinuous distribution of N

nodosus along the Brazilian coast (Smith 1991) has not received much attention. From
Venezuela to southeastern Brazil, there are only scattered reports of specimens collected
in Recife (Pernambuco State) and Salvador (Bahia State), and no records of the existence
of populations. Based on the tolerance limits of salinity and temperature, the
discontinuous distribution of N nodosus on the northern, northeastern and eastern coasts
may be explained by two major features: the presence oflarge rivers such as the Amazon,
Sao Francisco and others, from which low salinity waters extend several miles offshore;
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and high temperatures, in some areas exceeding 30°C, which together with the
oligotrophic Brazil Current, may be unsuitable for the establishment of this species.

In conclusion, N nodosus from a population at the high-latitude limit of distribution
can be characterised as eurythermal, but stenohaline tropical species. Adults have a lower
tolerance to salinity and temperature than spat. Salinities and temperatures at a coastal
aquaculture site (Chapter III) in southern Brazil reach sublethal levels, causing a decrease
in the rate of byssal attachment, and therefore possibly inhibiting growth of spat.
Furthermore, there was a significant interaction between salinity and temperature, so that
scallops were more vulnerable to low salinity events when exposed to summer
temperatures. Lethal temperatures and salinities for N. nodosus were not far from the
extreme values recorded in coastal waters in southern Brazil, lethal limits possibly being
reached at some of the shallow aquaculture sites. Maximum rate ofbyssal attachment
occured at 19-27°C and 23-27°C for spat and juveniles, respectively, and these
temperatures are suggested to be the most favourable for growth, assuming that there are
no other inhibiting factor. The results of the present study will assist in the establishment
of criteria for adequate site selection for scallop aquaculture in Brazil.
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Table V.l. Experimental conditions for the salinity tolerance bioassays with different size scallops (adults, juveniles, spat).

Size class

Experimental
temperature

Test salinities
(psu)

No.
scallops I
container

Container
volume
(L)

Mean shell
height(mm)
(±sd)

Mean dry
tissue weight
(mg) (±sd)

Temp. in
the field

eqa

Acclimation period
at experimental
temperature (days)

eq
Adults

23.5

33,29,25,21, 17,13

7

8

54.4 (4.5)

1,760 (500)

22.8

4

Juveniles

23.5

33,29,25,21, 17,13

5

5

25.5 (1.7)

100 (20)

22.8

9

Spat

23.5

33,29,25,21, 17,13

7

1.8

6.1 (0.5)

2.1 (0.32)

25.7

3b

Spat

16

33, 29, 25, 21, 17, 13

7

1.8

6.7 (0.58)

3.12 (0.85)

25.7

8c

Spat

28

33,29,25,21, 17,13

7

1.8

7.5 (0.71)

5.1 (1.3)

25.7

70

(a)
(b)
(c)
(d)

when scallops were retrieved from the field site.
temperature decrease of2.2°C dat-I (1 day) prior to reaching experimental temperature.
temperature decrease of2°C day· (4 days) prior to reaching experimental temperature.
temperature increase of2.3°C day· 1 (1 day) prior to reaching experimental temperature.

Table V.2. Experimental conditions for the temperature tolerance bioassays with different size scallops (adults, juveniles, spat).

Size class

Test
temperature
COC)

Salinity
(psu)

35, 31, 27,
20, 15, 11

33

7

8

Juveniles

35,31,27,
23, 19, 15, 11

33

7

Spat

35,31,27,
23, 19, 15, 11

33

7

Adults

No. scallops Container Mean shell
I container volume (L) height (mm)
(±sd)

Temp. in
the field a
(oC)

Temp.
acclimation
in lab

54.2 (4.27)

Mean dry
tissue
weight
(mg) (+ sd)
1,680 (320)

25.2

27.0 b

3.8

27.2 (1.67)

180 (57)

27.5

27.0

1.8

6.1 (0.49)

2.14 (0.32)

27.5

27.0

(a) when scallops were retrieved from the field site.
(b) Acclimation in laboratory for 7 days at experimental temperature prior to beginning of the experiment.

Table V.3. Median lethal salinities (LCso) (psu), for Nodipecten nodosus spat at acclimated
temperatures of 16°C, 23 .5°C and 28°C, and juveniles and adults at a
temperature of 23.5°C.

Size class
Adults

Juveniles

Spat

Spat

Spat

23.5°C
LCso

23.5°C
LCso

23.5°C
LCso

16°C
LCso

28°C
LCso

12-h

20.5

21.7

20.08

18.37

19.67

24-h

21.9

22.7

20.1

18.92

20.24

36-h

22.9

23.3

20.11

19.3

20.55

48-h

23.2

23.6

20.11

19.85

21.33

72-h

23.2

23.6

20.42

20.35

22.37

96-h

23.6

23.6

21.22

20.47

22.94

Experimental
temperature COC)
Exposure time
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Table V.4. Median lethal temperature (LTso) C0C) for Nodipecten nodosus spat, juveniles
and adults for exposure periods from 6 to 96 h.

