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Absuract

The distribution of nelagic marine mvertebrate larvae has beer considered mainly
1o be driven by physical characteristics ot the ecasystem. but the' s 1s evidence that
behaviour influences vertical distributton. I examined the role of active swimming
behaviours on the vertical distribution of sea ~callop Plucapecter n. rgeilanicus larvae by
combining a seres of experimental observations in microcosms and mesocos:ns

Scallop larvae showed consistent behaviours that may be responsible tor ther
retention tn areas of patchy distributy ‘n «t phytoplankton. and could result
aggregat:ons tn areas of high productivay Larval swimming threughout ontogeny
consisted basically of two modes verticully oriented helic ] patterns and vertical straight
hines, either ascending or descending. In tne helical mode, larval verucal displacement
rates during ascent increased with larval age trom 009 to 105 mn s (VVL), however.
during descent displacement rares remained relatively constant with age between 0 20
and 037 mms ' (VVD) which may result trom increased drag due to velum growth
When swimmung 1n straight lines, larvae ascend and descend (sinking) oy by rotating
around the vertical axis, and display much faster swimmung speeds than during helical
swimming The range of swimming speeds mcreased with larval age and varied during
ascent between 0 72 and 1 27 mm s (LVU) and during Jesceat between 6 94 t0 1 7%
s "{(LVD)

[ concluded that helwal motion tavours teedmyg while testoctme vertical
distribut,on ot larvae Therefore this behaviour can erhance retertion ot larvae m
particular areas Fast sinking and rising can atfzct vertical positioning m response to
iminediate changes in the environment Young larvae >wim slowiy. are more buoyant,
and have higher lipid levels than older larvae As larvae grow and density increases due
to shell deposttion, swimming becomes more energetically costly At intermediate »tiges
lipids are lowest, increasing again before metamorphests 1 showed that the proportion ot
trracylglycerides (TG) to total lipids was greatly reduced from eggs (139 to the
formation of Predissoconch [129%) and during the Prodissoconch I at 13 days (8%,
mereasing again in late Prodissoconch IT at 22 days 12040

At a larger scale, I monitored vertical distributions ot early veligers 1 a series ot
mesocosm srmulations that included diel hight cyile. tood availability and saliuty
scratification. Diel vertical nugrations occurred 1n well mixed tood conditions m a 10 m
water column. corresponding to the classtcal nocturnal ascent ot most microzooplankton
Larval mean depth was tound to vary between a mimmum ot 28 m at night and a
maximum ot 6 3 m during the day However migration of larvae appear to be suppres-ed
in the absence ot food and with stratified tood n salimty ¢radients The observed diel
Mmigratiow.s 1n the mesocosm simulations were conipdrdble to thoee found in mixed and
stratified areas of the Bay or Fundy and Baie de Chaleurs.

Behavioural traits and larval condition intluenced the verucal distribution ot
larvae on the scale of my observations, and responses  f larvae to tood avatlability and
diel light cycles resembled those 1n nature My studies are a tirst srep to establish a
behavioural baseline tor the early Iite history ot this unique and valuable pecumid My
results provide new techmiques and msights to address questions ot larval ecology ot
marine vertebrates at intermediate scales comparable to the natural environment

X1
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CHAPTER 1

General Introduction

1.1 Background

Natural populations of the benthic sea scallop Placopecten magellunicus are
found only in ceastal and shelf areas of the Northwest Atlantic ocean. Their geographic
distribution ranges from the Northern tip of Newtoundland (Squires. 19621 to the
southern extreme of Cape Hatteras (Posgay. 19573, The seat scallop fishers has been one
of the most valuable fisheries in Atlantic Canada, behind cod and lobster and representing
over C$ 100 millions in revenue. The major offshore concentrations of sea scallop adults
are found on Georges Bank and Brown's Bank. and in 1nshore areas in the Bay ot Funds.
Gulf of St. Lawrence and Port au Port Bay in Newfoundlund 1 Young-Lar and Aithen.
1986). Although Georges Bank is the largest hnown offshore aggregation and has
sustained a fishery for over a century, there are also reports of scallop explotation in
inshore areas since the 1600's (Bourne, 1964,

Management ot sea scallop fisheries begun in 1918 tAnonvmous, 1920 m Black
et al., 1993) and has evolved until the present to include numerous regulations such as
meat counts, enterprise allocation regimes. seasonal fishing restrictions and cear
regulations.  particularly for offshore regrons (Black ¢ /. 1993 The naturdl
sustamability ol scallop populations depends on the contrthbution to ecrumtinent by
different main spawning periods in the different regions: however, the role of early life
history stages of sea scallops upon recruitment success is not well understood.

The temporal and spatial variability in the abundance and distribution of
planktonic organisms has been studied for many species of zooplanktor and tor
meroplanktonic larvae of benthic invertebrates (Cushing, 1951; Scheltema. 1964 Pearre,
1973 Dagg. 1977: Davis, 1984: Geller. 1986: Scheltema. 19862 Jonsson. 1989, but the

controlling mechanisms that drive the observed distributions st remain poorly known



ta

(Pearre. 1979; Strathmann, 1982; Price et al.. 1988). There are two main approaches that
have been proposed to exr'ain the distribution of planktonic organisms. The first
approach 1s based on the strength of large scale of physical processes that aficct marine
systems and therefore may drive the distribution of planktonic organisms at a macroscale
(e.g.: Andrews, 1983; Davis, 1984). The second recognizes that the biological
interactions within systems also influence the distribution of plankters (Pearre, 1973:
Geller, 1986; Forward. 1988; Forward and Hettler, 1992). These two approaches are
interactive since the main difference between the two is the temporo-spatial scale at
which they influence the abundance and distribution of planktonic erganisms.

Thorson (1950) suggested that as a general rule, marine invertebrates need to be
replaced with at least one reproductive individual to maintain a population at steady state.
However, the fae of a larval cohort in the field and its progression into recruitment to
adult populations 1s the result of complex interactions among physical and biological
mechanisms. which are difticult to assess from larval sampling alone. Our inability to
make dire .t observations on deep sea populations su.h as sea scallops. has hampered our
understanding of the role of larval behaviours as adaptive traits to respond to
environmental variability.

One of the most puzzling problems concerning sea scallops and other
commercially important invertebrates and fish involves the sources of the apparently high
recruitment variability these populations withstand (Sinclair ez al.. 1985). Based only on
scallop landings. .t appears that water temperature (Dickie, 1955; Caddy. 1979) and long-
period tidal cycles of about 20 years affect recruitment of sea scallops in the Bay of
Fundy and Georges Bank (Black et at., 1993).

The pelagic phase of marine bivalves with complex life histories, that is, life
cycles with metamorphosis (benman, 1992); are usually planktotrophic larvae that are
important components of the microzooplankton living in a nutritionally diluted

environment (Conover. 1968). prior to settling in benthic areas of adequate substrate. Sea



scallop larvae reared in the laboratory have a planktonic period of about 35-40 days at 14
C., which 1t 1s thoughi to be similar 1n natural conditions (Fig.1.1) The horizontal
distributions of planktonic larvae have been attributed mairly to passive interaction with
the physical environment and, while the role larval behaviour plays in vertical
distribution is recognized, its influence on iurger scale distributions and benthic
population dynamics (Cameron, 1986) has seldom been considered.

Timing of adult spiawning behaviour of sea scallops appears to comncide with
spring and "all phytoplankton blooms and with oceanographic conditions that may
enhance survival and retention of larvae near the parental grounds (Starr e: al., 1990).
Authough the fate of planktonic larvae will affect population density. hittle 1s known about
the active role, if any, planktotrophic larvae play i ther dispersal, or on the structure and
hence, sustainability of established populations.

Nonetheless. it is well known that early developmental stages of many benthic
organisms. such as, crabs, lobsters. echinodernis. clams. mussels. oyvsters and scallops.
are characteristically planktonic and capable of independent locomotion (Chia er «i.,
1984). It is this feature that characterizes organisms with complex life histories. which
switch niches through their lives and “use different modes of swimming at different
stages of the hife cycle: a ciliated larvae and a muscular adult form™ (Sleigh and Blake.
1977). Adult individuals inhab:t benthie grounds of various characteristics and. either
release larvae (e.g.: decapod crustaceans) or gametes te.¢ @ bivalves. annelids,
echinoderms). Eggs are fertilized externally developing into a planktonic larval stage 1n a
few hours. Many planktonic larval stages are planktotrophic prior to developing a
competent stage that settles in the benthos to develop mnto a juvenile stage, and later into
an adult, as in the case of sea scallops (Fig. 1.1). The question of whether competent

larvae settle near or on the adult grounds has not been resolved for most species.

However, there is a general consensus that since they are vulnerable to predation they
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Figure 1.1  Schematic representation of the life history of «ea scallop Plucopecten
magellanicus. (Trocophore and straight-hinge larvae adapted after Drew, 1906:
temporal scale from Drew, 1906, Culliney, 1974 and Couturier, 1986).
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likely occupy particular areas which diminish this risk of losses by predation (Young and
Chia, 1987).

Until recently, population dynamic studies of sea scallops have centered on adult
individuals (i.e.: distribution, age structure, reproductive physiology, ecology) ( Posgzy,
1957; Naidu, 1970; 1973; Thompson. 1977; Caddy, 1979; Chouinard, 1984: MacDonald
and Thompson, 1986: DuPaul et «l., 1989: Dibacco et al.. 1995). This comprises an
extremely valuable literature on the adult stages of the life history ot scallops: however,
the literature on similar aspects of early developmental stages 1s limited. The question of
evaluating the influence of early life history strategies on the sustainability of populations
is only begmnning to be asked at the time when scallop species are dwincling and the
maintenance of a healthy fishery is at stake. It has become clear that knowledge of the
complete life history of many invertebrate species 1s necessary if sustamnable management
of marine resources is to be accomplished.

Larval stages of marmne mvertebrates are an umportant component ot the
microzocplank*on during the spring and/or fail. following population specific spawning
periods. However. there is a general lack of monitoring programs to assess distribution
and abundance of planktonic larvae in relation to other zooplanktonic components and
food availability at appropriate scales. A unique series of studies on larval distribution of
sea scallop larvae was undertaken by Tremblay and Sinclair (1988, 1990a.b. 19924, that
provides a wealth of nformation on the abundance and distribution (verncal and
horizontal) of larvae. However. the coupling of larval behavioural capabilities to
environmental variability needs to be examined at smaller scales to understand the larger
scale observations.

Questions about the abundance and distribution of sea scallop larvae and other
ephemeral plankters that evenwally leave the plankton to return to parental populations
(Galtsoff, 1964) include the nature of controlling mechanisms that affect them.