Exposure time
6-h

Adults
32.56

Juveniles
33.03

Spat
33.67

12-h

31.64

31.94

32.72

24-h

30.84

30.47

32.81

48-h

29.87

29.89

31.83

72-h

29.16

30.33

31.42

96-h

28.04

29.44

30.26
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Figure V.l. Percentage survival of Nodipecten nodosus exposed to different salinities at an
ambient temperature of23.5°C. A- spat, B- juveniles, C- adults.
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Figure V.3. Percentage survival of Nodipecten nodosus spat at different intervals, after a 1h exposure to salinities of 13 and 17 psu, at temperatures of 16 and 28°C.
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Figure V.5. Percentage survival of Nodipecten nodosus adults (A), juveniles (B) and spat
(C) exposed to temperatures from 11 to 35°C for different periods at salinity of
33 psu.
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CHAPTER VI

Summary
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The main objective of the present study was to understand how variation in food
availability, temperature and salinity affect growth, survival and byssal attachment of a
subtidal bivalve, the scallop Nodipecten nodosus, from a subtropical coastal environment
during early benthic life stages. The optimization of growth and survival of N nodosus, a
prime candidate species for aquaculture in Brazil, will be essential for the establishment
of a successful aquaculture industry, and the present study provides much of the
biological information necessary to facilitate the development of scallop farming in
Brazil.
Survival of marine bivalves is only possible within certain limits of abiotic and
biotic environmental factors (Dame 1996), and growth, which results from the integration
of the physiological processes of energy acquisition and expenditure (Bayne and Newell
1983), occurs within a narrower range than survival (Kinne 1970a). Several abiotic
environmental factors affect growth and survival of marine invertebrates, including
temperature, salinity, dissolved gases, turbidity and water movement (Kinne 1970a).
Most lamellibranch bivalves, including pectinids, are suspension feeders, relying on
phytoplankton as the main food source (Bricelj and Shumway 1991), except for a period
during or early after metamorphosis, when the feeding structures and digestive system are
under development and possibly not functional (Sastry 1965, Hodgson and Burke 1988).
The early benthic life stage, when feeding structures are not fully developed
(Beninger et al. 1994), is critical for bivalves, especially for pectinids, in which gill
development is more protracted than in other bivalves (Veniot et al. 2003). Few studies
have focused directly on the influence of food availability on scallops under laboratory
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conditions early after metamorphosis (O'Foighil et al. 1990, Reid et al. 1992, Whyte et al.
1992), and the contribution of endogenous energy reserves and different food sources to
growth remains unclear. Furthermore, few studies have considered the importance of a
wide array of environmental factors in the field during the postlarval and early juvenile
stages (Bourne and Hodgson 1991, Grecian et al. 2000), and none have been carried out
with a tropical species at its high-latitude distribution limit. At the limits of distribution,
tropical species are exposed to the broadest temperature variation of its geographic range
(Levinton 2001). In addition, in southern Brazil, an unusual pattern ofvariation of
temperature and food availability in opposite directions may occur, and the question
remains whether seasonal signals are strong enough to significantly influence growth and
survival of postlarval and juvenile scallops, an important consideration in aquaculture.
The present study examined the influence of food availability on survivorship and
growth of postlarval Nodipecten nodosus (Chapter II) and the influence of several
environmental factors on the performance ofpostlarval and juvenile scallops (Chapters
III, IV and V) as well as adults (Chapter V), under laboratory and field conditions.
In Chapter II, it was shown that the presence of a biofilm on the surface of the
collectors significantly enhanced postlarval settlement, but conferred no nutritional
benefit, as reflected by minimal shell growth. Furthermore, energy reserves accumulated
during the larval stage were sufficient to sustain metamorphosis, limited shell growth and
high survival in the absence of exogenous food for several days, giving no indications of
food deprivation-induced mortality for at least nine days post-set. However, 5 days after
settlement, at a shell height of about 250

~m,

postlarvae fed a low algal concentration (ca.