Abundance and distribution of planktonic larvae may be the result of  biological



interactions and physical fo:cing, as has been suggested for micro-zooplankters that
complete their entire life cycle in the plankton. For benthic invertebrates. a comnplex life
history strategy appears to optimize reproductive investinent bv maximizing gamete
production that may increase the chance of egg fertilization and development of
planktonic larvae (Bayne, 1983; Cameron, 1986). Arguably. an imponaut part of this
strategy is to return recruits to the population to secure sustainability of its genetic pool
(Sastry. 1979: Burton and Feldman, 1982).

Sinclair (1988) reviewed the concept of population regulation and found that
essentially two approaches. theoretical and descriptive have heen used. In theory. there
should be a minimum relationship between population size und recruitment generated.
However, descriptive studies (Hjort, 1914) proposed two generalizations: a) that a vear
class size is determined early in the life history, prior to recruitment to the fishery and b)
that vear class is not a simple function of egg production. The recruitment hypotheses 0
be tested were defined as the effect of food availability and the plausible inter-unnual
varability of local oceanographic circulation as an influence on the geographic
distribution of eggs and larvae. Cushing (1975, proposed the match/mismatch theory that
added an important advance to Hjorc's (1914) first hypothesis of early life-history events.
Cushing (1975) included the importance of processes of seasonal stratification and de-
stratification in relation to food availability and spawning grounds. Although a detailed
account of the theories related to population regulation 15 beyond the scope of this thesis.
some of these aspects need to be assessed to evaluate in experimental conditions the
significance of these processes on benthic invertebrates with complex life histories such

as sea scallops.

1.2 Behavioural traits of planktonic larvae

Bivalve veligers are usuallv small, measure less than 300 um, are negatively

buoyant and swim weakly (Mann, 1986a), and during their ephemeral life in the plankton



they must swim and feed aided by the cthary acuvity provided by the velum. Vehger
locomotion has been characterized for a number ot species, and a common feature 15 the
upward movement in vertically oriented helical patterns or straight Imes (Bavre, 1963,
1964; Cragg and Gruffydd, 1975: Cragg, 1980: Mann and Wolf, 1983), commonly
alternating with periods of either active or passive sinking (Carriker, 1961, Cragg ond
Gruffydd, 1975. Isham and Tierney. 1953; Lough and Gonor 1971, Mann and Wolt.
1983} This swimmung behaviour has been generally observed tor speartic larval stages
but rarely throughout the entire larval ontogeny ot ditterent spectes

Moreover, only upward helical patterns have usually been characterized sinee 1t
has been assumed that the function of this behay tour combined teeding with a mechanism
for retaining larvae 1n the upper part ot the water column Mv focus on sea scallop larvae
from Georges Bank as 4 case study was mainly based on the possibility that behas toural
traits varying through development could be hinked to hnown oceanogriphic teatures and
was ntended to couple vertical and hornzontal disaibutions m ndature 1o reuruttinent

patterns of this extremely valuabie fishery

1.3 Condition of planktonic larvae

The sources of energy ot a developing bivalve lurvae con be divided 10 two
phases The tirst 15 un early lecithotrophie stage m which the developing embrvo reaches
the Prodissoconch L This first stage 1s mamiy tueled by endogenous reserves The second
15 a planktotrophic stage that mainly depends on the acquisttion of nutrients trom the
environment (Bayne, 1983) The nittal larval stages ot sea scatlops are less dense (1 02 ¢
cm ) than the successive stages (1.26 g em tor 11 day old larvae) (Jackson, 1992)
mainly due to increasing shell deposition. Consequently, energy reserves play 4 major
role 1 the capab:lity of older larvae to re.namn swimming

To stay suspended n the water column. planktonic larvae must swim or evolve
buoyancy organs (Alexander, 1990) to overcome the ettect of gravity Swimming

however, 15 an energetically expensive endeavour that must be fueled consistently



throughout larval ontogeny. Depending on the species. lipids or proteins or both can
account for the energetic requirements of larval activity.

My focus on the lipid class composition of scallop larvee was mainly based on the
particular role that triacylglycerides may have on providing a source of both energy and
buoyancy. The partitioning of lipids into class composition allows the comparison of
lipid ratios through larval ontogeny that mav provide insights into the larval conditton
and also into the identification of the role of lipids in providing energy «nd buoyancy. By
relating the observed changes in behaviour and the condition ot larvac we might gan

insights into understanding of larval adaptations to remain planktonic.

1.4 Vertical distribution of planktonic larvae

Vertical migration of planktonic organisms has been known to occur tfor more
than 150 years, but the precise advaniages th:i it may conter are not well understood
(Longhurst. 1976: Roff. 1991). Diel vertical nugraion ot zooplankton has been described
as common (Russell. 1927; Cushing, 1951; Pearre, 1973; Lee und Williamson. 1975,
Southward and Barrett. 1983: Fogg et ul., 1985) and appears to result from either
behavioural responses to exogenous factors (light. gravity. temperature, salinity.
aydrostatic pressure and food) or to endogenous changes 1n behaviour and physiology
(age, s1ze, condition. biological rhythms), or both (Forward. 1988).

During the earhiest phase of therr life history. the horizontal distribution of marine
invertebrate larvae closely resembles the distribution ot the benthic parental class,
therefore include areas of suitable settling substrate ( Young and Chia, 1987). Distribation
and dispersal of larvae depends primarily on the length of larval life. swimming
behaviour of larvae, predation, an i hydrographic regimes. Furthermore, the controlling
mechanisms of distribution are most probably those related to the swimming and sinking
responses to environmental sttmuli which can restrict larval activity and consequently
change the basic patterns of vertical distribution. Horizontal distribution 1s then governed

by major current circulations and flow regimes at various depths and times.



In my study early velizer larvae of sea scallops were selected to gain msights by
microscale observations 1nto the responses larvae may be able to display under a series ot

environmental conditions that can be related to lipid condition

L5 The speciric questions
The main aims of my experimental study were w0 evaluate some ot the
physiological and ecological aspects wnherent 1n the development ot scallcp larvae
through ontogeny and the vertical distribution ot early veligers mn relaton to the
availability ot tood and physical strauticatior. The specific questions ashed were
1) Do larval locomotory activitv, teeding and behav toural traits vary th ough
ontogeny’
2) Does lipid class composition ot larvae vary through ontogens
3) Does vertical distribrtion of veligers vary in response to experimentdl
stmulations of mixed and stratitied water columns ma 1O m mesocosm’
The results of this study are presented 1n the tollowing three chapters
Chap2 A micro-scale approach to characterize swimming patterns amd
behavioural traits through larval ontogeny
Chap3  Temporul vanabuity of hipd lass compositton through larval
ontogeny
Chap 4 A mesocosm approdeh to study the vertical distributien ot sea scallop
larvae n response to environmental variabuity
The signiticance ot each individual aspect and ot all combined has served to
demonstrate that sea scallop larvae present an array of adaptations that. in tarn, could
result n specific behaviours 1n response to stimuli i particular regimes which may attect
therr distribution 1n nature Furthermore, the development ot my research has prov.ded
new sights nto the brological interactions occurring at the scale ot individual

planktonic larvae. the n thods available to study the phenomena and the relations to
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environmental variability that should be considered when planning studies on the early

stages of other benthic invertebrates.

1.6 Thesis outline

My work is concentrated on the early life history of P. magellanicus, and I hegan
by investigating the basic behavioural patterns of larvae through early ontogeny under
laboratory conditions (Chapter 2). This is one aspect that had never been studied for this
species and could provide useful insights into the responses of larvae to environmental
variability, and into their capabilities and limitations. The characterization of swimming
behaviours of individual larvae through development established a basis for investigating
the interaction of biological mechanisms with large scale distribution of planktonic
larvae. Planktonic ciliated larvae swim and feed aided by a ciliated velum: therefore, the
response of 6 day old veligers previously fed and starved was evaluated with respect to
variability of the helical swimming pattern in a medium containing food and in one
without it.

Variability through ontogeny of lipid class content. from unfertilized eggs to late
veligers (22 days) was examined and used as an indicator of larval condition (Chapter 3).
These findings can belp in gaining insights into energy acquisition and energy available
for activity and growth.

These two micro-scale studies on individuals identitied key behavioural und
density changes through larval oniogeny which could affect larval distribution. Chapter 4
focuses on the assessment of diel changes in the vertical distribution of early veligers
considering the suite of behaviours in response to an array of simulated environmental
variables and provides the basis to test hypotheses about active vertical migration in a
series of mesocosm simulation experiments. The observed capabilities and limitations of
behavioural traits of scallop larvae were eviluated in these mesocosm simulations in

various conditions of food availability and salinity stratification.
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Finally. Chapter 5 includes a general discussion of 1dentitied factors that may
affect the distribution of planktonic larvae in nature. It focuses on the ways in which
physiological changes and behavioural tlexibility, as revealed mn my study. may wnteract
with eavironmental variability to affect vertical distribution and enhance survival and

tetention of sea scallop larvae on Georges Bank.
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CHAPTER 2

A microscale approach to characterize swimming patterns and behavioural
traits through larval ontogeny

2.1 Introduction

The early life-history of most marine and estuarine invertebrates commences with
a free planktotrophic larva that lasts from a few hours to several months in the plankton.
before leaving the pelagic phase to search for a suitable substrate to settle and to
complete metamorphosis. Although, diversity of morphology. size and behaviour of
planktonic larvae is great among invertebrate taxa, one shared characteristic is their
ability to swim independently (Chia et al., 1984). Nonetheless. little is known about the
=xtent to which free swimming larvae affect larval dispersal and later recruitment to
benthic populations of distinct life-history characteristics.

FPlaropecten magellanicus is a dioecious benthic bivalve characterized by a
complex life-history that includes a meroplanktonic larva in its life cycle (Fig. 1.1). and
it is found distributed in the coast and shelf waters of the Northwest Atlantic (Posgay,
1957, Squires, 1962). Concentrations of adult sea scallops vary along the latitudinal
range, but tae world's largest known aggregation of scallops is found in the area of
Georges Bank. Smaller aggregations are krown to exist in the Bay of Fundy and Browns
Bank and along the Northwest Atlantic coast. Natural populations of sea scallops on
Georges Bank have sustained a valuable commercial fishery for well over a century.
Recruitment, however. appears to fluctuate widely and the factors influencing this
variability remain to be addressed (Sinclair et «!., 1985) in order to improve our current
understanding of the sea scallop's life-history and to develop sustainabie management
policies for this important marine resource.

An teresting question with profound implications for the larval ecology of

benthic invertebrates and for the management of a marine invertebrate fishery 15 whether
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planktonic larvae can control their distribution in the water column in response 1o
environmental variability. and hence ultimately affect their recruitment to particular
areas. The problem is complex and a better understanding of the physical forces
encountered by meroplanktonic larvae and the mechanisms of adaptation of larvae to
successfully survive this period is needed (Boicurt, 1982; Burton and Feldman, 1982).