4.7xl03 cells mL- 1) were significantly larger than those in the other treatments, providing
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evidence that exogenous suspended food becomes important for sustaining growth, but a
high algal concentration (ca. 4x104 cells mL"1) was detrimental. Approximately ten days
after settlement (shell height ca. 300 J..Lm), the feeding demand ofpostlarval scallops
significantly increases, as demonstrated by the higher content of pigments in the gut. An
alternative explanation for the high mortality of scallops often recorded early after
metamorphosis in aquaculture settings, other than the depletion of endogenous reserves,
is proposed in the light of recent studies on the immune system, which suggest that
scallops are more vulnerable to bacterial infections than some other bivalves.
Chapter III demonstrated that in a coastal subtropical aquaculture site in southern
Brazil seawater temperature, which displayed a magnitude of variation similar to that
recorded in some temperate-boreal regions (c.a. 12.5°C), was the major environmental
factor affecting growth ofpostlarval N. nodosus. Food availability, as expressed by
concentrations of chlorophyll-a and seston indices, had a negligible influence on growth.
Low salinity and high turbidity, concurrent with a period of heavy rainfall, reduced
growth rates and possibly percentage retrievals. In southern Brazil there is a wide
window of opportunity for deployment of scallops in the sea-based nursery, with
favourable conditions for growth occurring throughout most of the year, except when the
temperature is below 20°C for part of the winter - early spring. Furthermore, at a size of
0.5 mm (ca. 2 weeks post-set), scallops deployed in the sea-based nursery begin to grow
faster than those maintained under laboratory conditions for longer periods. As a result,
scallops deployed in the sea at about 0.5 mm attained a larger shell height at retrieval than
those deployed at sizes ranging from 0. 7-1.1 mm, thereby reducing the culture period
required to achieve a size (ca. 5 mm) at which scallops could be transferred to pearl nets
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in about 2-3 weeks. In addition, percentage retrievals were similar when scallops
deployed at different sizes (0.5-1.1 mm) were retrieved simultaneously from the seabased nursery, so it is more advantageous to deploy spat in the sea approximately two
weeks after settlement.
In Chapter N it is demonstrated for the first time that sub-surface intrusions of
cold and phytoplankton-rich South Atlantic Central Water (SACW), which normally
influences the inner continental shelf, invade a near-shore(< 0.5 km) coastal environment
in late summer-early autumn. Furthermore, despite the higher phytoplankton biomass
recorded at 12 m as a result of this water mass, growth of postlarval scallops was highest
at 4 m, where there was no influence of SACW. The observed reduction in growth at 12
m was explained by a wide temperature oscillation (ca. 10°C in less than 24 h), together
with higher inorganic content of the seston. Furthermore, growth was similar at both
depths in late autumn-early winter, when SACW was absent. A stocking density of 340
spat collector" 1 resulted in a slight reduction in growth compared with a density of ca. 150
spat collector- 1, but survival was similar.

In Chapter V, a laboratory-based ecophysiological approach was used to
determine lethal and sublethal effects of temperature and salinity stress on different size
scallops. As a result, N nodosus can be characterised as a eurythermal but stenohaline
tropical species. Adults had lower tolerance to temperature and salinity than spat, and
this increased susceptibility coincided with the onset of sexual maturation. Salinity and
temperature at a coastal aquaculture site in southern Brazil can reach levels that result in
sublethal effects such as a decreased rate ofbyssal attachment, possibly reducing growth
and retrievals of cultured spat at certain times of the year. Furthermore, there is a
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significant interaction between salinity and temperature, so that scallops are more
vulnerable to low salinity events when exposed to summer high temperatures. Lethal
temperatures and salinities for N. nodosus are not far from the extreme values recorded in
coastal waters in southern Brazil, and may occasionally be reached in some of the bivalve
aquaculture sites. The maximum rate ofbyssal attachment occurs at 19-27°C and 23-

270C for spat and juveniles, respectively, and these temperatures are probably the most
favourable for growth, assuming the absence of other adverse factors. In order to obtain
high growth and survival during nursery, intermediate culture and final growout, farming
of N. nodosus requires sites at which salinity does not fall below 29 psu and temperature
does not exceed 28°C.
In summary, this study demonstrated that exogenous algal food becomes
important to growth of N. nodosus approximately 3-5 days after metamorphosis (ca. 230-

250 J.Lm shell height). Approximately 2 weeks after settlement, when a shell height of
500 J.Lm is attained, deployment of spat to the sea-based nursery becomes a feasible
aquaculture approach. At this size postlarval scallops rely on phytoplankton as the major
food source, displaying significantly higher growth rates when deployed in the sea.
Furthermore, at this stage seasonal environmental changes significantly affect growth of
postlarvae in a coastal subtropical marine environment, in which food is not a limiting
factor, but growth is primarily determined by temperature. Other factors resulting from
meteorological processes, such as a decrease in seawater salinity and an increase in
turbidity, are also important. Temperature and salinity in aquaculture sites in southern
Brazil may reach levels leading to lethal and sublethal effects on scallops, and must
therefore be considered when establishing aquaculture sites and practices.
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The fmdings of the present investigation expand current knowledge about the
importance of different food sources for scallops early after metamorphosis, and increase
our understanding of the spatial and temporal variability of environmental factors in a
coastal subtropical marine ecosystem. Furthermore, this study enhances our
comprehension of the effects of food availability, temperature and salinity on survival,
growth and synthesis of byssal threads of a tropical scallop at its high latitude distribution
limit. Finally, this study provides an important biological basis to assist in the
development of scallop farming, proposes strategies to enhance nursery culture, and
establishes criteria for adequate site selection, thereby advancing scallop aquaculture in
Brazil.