A review of the literature on the distribution and dispersal of larval stages of
bivalves, other molluscs and crustaceans reveals considerable controversy on the roles of
passive and active processes on larval dispersal ( Andrews, 1479.1983; Sheltema. 1986:
Mann, 1986b: Stancvk and Feller, 1986; Mann ez «l., 1991). In some cases, larval
dispersal has been suggested to result from passive mechanisms, which consider
planktonic stages are mere drifters at the mercy of major circulation patterns and currents
(Korringa, 1941, 1952; Manning and Whaley, 1954: Quavle. 1964, 1969: Andrews. 1979,
1983; Zinsmeister and Emerson, 1979; Boicurt, [982; Seltger er al.. 19821 this view
requires that larval behavioural traits be overridden by physical conditions.

In other instances, larval dispersal has been hypothesized to result rrom the
capability of some larvae to regulate their vertical distribution to u certamn degree as in the
case of some marine bivalves, gastropod and crustacean larvae (Nelson. 1911: Roughley.
1933; [sham and Tierney, 1953; Nelson, 1953, 1953: Turner and George, 1955 Carriker,
1961. Konstantinova., 1966: Lough and Gonor. 1971 Wood und Hargis, 1971
Mileikovsky, 1973: Cragg and Gruffvdd. 1975: Gruftvdd. 1976; Hidu and Haskin. {97%;
Cragg, 1980; Mann and Wolf, 1983; Sulkin, 198-4),

A compromise explanation is that larval dispersal is the result of both passive and
active mechanisms. which allows selective coupling of larval swimming activity and
circulation patterns to drive larval distribution (Carriker. 1951.1961: Nelson 1953,1955;
Kunkle.1957: Wood and Hargis. 1971: Mann, 1985: Mann ez al., 1991). This explanation
1s not casy to test in the field. In fact, not even the geographical scale of dispersal of

plauktonic larvae of benthic species is well understood 1 Le Fevre and Bourget, 1992).
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A fair question to ask 1s. are these differences real or are they artifacts of the
diversity of approaches used by different authors (i.e.: field versus laboratory)? How can
we link the distinctive life-history strategies of the various larval species as adaptive traits
to the various environments? There isn't a simple answer. In some cases it is not possible
to make comparisons, although, with caution some generalizations can be made from an
evolutionary pomnt of view. The identification of behavioural traits of larvae through
ontogeny 1s therefore a fundamental aspect of marine ecology that needs to be evaluated
since it can provide relevant information to test the frequency of spec:fic behaviours
which could influence larval dispersion under natural or simulated conditions.

Distinct hife-history adaptations must represent trade offs that would enhance
population sustainabil‘ty. Their assessment requires a multidisciplinary approach to the
distinct and integrative aspacts of a species’ life-history in relation to the environmental
variability to which it iy exposed. at appropriate temporal and spatial scales. One way 15
to elucidate lite-history strategies of offshore (non-coastaly marine mvertebrates,
particularly during the planktonic stages which are not well known. Here, one could
examine the different adaptations which enable larvae to feed and move and hence
determine their capability to regulate vertical distribution during the planktonic phase.

Early development oi P. mugellanicus has been described by Drew ¢ 1906). and by
Culliney 1974y however. behavioural studies and anulvses of the components of
swimming behaviour and patterns of locomotion are lacking for larval stages. making
their role on vertical distributior and recruitment ditficult to assess.

Bivalve veligers are small, usually less thar 300 wn 1 maximum shell length,
negatively buovant and swim weakly (Mann, 1986b) aided by a ciliated velum with a
dual ro'e of capturing particles and swimming (Cragg, 1980). Bivalve larval swimming
has been described as upward movement in vertically oriented helices or straght lines
(Bayne 1963.1964: Cragg and Grutfydd. 1975: Cragg. 1980; Mann and Wolf, 1983),

alternating with periods of either active or passive sinking during which the velum may
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be trailed or the valves closed (Ish.m and Tierney. 1953, Carriker. 1961. Lough and
Gonor, 1971, Cragg and Grutfydd. 1975. Mann and Wolf. 1983) Moreover. bivalve
larvae have generally been tound to swim at speeds 1n the range ot 167 t0 20 mm s *
(Mileikovsky, 1973), although a strict comparison of behaviour. swimmirg components
and swimming speed ¢stimates among estuarine and marines spectes cannot be made due
to the diverse life-histories ot the various species and the diverse methods emploved by
the various authors during ther studies

Upward ¢nd downward swimming in helical paths and straight hines ae
recognmized behaviours ot bivalve larvae although only upward helices have been
generdlly studied. Swimnmung behaviour ot larvae 15 also reported to be mfluenced by
changes m light, gravity. temperature. hydrostatic pressure. and salimty, particularly tor
estuartne species (Bayne, 1963, 1964, Thorson. 1964, Cragg and Gruttvdd 1975, Hidu
and Haskan. 19783 adding potentia] sources of variabiliny The sustanabibity ot any
population ot benthr ..vertebrates with a planktonte larva would either depend on
recruttment of passively dntting larvae from elsewhere, or on larval capability to control
their distribution by appropriate vertical movements withm an oceanographic regime
The latter capability requires larval traits to match environniental condiions m such a
manner that they will insure the return ot recruts to adult populations by & combination
of active and passtve mechanisms Mann 19553 suggested the possibidity ot larval
dispersal of bivalves m a seasonally stratitied coastal svstem. o be the result ot both
actrve and passive processes

The possibility that specitic larval traits or behaviours can sustan the benthic
species continuity from generation to generation has not been adequately examned tor
bivalve species, and a detailed study on the variability of the components ot swirnming
activity of planktonic larvae and their responses to environmental changes s lacking
Furthermore. understanding the role ot planktonic larsvae i the successtul rectuttment ot

adult populations requires hnowledge ot the physical vceanographic charactert fies ot
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areas adjacent to known benthic populations 1n relation to the field distributions of larvae.
Recent mathematical models have begun to describe larval distribution using some of the
swimming characteristics measured in laboratory (Tremblay er al.. 1994). However. in
order to introduce more realistic information into modeling efforts, we ueed to
understand the ontogenetic changes of larval behaviour during .ueir planktonic journey
since morphology, size, swimming capability and behaviour change through
development. The temporal and spatial coupling of oceanographic regimes coirciding
with the pelagic phase of invertebrate larvae with appropriate behavioural traits could
enhance retention or dispersal of planktonic larvae and need to be further mvestigated.
Here I present the results of an investigation of the basic swimmung patterns and
swimming components of pre-competent sea scallop larvae of P. magellanicus to
determine whether active swunming, (determined here as the helical pattern described by
larvae durning upward and downward movement) and passive sinking. (which denotes
swimming n straight vertical lines) remains constant or vary through ontogeny. Constant
swimming bebaviour is easy to model, but unlikely to be adaptable. On the other hand.
behaviours that change through development suggest adaptability and larvae may. as
well. bave the capability to respond to the immeatate environment. Thus. to determine
scallop larvae responses to food availability, the swimming components and vertical and
helical velocity were assessed on early veliger~ considering previous feeding condition

and food availability.

2.2 Methods

The aim of this study was two fold. first to determine the basic behavioural
patterns of sea scallop larvae through ontogeny, referred to as Experiment I throughout
the text: and, secondly to determine the effect of larval feeding condition and food

availahility on the swimmung pattern of early veligers, referred to as Experiment [I

rl



2.2.1 Spawning procedure

Two methods were used to induce scallop spawmng. The first included raising
temperature 3 "C to 5 'C above normal. If this did not stimulate spawning I injected 0.2
mi of 2 uM serotonin (a well known neurotransmitter) into the adductor muscle
(Couturier, 1986).

Ripe adult scallops ¢ a minimum of 5 females and 3 to § males) from Georges
Bunk were selected after visual exammation of gonad coloration and tullness T cleaned
their shell surfaces of encrustations by scrubbing and rinsing in tfreshly filtered seawater
All selected individuals were air exposed for about 30 minutes at room temperature prior
to placement in filtered seawater. Scallops were kept separated. with each individual
scallop placed ir a 7/ plastic container filled with freshly filtered seawater at the selected
temperature. The length of spawning induction varied between 3 and 4 hours, and water
was exchanged at the end of every hour for all contaners The water exchange pernutted
elimination of faeces and secretions that conld have provided substrate tor mfection ot
gametes at the time of release.

Once spawning began, eggs and sperm were collected separately by gently
sieving gametes through a double set of Nytex* mesh of appropriate size. Eges were
retamned on 33 wm mesh atter larger particles were collected on 102 um mesh Sperm
were collected atter passing through o double Nyvtex  mesh ot 102 gm and 20 ym
Gumetes were hept separated 20 / contaniers. After one hour all combined cggs were
mixed with some of the sperm collected and lett to ferttlize undisturbed for 30 min to 1
h.

After fertilization was observed, embryvos were gentlv washed and retained on
41 um Nytex” mesh and incubated in 20 / plastic containers with 1 um filtered seawater at
an initial density of 30 eggs m{ * Temperature was kept at 14 'C with gentle aeration

the absence of light (covered with black plastic sheets) during the next 96 hours.
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All seawater used for adult spawning and lorval rearing originated from the
AQUATRON system (Dalhousie University) and was filtered through two propvlene
filters of 1 pm connected in line (Filterite Corp., Timorium. Maryland, USA) prior to or

at the same time it was needed.

2.2.2 Larval rearing

Basic methods for rearing of scallop larvae were described by Couturter (1986)
and only a general description 1s incladed here. Ninety six hours after fertilization. all
straight hinge larvae (Prodissoconch I) were retained on 44 um Nytex” mesh after be:ng
passed through 152 um Nytex® mesh. All larvae were mixed and three random samples of
S ml each were taken from a 7 [ volume to estimate growth and survival. Seawater was
changed every second or third day throughout the rearing period, at the same time larvae
were fed on a diet consisting of an equal proportion on a dry weight basis of three
phytoplankton species Chaetoceros muellert. Chaetoceros calcttrans, and Isochrysis
galbana at 21 nitial concentration of 50.000 cells mi *.

The initial larval concentration in cultures at day four was S lurvae ml * w1 um

filtered <eawater without the addition of antibiotics or UV radiation.

2.2.3 Aigal culture

Algal specres were oniginally obtained trom the Center for Culture of Marine
Phytoplankton at the Bigelow Laboratory for Oceans Sciences (West Boothbay Harbour,
Maine). The general methods followed for algal culture have been described earlier by
Ennight (1984), therefore unly a general description 1s included here.

To obtain an approximate 20 [ volume of each algal species at each scheduled
water change, stock cultures were initiated in 125 m/ flasks contaiming 50 m! of sterile
seawater and f/2 medium (Guillard and Ryther. 1962). Cultures were kept under a 12:12
light:dark regime at 22 * C. and every four days these cultures were used to inaculate 1/

flasks containirg 250 ml sterile seawater and f/2 medium. Subsequently, every three to
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four days these flasks were used to moculate 20 / glass carboys also filled with stertle
seawater and /2 medium. A silicate supplement was added to the diatom cultures two
days after inoculation.

All phytoplankton species used to feed scallop larvae were harvested at tour days
after carboy inoculation. screened through a 44 ym mesh and sampled to determine
culture condrvon and cell concentration. All samples were tirst examined live under a
compound microscope at 40x power tor visual determination of contamination by cihates
or bacterta. Freshly fived algae in 1% formalin were counted on o hemotocytometer

(Neubauer) to detern ae the exact volume to feed

2.2.4 Experimental observations

To determune the basic larval behaviour through ontogeny  *a scallop larvae were
collected from larval cultures throughout development (Experiment I) beginn:ny on day 4
with the tirst shelled D-stage (Prodissoconch D and through subsequent stages at days o
12, 16, 22 and 30 (Prodissoconch II) until they had reached the pediveliger stage All
larvae were collected during the water exchange period Methods of recording swimming
activity are described mn the next section

To determine the etfect of a short period of starvation on swiunmng actvity
(Expertment Ii), larvae were collected at 6 davs old trom a ditterent larval batch
originated from adults trom the same population and placed n tiltered seawater tor 3
hours prior to experimental recordings.

Previously fed larvae were used 1n Experiment I atter bewng lett tor 30 to 60 mun
in filtered seawater prior to recording of swimmng activity  Samples ot about 2000
larvae were kept undisturbed 1n 250 ml gla,s beakers at 14 C betore placing larvae n
experimental chambers. During Experiment [ all larvae were previously fed except 4 days
old, and all recordings were made 1n filtered seawater.

Larvae were placed m a § ml glass cuvette or a home made glass-chamber ot

250 ml at a density of 10 to 20 larvae ml ' and recorded atter 30 nun ot acclimatization.
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Each recording sesston lasted for about 30 min during Experiment I and 45 mun during
Experiment 1L

The second set of expertments (Experiment II) included the following treatments:
a) previously fed larvae observed in filtered seawater (F/S), and after the addition of food
(F/F):. b) larvae previously starved for 3 h observed 1n filtered seawater ($/8), and after
the addition of food (S/F); and ¢) a second group of larvae nreviously starved for 3 h
were observed 1n tiltered seawater tC/8) and after the addition ot tiltered seawater
(C/W). Ths last group (C) served as control group to determine 1f observed changes n
behavioural patterns resulted from the level of turbulence caused by the addiion of
seawater or were generated by larvae n the presence of phytoplankton. Approximately
50,000 cell ml * of I. galbuna (TISO) were added to the expertmental larvae (F/F and
S/F). The control group which consisted of previously starved larvae (C/8S) recenved

filtered seawater instend of algae (C/W),

2.2.5 Recording and analysis of swimming behaviour

All larvae were recorded while swimming at 14 C 1n etther 5 ml gluss cuvettes or

250 ml glass chamber. Larvae aged 4 and 6 days i Experiment I were recorded for

shorter duration 1n 5 ml cuvettes inside a cold room. Older larvae were recorded 1n the
three section glass contamner which allowed tor recording ot larvae swimming 1n the
middle chamber (250 mi) at 14 C by monttoring the temperature ot the outer chambers
while the observer remained at room temperature The recordings for Expertment II used
a4 temperature control system that allowed longer recording periods m 5 ml glass cuvettes

Two sirailar expenimental apparatuses were used to record larval behaviour during
the first and second experimental observations (Fig. 2.1 and Fig. 2.2). In both
Experiments I and II only larvae swimming at the centre of the experimental chambers
were used in the analysis to mimimize wall effects (Winet, 1973)

During Experiment I, larval swimming activity was recorded using a video-

microscopy system that mcluded a low light-intensity RCA* videocamera fitted to a
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Figure 2.1 Experimental apparatus (not to scale) used to examine and record swimming
behaviour of sea scallop larvae through ontogeny. A video camera is shown affixed
to a stereoscope with a 10X Objective lens facing a glass chamber containing
larvae. The glass chamber was mounted over a vertically movable jack and
illuminated from the side with a low intensity lamp. The images were observed on
a TV monitor and recorded on a VCR linked to a time code generator for playback

analysis.
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Figure 2.2 Experimental apparatus (not to scale) used to examine and record swimming
behaviour of sea scallop larvae during the early veliger response to f:od
availability. A video camera is shown affixed to a 10x Objective lens. mounted
over a vertically movable jack, and facing a temperature controlled glass chamber
containing larvae. Larvae were illuminated from the side with a cold infrared light
source. The images were observed on a TV monitor and recorded on a VCR linked
to a time code generator for playback analysis.



horizontally placed compound microscope and connected to a BETA-1" cassette
recording system, a monitor and a time code-generator. In this design. the recording
apparatus was fixed in one position and the glass chamber contuning larvae was
manually positioned tn the vertical axis to follow the swimming activity of larvae (Fig

2.1). All larvae were recorded while illuminated from the side under static conditions and
at 14+ 1°C.

During Experimen: II, all recordings of larval activity were fiom a video-
microscopy system that consisted in a verticallv movable Panasonie Digital 50007 video
camera fitted with a 10x microscope object ve that allowed the glass chamber contumimng
larvae to remain in a fixed position (Fig 2.2 A VHS system and a monttor were
connected to the Panasonic camera 1o videotape all experimental treatments. A fibre-optic
light-source moved to illuminate the glass cuvette from directly opposite to the video

camera. All larvae were tilimed while 1n static conditions and hept at constant wemperature

of 14 + 1 °C by circulating cold water through the ourer chaiber mowhicn the cuvette

containing larvae was installed.

Description of basic swimming patterns « Experiment 13 was possible by analy zing
the swimming components during playback of video recordings mude of Laryae m filtered
seawater at 4, 6. 12, 16, 22 and 30 days atter fertihization. Four swimming modes were
identified: a) uvpward/strarght. by upward/hedical, ¢ downward/straight. and &
downward/heiical. Measurements of the swimming path of 5 larvae from cach belical
mode (upward and downward) uand 3-10 larvae from each siraight-line mode rupward and
downward) were analyzed during Experiment I. During the last developmental stage,
pediveligers were not observed to swim 1n helical patterns, although a few (n = 3y did
swim in the “straight-line” pattern.

[ used the following definitions for estimated swimming velocits tollowing a

helical path: Vertical displacement per unit ume during upward and downward hehieal
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patterns was defined as the “Vertical Velocity™ (VV) and “Helical Velocity™ (HV). which
correspond to the (net) vertical velocity and gross or absolute velocity respectively
(Cragg, 1980; Mann and Wolf, 1983). Helical Velocity Upwards (HVU) and Helicai
Velocity Downwards (HVD), are the distances per unit time travelled by larvae along the
helical path: the net vertical velocity during helical swimming was identified as Vertical
Velocity Upwards (VVU) and Vertical Velocity Downwards (VVD). respectively.
Upward and downward velocity following a straight-line path were distinguished as
Linear Veiocity Upwards (LVU) and Linear Velocity Downwards (LVD).

The second set of experimental observations (II) were made on 6 day old veligers,
in which the effect of larval feeding condition and availability of food was investigated.
Here only vertical displacement in upward/helices was assessed from the analysis of 4 to
8 larvae per treatment providing data on VVU and HVU.

All larval trajectories were traced manually over a transparent acetate film
covering the monitor screen, during frame by frame analysis of video recordings. In both
cases, a grid was filmed prior to the beginning of the recordings and the experimental
cuvette was kept in the same position throughout the recording periods.

To determine velocities during the helical swimming path, I measured the
diameter ot the helix (D). the height of one complete spiral (H), and the time (T) taken to
rise or descend a known vertical distance (K; from two-dimensional recordings to

calculate HVU und HVD. using the equations:

JH +(z Dy

Helical (absolute) Velocity = T

the pitch of the helix (o) as,

tano= cand

Vertical Velocity (VVU and VVD, as,
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Vertical (net) Velocity = T

Although several larval batches were produced and maintained. it was not
possible to obtain complete 1ecordings from all of them due to logistic constraints. One
complete set of observutions from a larval batch is presented for the first trial and another

partial set from the spawning batch used in the second triul.

2.2.6 Statistical analysis

The statistical analysis of the data for this chaprer and for all others will use the
method described by Rodger (1974, 19755, This is an statistical procedure for evaluating
contrasts considered as being selected post-hoc. The method 1y comparable to that of
Shetfe (1953) and Tukey (1953) but is lesh harsh than both of these. Unlike the Newman
£1929), Keuls (1952) and Duncan 1932y procedures. the Rodger method 15 not
restricted to comparisons only: but it ts somewhat harsher than both the Newman-Keuls
and the Duncan methods.

Aftc - analysis of variance of J treatment groups. the Rodger method is used to
find a set of J-1 contrasts, preterabiv mutually orthogonal but certwinly hinearly
independent of one another, to constitute a decision set. Senie Jmiited s number of these,
will be null contrast rejections thy Rodger criterions) and sope may be null aceeptances.
The Rodger F-criterion was computed to ensure that the rage of true null contrast rejection
ti.e. type I errors) would be at the pre-chosen tevel Ew. Rodger svmbholises his criterton
by F[Ee];v..v. 1o distinguish it tfrom the traditiona) values Fuv.v, where v, and v, are the
degrees of treedom.

A numeric illustration of the detailed calculations ts given m Appendix A. The
data were assessed statistically by the method of Rodger 1 1974, 19751 using s Eo = 0,05

(Appendix B1. B2, B3. B4, B5). This procedure allows for the post-hoc assessment of
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contrasts across the group means following anclysis of var..nce From the contrasts
assessed, a decision set is chosen that fits the sample data well. makes biological sense

and describes how the true population means appear to be related to one another.

2.3 Results

Development of sea scallop larvae through 30 days of growth and differentiation
in tiltered seawater (I um), ted a mixed diet of phytoplankton at 32%o and at 14 C
produced the normal ontogeny of larvae as earlier described by Culliney (1974) and
Couturter ( 1986).