In summary, the major results from the present study are:

•

The presence of epiflora on the spat collectors significantly increases settlement but

not growth of postlarvae. Either no pedal feeding behaviour is displayed by Nodipecten

nodosus or the microalgae attached to the spat collectors (Melosira sp.) are unsuitable for
this scallop.
•

Suspended algae start to influence growth 3 to 5 days post-set, at a shell height

between 200 and 250 !J.m, and a high cell concentration (4xl04 cells mL- 1) is detrimental
to growth and survival early after metamorphosis.
•

Absence of exogenous food does not limit survival for at least 9 days post-set and

acquisition of exogenous food starts well before that. Therefore the exhaustion of
endogenous reserves does not explain postlarval mortality.
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•

There is a sharp increase in feeding demand between 10 and 16 days post-set, at a

shell height of 300 - 400 j..lm, which is probably associated with critical events in gill
morphogenesis.
•

Observed variation in growth of postlarval scallops in the subtropical waters off

Santa Catarina State is related to variation in seasonal environmental factors, temperature
being the major factor affecting growth.
•

During periods when the temperature is below 20°C, growth of postlarval scallops is

significantly reduced, but food availability, as expressed by concentrations of
chlorophyll-a, is not a factor limiting growth.
•

Periods of low salinity(< 29 psu) and high turbidity associated with heavy rainfall

are detrimental to growth and possibly retrievals of postlarvae.
•

There is a wide window of opportunity (temperature> 20°C) to deploy postlarvae to

the sea-based nursery, in which growth is maximized.
•

Growth of postlarvae is significantly enhanced after transfer to the sea-based

nursery 2 weeks post-set (0.5 mm), and there is a trade-off between higher growth in the
sea-based nursery and higher percentage retrieval in the land-based nursery. However,
retrievals of postlarvae deployed in the sea-based nursery at sizes ranging from 0.5 to 1.1
mm are similar, so it is more advantageous to deploy them at 0.5 mm.
•

The greatest loss of spat occurs during transport and/or early after deployment in the

sea-based nursery, due to detachment from the spat collectors.
•

Subsurface intrusions of SACW affected the coastal site (<0.5 Km) at a depth of 12

m during late summer-early autumn, but not during the late autumn-early winter.
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•

In late summer - early autumn, high PIM and oscillating temperature (ca. 10°C)

reduced growth of postlarvae at 12 m, but not survival.
•

Postlarvae cultured at high density (340 spat/bag) displayed a slightly smaller shell

height than at 150 spat/bag, but survival was similar between densities, resulting in higher
yields (no. spat I bag) at higher density.
•

Deploying postlarvae in the sea-based nursery using a sub-surface long-line resulted

in high percent retrievals (70-80 %) at 4 and 12m.

•

N nodosus at its southern distribution limit is a eurythermal but stenohaline tropical

species. High survival occurs at temperatures between 15 and 27°C. Although high
survival is recorded at 29 psu, the percentage byssal attachment is significantly lower than
at 33 psu, indicating that scallops are physiologically stressed at 29 psu and below.
•

Postlarvae (shell height 0.5-0.8 mm) had greater tolerance to high temperature and

low salinity than juveniles (shell height 20-30 mm) and adults (shell height 50-60 mm),
probably due to the additional energy demand of sexual maturation in the larger scallops.

•

N nodosus is more vulnerable to low salinity at higher temperatures, and therefore,

during summer scallops may be more susceptible to periods of low salinity.
•

Salinity and temperature at a coastal site in Santa Catarina can reach levels resulting

in sublethal effects (reduced byssal attachment), possibly influencing growth and retrieval
of cultured scallops.
•

Lethal temperatures and salinities for N nodosus are not far from that recorded in

coastal sites off Santa Catarina State and may be occasionally reached at some
aquaculture sites. Therefore, criteria for adequate site selection for culturing N.

nodosus should be based on the results of the present study.
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•

The greater percentage ofbyssal attachment for postlarvae occurs at 19- 27°C, and

for juveniles and adults at 23 - 27°C, which can be considered the most favourable
temperature ranges for growth of N nodosus.
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