Hatchery reared lurvae grew and developed under laboratory conditions at
rates comparable to those reported by Cullinev (1974) and Couturier ( 1986). The first
shelled larval stage correspond to a D-stage or straight-hinge (104 wm), and growth rates
varied from 3.5 to 4.95 um d * until larvae attained the umbonate veliger stage (163 ).
larvae contmued to grow at 5 42 um d " until the pednveliger stage (239 um) (Fig 2.3

All swimming larvae followed vertically oriented paths, independent of the
direction of illumination, food availability or period of starvation. This 15 consistent with
observations of other bivalve larvae. The normal position of a swimming larva 1n the
water column 15 one with the hinge lowermost. 1n which the ciliated velum 15 uppermost
but extended and tilted toward the direction ot the helical path tFig 24 As it moves
around the helix it also rotates around an axis perpendicular to the hinge

Helical swimmng corresponds to “active swimming” and can be easily dentitied
by the tilted position of the ciliated velum pointing towards the direction ot movement.
Although a larva may appear to withdraw spontaneously trom a helical path to ““passive™
sinking (Fig. 2.5), 1t may also be responding to a disturbance such as occurs when other
larvae pass nearby. apparently disturbing 1ts own flow generated tield During upward
straight-line movement. the larval shell appears shightly open as 1t ascends n the

experimental chamber and the velum 15 not fully extended.
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Figure 2.3  Placopecten magellunicus. Growth rate ot sea scallop larvae ted with o
mixed algal ratton (50 10" cells ml 'y composed of> Isochrysis valbuna ( TISOb,
Chaetoceros calcutrans and Chaetoceroy gracilis. Values shown are niean shell
length (n=25). Standard deviations are indicated as vertical bars



ant

— sh

Figure 2.4  Sche.ratc representation ot a typical swimming upward helical path ta)
showing the larval posture (b). Larval regions are identified as anterior (ant),
posterior (pos,. dorsal (dor) and ventral (ven) Indicated are the position ot the shell
(svand velum (ver (Adapted tfrom Cragg, 1980).
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Figure 2.5  Plucopecten magellunicus Schematic representation ot a typieal swimiming
path observed on sea scallop larvae () active upward helix and. thy passive
sinking 1n straight-hine pattern
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Swimming components, Vertical velocity (VV) and Helical velocity (HV) of
larvae were estimaced for larvae at 4. 6, 12, 16, and 22 days after fertihization during
Experiment I and did not include observations on pediveligers. at day 30. Linear velocity
was calculated for all veligers including pedivehigers, for which helical displacement was
not observed; larvae appeared to be searching for substrate and only a few exhibited short
rises, followed by passive sinking.

The results obtained during the second expermmental trial. i which early veligers.
6 days old (110 wm:. swam 1n response to phytoplankton availability included only
measurements of active swimpung in upward helices.

Thetre 15. 10 general. a swinming speed ncrease through larval development. at
least until day 22, although patterns differed between helical and linear swimming. and

between upward and downward activity within each mode.

2.3.1 Helical or active swimming

Overall the dimensions of helical swimming components, helix height and helix
radius (Fig. 1.6) tended to increase with developmental stage up to day 16 after
fertilization although a decrease 1n helix height occurred at 22 days The helix 1adias of
descending larvae was usually wider than that of ascending larvae, and tended 1o 1ncrease
with development (Fig 2 6) The increasing width of helix radmus descied by larvae
during downward activity through development has nut been reported before tor any
other molluscan larvae. nor has 1ts significance 1n fecding. since only upward helices
have been associated with feeding

The height of each helix tended to increase with development until day 16 n
which ascending larvae present higher helices than descending, both showing a decrease
in height at the last sampled stage (Appendix B1). Older larvae have ligher helices
during upward motion (2 24 to 1.38 mm) than during descent (1.49 to 0.86 mm). between

16 and 22 days after fertilization (Fig 2 6)
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The angle of an ascending larvae in its helical path increased from 13.39" tday -
to 41.83° (16 days) and then decreased to 24.32° (22 days) (Appendix B1). However,
descending larvae displayed a flatter angle varying between 22.34" (day 4) to 20.41" (day
16) which decreased even further to 15° (22 days) in older larvae (Fig. 2.6).

The helical velocity (HV) calculated for larvae while ascending and descending 1n
the water column showed a comparable increase through ontogeny (Fig. 2.7), although.
ascending (HVU) larvae display an almost four fold mcrease from 0.46 to 1.62 mm s
while descending (HVD) larvae shows a lesser two fold increase from 0.56 to 1.10 mm s
! between day 4 and 16 after fertilization. respectively. A decrease in both HVU and
HVD was found m 22 day old larvae (Fig. 2.7: Appendix B1), which is consistent with
findings on other bivalve larvae (Cragg, 1980; Mann and Wolf, 1983).

A similar trend was observed in vertical velocity (VV) calculated for planktonic
larvae swimming in helical patterns through development (Fig. 2.7 there was a
sigmiticant increase during ascending helices (VYU) from 0.09 mm s at 4 days old to
105 mms ' at 16 days (163 wm), followed by a decrease to 0.42 mm s * for larvae 22
days old. A different pattern occurred for VVD, which remained relatively constant
varying between 0.20 (4 days) to 0.37 (16 days) and 0.25 mm s (22 days) (Fig. 2.70.

In general, swimmng rates of larvae following helical paths showed wwo distinet
phases. the first for younger larvae up to 12 days old (139 gm). m which HVU 18 slower
than HVD. and the opposite trend for older larvae of 16 and 22 days old, exhibiting a
faster HVU than HVD. Within this second phase. there is a distinct decrease in both at

the last sampled stage (22 days).

2.3.2 Straight-line swimming

Upward and downward straight-line displacements occurred throughout
development including pediveliger larvae (239 um). During the linear upward motion. it
appeared that larvae held their shells slightly open, and more tightly closed during

descent, although a number of variations appeared to occur but could not be quantified
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due to the resolution of the optical system. During linear activity, LVU of larvae
wncreased trom 0.98 to 1.27 mm v ' (4-16 days) with a slight decrease at the later stage to
0.88 mm s ' (30 days old) (Fig. 2.8: Appendix B2).

“Passive sinking” followed a similar trend, with LVD increasing through
development from 0.95 to 1.78 mm s ' between days 4 to 22, and then decreases slightly
to 143 mm s " at 30 days (Fig. 2.8) which represents an average five fold increase over
downw.ard helices, The mavmum sinkimg rate oceurred m older larvae (22 days) with o
seven told mcerease m downward movement ( Appendix B2).

To allow me to compare relative swimming speeds of scallop larvae with other
microzooplankton 1n the literature, 1 calculated vertical ¢V, helical (HV), and hncar
(LV) displacement, in terms of body lengths per unit time (Fig. 2.9). Mmimum and
naximum swimming rates estimated for VYU (vertical velocity upwards), were .85 and
6 45 bodv-length . while VYD remained relatively constant between 1.79 to
225 body-lencth s . Durning the last stage. both swimming rates during ascent and

4

descent decreased to 2.2 and 1.3 bodr-length « *. respectively (Fig. 2.9)

Swimmung rates of larvae m helicel pattern tHV). were at least 4 bodv-leneth s
reaching a mmmum and maximum HYU of 4.22 and 991 bod v-length s idays 4 to 161,
while HVD varied between o nunimum and maxunum value of 8.1 to 7 3 hodv-lenvth s

tdays +-6) and then decreased to 5,12 bodv-length s (day 22y kg, 2.9).

During passtve sinkmg ¢ LVD) scallop larvae tell in the water column at rates that
tluctuated between 10.29 and 5.98 bodv-length s . The maxamuin apphies to 16 day
larvae and the minimum to pediveligers. although only a few pediveliger larvae were
measured. Maximum and minimum swimming rates during LVU were 9.04 and .16
body-length s * at days 4 and 30 after fertilization (Fig 2.9). The observed variability may

reflect changes 1n buoyancy or drag of larvae through development, although. general

valies are well within the range deseribed for other microzooplankton (Buskey er ul..
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199" and for other bivalve larvae. Comparisons with other larval species are difficult

since mosi authors do not distinguish direction of movement or mode of locomotion.

2.3.3 Response to food availability and feeding condition

Fed and starved veligers responded differently to the availability of food and.
although. larvae in both conditions modified the helix radius and helix height, the extent
of the changes varied. probably retlecting the larval condition (kg 2 10y Fed larvae
(F/8, F/F) had a greater increase n helix height 10.30 to 0.50 )y and helix radius (0,10
to 0.30 mm) 1n compartson with starved larvae (8/8. §/F) which showed a lesser increase
in helix height (0.85 10 0.96 mm) and helix radius (0.08 to .12 mmy cAppendix B3y Both
ted (F/F) and starved (S/F) larvae decreased the pitch of the helix m the presence of
phytoplankton from 27" to 16" and from 64 to 45 . respectivels. although overal! sturved
larvae had the greatest prch (Fig. 2101

After tood was added. both fed and starved larvae shose Ea decrease i vertieal
velocity (VVU) from 0.17 to 0,13 mm s (F/Fy and trom 043 to 0 22mm s« (S/Fy
starved tarvae (8/8) moved faster vertically overall (Fig 2 11, Helical velocity s HVU of
previously fed (F/S) larvae showed the reverse trend. extubiing an merease m HVU atter
the addition ot food (Fig 2 111 tAppendix B3 1he two told ierease ot helweal velocny
of starved larvae 1n the presence of phyvtoplankton may indicate the mereasing scanning
of the water column theretore mcereasing teeding rate

Larvae that had experienced three hours or starvation and recerved only tiltered
seawater mstead of phytoplankton were the last group to be filmed and showed a ~light
decrease of helix radius. helix height and pitch (Fig 2,10y causing o mintmal decrease m
HVU and a shght increase in VVU (Fig 2.11) which indicates that the addition of
filtered seawater tatled to elicit a larval response of simular magnitude to that of erther ted
or starved larvae after the addition of tood.

Larval response to the presence of food i~ evident for both ted and starved larvae

as shown by the increase 1n helix heignt and radius. and m both cases the larvae reduced
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Figure 2.10  Placopecten magellanicus. Variability of swimming components of helical
patterns. in response to the addition of microalgue (Isochrvsvs gulbana, TISO) and
filtered seawater in early veligers (110 um). Conditions are: Fed (F/S, F/F) and
Starved (8/S, S/F, C/S, C/W) larvae. Standard error is indicated as vertical bars.
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Figure 2.11 Placopecten magellunicus. Vatiability of Helical Velocity (a) and Vertical
Velocity (b), in response to the additton of microalgae (/sochrysys ¢albana, TISOy
and filtered seawater 1n early veligers (110 g Conditions are: Fed (F/S, F/Fy and
Starved (8/8, S/F, C/S, C/W) larvae. Standard error iy indicated as vertical bars.
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the angle of the described helix relative to swimming 1n filtered seawater Simlar
behavioural responses may occur during the planktonic development of larvae These
modifications of the geometry of the helical path would provide an advantageous
adaptive mechanism for feeding n a diluted environment oy increasing the scanmng time
and volume of water filtered in the water column and at the same time maintaining the
vertical position while hovering in areas of elevated food availability Sea scallop larvae
display VVU ard HVU 1n the tange previously described tor other molluscan brvalve
larvae (Cragg, 1980, Mann and Wolf, 1983, Mann er of, 1991) and swimming rates are
in the same range of other microzooplankton. Moreover, straight line movements allow

larvae to gain some contrel over depth regulation

2.4 Discussion

Most studies of veliger larvae tocus on the pattern ot alternating hehical ascents
and Linear descents tvpreally used by “muddle-aged ™ larvae fo feed mn shallow contamners
Because the overall context ot the present study tncluded mesocosm-scale migrations
{Chapter 4), 1t also monitored helical descents and linear ascents, which are less common
but potentially important during feeding and vertical migration. I propose that 1t 15 the
plastivaty of these behavioural traits that allow larvae to take advantage ot environmental
conditions to enhance their growth by adjusting behaviours to 1nerease feeding and to
display active mechantsms to ensure therr later return to benthic grounds

The major tactors influencing locomotor parameters are the relative .:zes ot the
velum and shell, which affect hydrodynamics. and the relative quantities of the shell
mineral and hipid which attect density (Cragg, 1980.1989, Cragg and Crisp, 1991:
Jonsson et al, 1991) After rapid changes in the locomotor parameters 1n the tirst few
days, probably associated with development ot the velum, the general pattern of
locomotor activity stabilizes Absolute (helical) velocities generally increase with size
during the first half of the larvai phase, but relative to body length, there 15 httle change

However, active swimming during ascent (HVU, VVU) appears to decline as the larvae



approach settlement, perhaps because the effective area of the velum no longer increases
as fast as body size once the transition to the pediveliger begins. More surprismg 1s the
fact that passive sinking rates (LVD) increase by less than 50% with a 2.2 fold increase
in larval length. Swimming at low Reynolds numbers is characteristic of planktonic
larvae and, if they are considered as falling spheres, Stoke’s law predicts that. for spheres
of equal density, velocity should increase as the square of the radius (U = 2r° ¢ (p-p, V91
{Vogel, 1981}, Thus the observed change is only u tenth of that predicted. This suggests a
significant decrease in density (p) as lipid reserves accumulate to fuel metamorphosts at
settlement. If sinking forces are actually reduced. then the decline in VVU represents a
fairly dramatic decline 1n the forces supplied by the velum.

My study described the ontogenetic variability of a pectimd larva, considering all
modes of upward and downward swimming. by quanufying the gesmetry and Verueal.
Helical and Linear Velocities of larvae from the straight hinge or D-stage 4 dayve) unul
the pediveliger stage (30 days). Helical and imear “strught-line”™ swunmmg were
observed to occur throughout larval oatogeny. however, pediveligers were not observed
describing helices but rather searching tor substrate and sporadically displaving short
bursts of straight-line swimming. Between 4 and 16 days of age, well-fed farvae Juning
active swimming exhibited an mcerease i Vertical Velocity Upward « VYU from 0 09 1o
.05 mm s " but VVD rematned relatively constant between 0.20 10 0 37 mmr s At the
lust sampled stage (22 days) which correspond to luryvae near the pedivehger stage. there
was a drastic decrease of VVU to 042 mm s . und a lesser decline mn VVD 1o 0 25 mm
s * Earlier studies on locomotion of bivalve larvae have evaluated only certain aspects of
swimming behaviour under conditions different from those used here. Nevertheless. a
comparison is worthwhile to assess similarities and differences that would allow the
recognition of general patterns (Table 2.6). Swimming rates of scallop larvae are

comparable to those found by Cragg « 1980). Mann and Wolf ( 19823y, Mann er vl. (1091,
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Table 2.6 Swimming rates of bivalve larvae during active switrnming (helical swimming upward
and downward) and passive swimmung in straight lines (sinking and upward movement)

Verticai velocity

Species Length mms ' Source
Hm
Active swimming Passive swimmiing
upward downward upward downward
P. maximus t N/A 0.17-063 N/A N/A N/A Cragg, 1980
A. islandica 1 170 - 202 020-0.52 N/A N/A N/A Mann and Wolf, 1983
S. solidissimat 956 - 196 1 018-049 015-037 N/A 0.64-2.23 Mann et al., 1991
M. lateralis ! 88.9-15¢7 025 -0.50 017-0352 N/A 0.67-1.30 1h.
R. cuneata® 103 - 168 5 018-053 0.25-059 VA 231-1.74 1b.
P. magellamcus § 104 - 239 009 -105 0.20 - 0.37 072-127 094-173 present study

T includes response to hydrostatc pressure
1 includes response to salinity gradient

§ well fed larvae 1n filtered seawater
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tor larvae of other spectes and they may retlect typical values of vertical displacement ot
ciliated larvae during active and passive moton

A behaviour has been shown that promotes movement toward the surtuce by
planktonic larvae 1n response to conservative parameters such as hydrostatic pressure
(Cragg. 1980; Mann and Wolf. 1983, Sulkin et «'.. 1983, Guan 1993} Cragg (1950
reported that Pecten mavumues larvae swam at velocaties between 6 172 to O 46dmm
atmospherie pressure and between O 207 to 0 718 mmr « when the atmosphene pressue
increasea 2 bar, although he only exaimined upward helices durmg the study Siutardy
Mann and Wolt ( 1982y tound that larger larvae (170-202 gnn ot Artrca tdandiea swany at
veloctties of 028 to 037 man v at atmospheric pressure and ot 0 23 10 039 o
when pressure was tncreased 1o 4 bar they also did not quantty downwar 1 helices or
straight-line movement Sed scalfop larvae from two populagons cshaflow and deep also
mnereased upward swimming raes with moreasing hvdrostatic pre ssdre at most stazes of
development (Guon 1993,

A more recent study by Mann er «f 119911 included the ettect of salimity
gradients on the swunming behaviour ot three mactrid species and mncluded larval ascent
and descent 1n helical paths (VYU and VVD) and sinking (VYD Although, Mann e 7 of
11991y did not measure heiieal swimnung  they tound consstent more ises m wean
upward swimming rates tVVD between O 15 o 0533 v and mean downward rates
tVVYD trom O 1510 059 mm v through development Masunwm v afues were obtamed
at the umbo stage tollowed by a decrease at the pediveliger stage These fidings are
consistent with the ontogenctic changes ot larval weight, specitic gravity and velum
development as reviewed by Chia er ul. (1984, but only partially with the present study
ot sea scallop larvae since VVD remained relatively constant through ontogeny (Tuble
2 3 Passive sinking (LVD) was tound to mcrease significantly through the ontogeny ot
two ot the three mactrid spectes studied by Mann er ol 19913, which 1 also consistent

with the present study of scallop larvae Swimming speeds of P magellantcus larvae
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exhibit a marked overall increase through early ontogeny despite the increasing density of
the larval shell. and probably comncide with the development of a lmghly sophisticated
ciliary arrangement as found earlier in P. maximus (Cragg. 1980.1989; Crag and Crisp.
1991) and C. hastata (Hodgson and Burke. 1988).

The similarity of findings 1n my study with others 1n the literature 1s imdicative
both of common physical Iimits and the adaptive value ot the common traits ot larvae
which are meroplanktonic for a short period of their life cycle. Early stages smk slowly.
probably due to high lipid contents and lower shell density: pediveligers. on the other
hand. need to be evaluated differently since at this stage thev are seeking a substrate
where they can complete metamorphosis. Changes i swimming rates ot older larvae
likely relate to the experimental conditions, the lack of some environmental stimulus
(e.g. substrate. flow) and the physiological condition of larvae. since late stages (30
dayvs) are 1n the process of losing the ciliated velum and beginning to use the cihated foot
to sedarch for substrate. In this studv 1 observed late larvae at the bottom of the
experimental chamber extending the foot and using 1t as an anchor to change position by
flipping from one shell to the other and 1n other cases actually advancing by carrying its
shell in steps. Certainly by the latest observed pediveliger stuge many larvae were no
longer planktonic and the static conditions did not elicit swimmung.

My detailed study ot swimming behaviour through ontogeny clearly wdicates that
a helical pattern must enhance feeding activity and that passive sinking can potentially be
the mechanism responsible for regulating the vertical position of larvae. Passive sinking
would be advantageous for larvae to actively escape from untavourable situations and
thus benefit their persistence in the plankton during the early stages of development. As
larval development proceeds and approaches the competent stage. increasing sinking
rates would also be beneficial as larvae are preparing to leave the water column in search

for appropriate substrate to setrle.
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Scallop larvae also decreased sinking rates during helical swimming patterns. but
this is probably .ne result of « combination of the 1acredasing drag by increasing the
diameter of the velum. a decrease in ciliary frequency (Arkett er al.. 1987) and the
asymmetric density distribution of the larval body (Jonsson. [989: Pennington and
Strathmann. 1990). This density asymmetry of the larval body is caused by the dense
aragonitic crvstals of calcium carbonate deposited n the shell, as i the case of sea
scallop larvae (Hurley ef al.. 1987) and the less dense ciltated velum which creates a
gravitational torque due to the separation of the larval centre of graviry and the centre of
buoyancy as proposed for Ceratodesma edule larvae (Jonsson et f.. 19911 Reported
values of density of the whole organism indicate that larvae are generally denser than
seawater and varv between 1.1 10 129 ¢ em " (Gallager. 1985, Erthsson and Jonsson
unpublished m Jonsson et al.. 1991, Jackson. 1992y, P magellanicus. unfertilized eggs.
and larvae at 2, 11 and. 13 davs seem to vary m densts trom [O201 2901 Zoand. 1 24 ¢
cm ' orespectively, which place sea scallop Jarvae among the most dense brvadves
(Jackson. 1992y,

The most efficient way for a bivalve larva to counteract the forces induced by the
shell would be to store neutral lipids that could provide cheap and hght tuel In fuct.
neutral lipid granules at che base of each cilia und 1 the digestive gland seem ro be
characteristic of bivalve larvae (Gallager. 1991, This, coupled with increasmy velar
ciliation as larvae grow (Cragg. 1989; Cragg and Crisp, 19911, must provide enough
force to lift the larvae as it swims. Although the role ot Iipids 1in buovancy and as an
efficient source of energy in bivaive larvae has been suspected by many researchers.
details of the dual role of lipids on the energetic requirements of bivalve furva locomotion
are lacking. Some estimations of the cost of swimming of bivalve larvae indicate that
almost 70% of the total metabolism is required to satisfy swimming activites { Manning,
1985: Gallager. 1991): therefore. only appropriate timing of planktotrophic stages of

benthic bivalves during periods of high food availability would allow larvae to meet the
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cost of swumming and growing to mamtain themselves in the plankton. providing a
selective advantage to the sustainability of benthic populations.

Planktotrophic veligers of benthic bivalves and other molluscan species meet their
nutritional requirements by filtering particulate material. manly phytoplankton. as they
swim through the surrounding seawater using the bifunctional ciliated velum. which
provides both a feeding and a propulsive mechanism (Strathmann er /.. 1972:
Strathmann and Letse, 1979) Deseniptions of the outline of the perimeter ot the velum
are sumilar for the three pectimid species Placopecten magellanicus, Pecten maxvimus and,
Chlamys hastata (Culliney, 1974: Hodgson and Burke. 1988 and. Cragg. 1989.
respectivelv). This reflects one set of adaptive simularities ot these species that occupy
similar miches during their early developmental stages. The typical pattern of velar
ctliation of P maximus consists ot an ner pre-oral riag (shorter ciliw). long pre-oral
crrt, an adoral tract and post oral cilia. fitting the “opposed band™ method as earlier
described tor other mvertebrate larvae (Strathmann ez af., 1972; Strathmann and Liese.
1979. Nielsen. 1987), in which the pre-oral cirr1 overtake suspended particles and sweep
them toward tne adoral cilia. The capture of part:cles occurs at the recovery stroke of the
pre-vral cirri and/or by the action of the post-oral cilia (Cragg. 1989). Although my
present study did not focus cn the characterization ot ciliary activity due to the lack of
such tine resolution with the availlable svstem. similarities among pectind latvae are
expected.

Feeding rates were not measured in this study, although, the observed increase 1n
helix diameter of early veliger larvae when phytoplankton was present appears to be a
good indicator of increasing feeding rates. Feeding condition also mfluences the response
of larvae, as was observed in the decrease in vertical swimming rates and higher HVU of
starved larvae (S/F) which can increase feeding rates of starved larvae. In tact starved
larvae of mussels (Sprung. ! '84) and clams (Gallager. 1988) have shown higher feeding

rates than well fed larvae but these studies did not evaluate swimming activity.
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Gallager (19911 estmated that the perceptive volume of a hovenng mactnid larvae
will be 40-told greater than a swimming or sinhing larvae, increasing the chances ot
encounter by a predator mechano-sensory mechanism as 1t teed, It 1s hikely then. that
“hovering” 1s an adaptive mechanism to enhance teeding etficiency by bursts ot teeding
when enough tood 15 available such as in conditions ot stratification. although larvae mav
also feed 1n the nutrient diluted environment of a well-mixed water column The pesodic
sihing ot larvae will theretore dummish the risk ot larvae being ted upon by predators
but this needs turther investigation

All plarktonic larvae contront somewhat similar constraints in the plankton and
theretore have smular basic requirements However the adaptive mechansms 1o
overcome the dangers of staying suspended. ke tinding tond. avoiding predators and
& owding currents that would disperse larvae (Chaa ef @f . 19341, are most probably
dependent upon the hte-histors characteristics of indiv fual species as deterimned by the
fe canon ot aduit habitats iDav and Mcbdward 1940

Helical ascent and descent have been tvpieally described tor a number ot
planktotrophic larvae ot benthic msvertebrates as a mechanism associated with teedmg
activity The role of “passive sinhang™ on laryal disiribution has been overlooked and may
have an important role on determinin  the extent of larval migratory capability at
dppropriate scales as 1t 1s proposed here In my study. active swainmuny @0 helical patterns
15 most likely to be assoctated with etfictent teedinz mechanisms  Hovering s
suggested as a mechanism tor continmyg teeding activits to horizontally distributed tood
patches, such as those that would occur above pycnoclines o« described by Tremblay and
Sinclair (1990b). The powered climbing and sinking behaviours observed 1n my studv
may be the behaviours related with active depth regulation sice 1t allows tor taster
changes on the larval postuion mn the water column and these are identitied as itrinsic

mechanisms associated with active depth regulation
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Although my study encountered a number ot limitations. 1t has provided the basts
for further research on ecological and phvsiological aspects of larvae that have permutted
identification of the early life-history of sea scallops as one of the most important
components of the sustainability of populations, a fact that is beginning to be recognized
by fisheries managers. Current studies using more sophisticated optic equipment and a
double camera system to simultaneously evaluate helical patterns. swimming patterns and
Net versus Gross displacement are already underway (Jackson et al.. 1994y vielding
comparable values of swimmng components and swimming speeds 1n our laboratory.
The availability of software for tracking particles 15 a promising addition to the fast
growth of microzooplankton research.

Even understanding the gross patterns of larval movemeni- documented 1n this
thesis and seen 1n the field requires a better discernment of locomotory and tfeeding
mechanisms 1f the change 1n hLelix angle 1 the presence of tood documented here 15
purely a mechanical result of particle capture, or it changes i velocities 1 ihermal
gradients (Gallager et al., 1n press) are directly linked to viscosity. the veliger's
behaviours become more predictable from knowledge of design differences and physics

alone.



CHAPTER 3

Variability of lipid classes thraugh larval ontogeny

3.1 Introduction

Increasing concern for the sustantabilty ot sea scallop populations of P
magellanicus has prompted numerons studies on ecological and phy siological aspects of
adult ndividuals: by contrast. little mtormation s avatlable on the phyvsiolozy and
ecology of early developmental stages. This bias on the tocus ot research toward the
adult component ot the populatton has mamly resulted from ditheulties assoctated with
the capture and identircation «f lurva i the treld +Day and Mckdward. 1964 Mann.
1936b; Tremblay ez ul., 19871 At present the growmg mnterest n marine mvert2brates as
potential candidates tor aquaculture, and the recognition that a clear understanding of
early ife histors 1s needed to assess the sustainabihity ot benthie populations. porteul ly
brr alves. have prompred the re-tocus earlier lite history stuges. Many benthie species,
particularly bivalves. can be successiully reared under laboratory condinions, and this has
provided the opportunity to study larval fitness of vartous species i such conditions
(Bayne, 1983),

Benthic anvertebrates with feeding larvae iplanktottophior usually produce
smaller and more numerous eggs than those spectes with non-teeding larvae
(lecithotrophie) resulung 1n a reduced parental mvestment per otfspring «Strathniann.
1987). A common characteristic of benthic species with compley Iife histories 1s the
development of planktotrophic larvae adapted to the acquisition ot nutrient  during their
ephemeral journey 1n the plankton that results from simultaneous swimming and teeding
activity.

Early observations of swimmung activity ot sea scallop larvae m microcosms
(Chapter 2) indicated that larvae display heheal patterns of swimming as well as almost

linear ascent and descent throughout oatogeny. Subsequent’y I proposed two hypotheses.
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the first, that feeding must occur during helical swimming and the second. that regulation
of verucal distribution results from linear ascent and descent (Chapter 2). Testing of these
hypotheses 1n nature is not yet completely feasible and would be an expensive venture. A
logical next approach 1s to begin with smaller scale assessments that can be related to
natural situations and that can focus on the variability of energy resources available at
each developmental stage. These resources must cover the metabolic costs associated
with swimmung, teeding and differentiation ot larvae 1n the plankton (Bayne. 1983)

Knowledge of several aspects of physiological energetics of bivalve larvae has
been derived mainly from studies conducted to increase hatchery production of selected
molluscan larvae for aquaculture purposes. primarily for oysters (Bayne, 1983). The
constraints on the early life history of bivalves are those imposed by morpholosical and
physiological adaptations 1n response to environmental variability (Pechenik, 1987),
However, little 15 known about the variability that occurs across taxa, species. and even
populations of the same species 1n therr natural habitat (Price and Patfenhoter. 1984).

The roie of lipid and protein reserves in providing energy during the initial
embryonic development of benthic invertebrates, reserves which are supplied by
parentally derived endogenous material 1in spawned eggs. has been frequently
acknowledged 1n the literature (Millar and Scott. 1967: Holland and Hannant, 1974:
Manmng. 1985: Mann and Gallager, 1985: Gallager and Mann, 1986a.b: Whyte et dl..
1990a.b, 1992) In most studied bivalve larvae, lipids have been shown to be the major
energy reserves (Holland, 1978), while carbohydrates and proteins are secondary (Millar
and Scott, 1967; Bayne, 1972: Holland and Spencer. 1973: Holland and Hannant. 1974).
Carbohydrates do not seem to play a major rcle on the provision of energy at any stage of
development and remain relatively constant throughout the planktonic period of many of
the species that have been studied (Holland and Hannant, 1974: Day and McEdward,

1984; Whyte et al., 1987, Whyte et al., 1990a,b, 1992).
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For bivalves, the content of eggs provides the energy required for the mitial
embryogenesis until the formation of the feeding stage (Prodissoconch I or straight hinge
larvae). From 50 to 70% of the total energy reserves in eggs. depending on species, has
been found necessary for embryogenesis. Gallager ¢t al. (1986) found that 1n two species
of bivalves (hard clam, Mercenaria mercenaria and castern oyster. Crassostrea
virginica) most of the energy was provided by parentally derived lipids. while Whyte er
al. (1987) found that both protein and lipids were equally important in the Japanese
scallop (Patinopecten. vessoensis). The only study on P. magellanicus found that lipids 1n
a Newfoundland population. were also the primary source of energy (between 50 and
69%), but adult conditioning may nfluence this result (Manning. 19851, During and atter
the transition from the 1nitial short lecithotrophic stage to tull planktotrophy. further
catabolism of endogenous reserves continues to occur 1n the Japanese scallop (P.
rvessoensts) larvae as long as 14 days after inination ot planktotrophy . during which time
lurvae appear unable to asstmulate sutficient cnergy from algal diets {Whyte er ai. 1987,

During the subsequent development of bivalve larvae n the plankton. distinct
increases in shell deposition and velum diameter occur as well as an ncrease
organogenests; at the end of this stage larvae will be prepared to enter the benthic stage
(Cragg, 1989). Thus. the role of physiological adaptations of planktotrophie larvae
throughout ontogeny In response to environmental vastability need to be better
understood. The relationship between acquisttion and utilization of nutrients and the
supply of required energy at difterent stages can vary depending on the lite history stages
of individuals and may have consequences on larval development.

Planktonic larvae swim and feed aided by the ciltary activity of the velum. and the
energy acquired must be partitioned into the requirements for maintenance, swimming
and growth. The likelihood of larval survival has been thought to depend mainly on larval
fitness and the risk of predation (Korringa, 1941; Thorson. 1946). The possibility that

low levels of larval fitness are related to starvation has been discussed extensively in the
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literature, but more recently, the starvation hypothests has found less support (Bayne.
1965; Holland and Spencer, 1973; Olson et al., 1987; Olson and Olson, 1989) since
larvae of many species seem to occur in the plankton during periods of high primary
productivity (Himmelman, 1975; Starr et al.. 1990). Moreover. some invertebrate larvae
can utilize bacteria and dissolved organic matter as altemmative sources of food (Manahan
and Crisp, 1982: Olson ef al., 1987. Manahan. 1990).

One method that can be used to determine larval fitness 15 to assess the energetic
content of larvae as an indicator of the likelihood of survival, since metabolic
requirements need to be met. However. the major problem 15 that of determining
quantitative changes of biochemical components in such minute mdividuals tHolland and
Gabbott, 1971). Larval condition is primarily influenced by food availability. but 15 also
dependent on the changing levels of metabolic activity through development which may
increase energetic demands of larvae As earlier mdicated. there 15 strong evidence
indicating that either lipids or proteins or both play major roles 1n providing the energetc
requirements of developing planktonic larvae. Many larval stages of fish. crustaceans and
brvalves are known to store and use mainly lipids to fuel the energetic requirements
{Holland and Hannant, 1974; Sasaki, 1984; Holland, 1978; Gallager and Mann, 1986a.b;
Fraser et al., 1987, 1988). Tracylglycerides i particular seem to vary gieatly. reflecting
the mmportance of this particular lipid class mn the metabolism of early developmental
stages (Hollaud und Spencer, 1973; Galiager and Mann, 1981.1986a; Delaunay et al.,
1992; Marty et al., 1992:).

The availability of energy sources in 4 planktonic larva may determine the
adaptive mechanisms used by species with compiex life histories which switch niches
during their life cycle. Moreover, switches from liptds as a source of energy during
planktonic stages to carbohydrates as a main source of energy during adulthood are
common (Holland and Hannant, 1974: Holland. 1978: Manning. 1985) retlecting the

importance of available food 1n the plankton and benthos respectively.
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Studies on the physiological ecology of Georges Bank scallops have tfocused on
adult reproductive physiology (Dibacco et al.. 1995) and variability of lipid composition
(Napolitano, 1991). Scallop adults are benthic filter feeders which obtain their energy
from available phytoplankton and the lipid contents of female gonads have been found to
show marked seasonality associated with reproductive activities (Robinson et al.. 1981
Napolitano. 1991). Most recently. a series of studies of larval distribution in the field
have been reported ( Tremblay. 1991) which also included the assessment of lipta content
in some older larvae. However, long term studies 1n the field are impossible to pursue due
to logistic constraints.

Mv study focused on the variability of lipid clusses and lipid ratios of eggs and
larvae of the sea scallop P. magellunicus irom the Georges Bank population and includes
the analysis of® untertilized eggs. fertilized eggs. and 4. 13 and 22 days old larvae. The
mrain objectives were to dete  ne if ontogenetic changes in Jdevelopment are reflected in
the lipid composition and to determine u larval condition index based on the
triacylglycerol-sterol lipud ratio as proposed by Fraser (1989).

Marine lipids are energetically and biochemically important coraponents in the
functioning of marine animals (Joseph. 1982). and are characterized by a number of
properties such as fluidity at low temperature. high degree of unsaturation. and a high
content of non-saponitiable materials such is fat soluble vitan.ins 1 Sargent. 19761, Also,
lipids provide a high energy reserve available in a concentrated torm that may also confer
enhanced buoyancy on planktonic animals in the marine environment. Neutral lipid in
particulur has a lower depsity than scawater. thereby conferring buovancy that may
provide a great advantage for life in the oceans (Sargent, 1976).

Current hatchery techniques and the possibility of obtaining live sumples of adult
scallops from Georges Bank provided the opportunity to examine several aspects ot the

physiological ecology of scallop lurvae, including behavioural studies (Chapter 21,
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vertical distribution of larvae 1n mesocosms (Chapter 4), ard this study which includes

an analysis of the variability of lipid classes through ontogeny.
3.2. Methods

3.2.1 Larval culture

Adult scallops P. magellanicus from Georges Bank were obtamned from
commercial scallop draggers and from the Department ot Fisheries and Oceans research
cruises 1n October, 1987 and 1988. Once in the laboratory, scallops were kept i running
sea water at the AQUATRON facilities, Dalhousie University, and atter 24 h. were fed
ad-libitum on a mixed diet composed of Isochrvsis galbanu (strain TISO). Chaetoceros
calcitrans and Chaetoceros muelleri every second day prior to induction of spawning.

All adults were in spawning condition as appraised by visual exammation of
gonads. Gonad coloration 15 evident in mdature anumals., females usually having a distinet
intense orange colour and males having a characteristic 1vory colour. Four temale and
three male individuals were selected based on the colour and degiee of fullness of the
gonad prior to spawning induction. The selecied ammals were placed 1n filtered seawater
for two to three hours to allow elimination of facces and were then cleaned thoroughls by
scrubbing and washing the external shell mn tiltered seawater. All individual were then
left exposed to arr for 30 min before spawning. The general spawning procedure used war
the one described by Couturier (1986) and theretore only general aspects are described
here.

Adult scallops were separated and placed 1n individual 7 [ plastic containers filled
with | um filtered seawater at temperatures between 3-5°C above ambient seawater (14
“C). Spawning induction usually lasted 2-3 /. and the whole content of each bucket was
replaced hourly to avoid accumulation of faeces and mucus.

Once spawning was 1nitiated. eggs were sieved through a 102 wm Nytex” mesh to

retamn large particles and then collected 1n a 33 um Nytex” mesh. Sperm were sieved



through a stack of two screens of 102 and 20 wm, with only the sperm that passed through
both screens used. Gametes were kept in separate containers until artificially fertilized by
gently mixing a small amount of sperm 1nto all eggs spawned by the differcut females
and leaving them undisturbed for 1 h. Prior to fertilization three samples of 10 m! each
were taken to visually assess fertilized gametes prior to sampling for lipids and after
fertilization tc assess stage of development. Fertilized eggs were gently washed with
fresh filtered seawater and ncubated at a concentratton of 30 ege mi 1n 120/ buckets,
Gentle aeration was provided and all culture containers covered with . black plastic sheet
during the complete rearing period. At day tour. larval density was reduced to 5 lurvae
mi™ and a phytoplankton diet consisting of a muxture of Isochrvsiy ¢albana {strain
TISO), Chaetoceros muelleri and Chaetoceros calcitrans  was added at an mitial
concentration of 50000 cell ml - The ration was subcequently ted after each water
exchange every second to third day. This nuxed Jiet that contamed phytoplankton n the
size spectrum between 3-9 e This parocle size range has been tound to be commeon
Georges Bank phytoplankton durine the fall (Rao Durvasula. S8 Bedtord Institute of
Oceanography, Darmouth. N.S.. pers comm .

All larvae were removed trom each culture contaner at Jday tour atter tertihization
and every second o third day thereatter 1o allow water ¢xchange and cleanup of
contamners with a dilute bleach solunon to wyoid pactenal growth since antibioties were
not used. Samples of untertilized eggs. fertilized eggs after 1 i were collected
inmediately after sampling  Samples of larval stages at day -4 13 and 12 days after

tertilization were collected atter 3 771 filtered ~seawater.

3.2.2 Lipid classes analysis
Replicated samples of at least 100,000 unfertihiz - and tertilized eggs and larvae

were obtuined from four batches of eggs from ditferent scallops and from two batches of

larval cultures at days 4, 13 and 22 (Table 3.1 Collection of lurvae atter sieving into an




Table 3.1 Summary of developmental stages sampled for lipid contents in October
1987 and 1988 Each lipid sample was analyzed with 2 to 5 replicates.

Developmental Stage Date Samples

Non-Fertilized eggs Oct 87 2

Oct 88 2

Fertilized eggs Oct 87 2

Oct 88 1

4 day-old larvae Oct 87 1

Oct 88 1

13 day-old larvae Oct 87 1
Oct 88

22 day-old larvae Oct 87 1

Oct 88 ]
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appropriate Nytex* mesh was possible by gentle suction using a micropipette to collect
eggs and transfer them with minimum amount of water mto 20-40 m/ glass vials

Lipid extraction was performed in two stages. The first, in which lipids were fixed
immediately after collection by adding a mixture of chloroferm:methanol (2:1), and
flushed with atmospheric nitrogen. All vials were covered with tetlon lined caps. mixed
and then stored at -17°C. The final extraction (Bligh and Dver. 1959) was performed
immediately betore lipid analvsss.

Lipid c.asses were qualitatively determined by thin laver chromatography (TLC)
and then quantitatively determined by Iatroscan’ thin layer chromatography flame
romzation detection (TLC-FID) as described by Ackman (1981

The separation of lipid classes was possible by using Prekote” silica gel plates
(200 pm particle size) (Applied Science Laboratories. College Park PA. USA) previously
cleaned by developing m ethyl acetate and activated by heatung at 110 C tor 30 mun. The
Iipid extracts m chloroform solution were apphed using disposable micropipettes
(Microcaps”. Drummond Scientific Company. USA). The development ot plates 1
solvent saturated glass tanks containing hexane diethyl ether.acetic acid (80-20-1 v/iv/vy
allowed the visual identification under UV light of the lipid classes atter the silica plates
had been sprayed with 19 2.7 - dichlorofluorescen solution 1n ethanol Standards and
stundard muxtures were spotted beside the extracts

The quantitication of each lipid class was possible using an Latroscan ™ analy zer
(Iatron Laboratories. Inc.. Tokyo, Japan) witih a tlume 1onization detector (FID) atter
separation of Iiprd classes on Chromarod«-SIT* (Silica gel coating) (Sipos and Ackman.
1978 Ackman, 1981). Refore chromarods were spotted with samples. used chromarods
were pre-soaked overnight in 30% nitric acid. washed and blank scanned on the FID of
the Tatroscan * anulyzer. One to 5 ul of chloroform solution contwining the hipid extract
were applied to Chromarods-SII* with Drummond disposable micropipettes. The frame

contaimng the 10 chron.arods was then placed into a solvent saturated glass chamber
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containing hexane-diethy! ether:formic acid (97:30:1.5 v/v/v). Developed rods were oven
dried at 110°C for 3 min to evaporate the solvents and then transferred to the scanning
frame of the Iatroscan® analyzer A mixture of triacylglycerides from fish oil was used as
a lipid standard, using a total of 20 ug per rod.

The scanning procedure was performed as follows:

shydrogen flow rate: 160 mi min -,

sair flow rate. 2.000 ml min
svoltage range of the detector: 8 mV full scale and.
sscanning speed: 042 ecms .

Peak areas were recorded and 1ntegrated on a Spectra Physics SP 4200* computing

mtegrator.

Data obtained on the lipid composition at each developmental stage represent the
average of two batches of eggs and two batches of larvae, each batch having between
two and five replicates. All data are presented as % wet weight of the total lipids
extracted as obtained from the printout of each analysis and. therefore. must be
considered approximate values. Statistical analysis of data usmng the Rodger's
(1974.1975, method ot analysis of varlance and comparisons were performed and are

shown in Appendix B4.

3.3 Results

The Iip.d composition of eggs and larvae of sea scallops spawned and reared
under laboratory conditions exhibited high variability of the three main lipid classes.
Triacylglycerides (TG), phospholipids (PL), and sterols (ST) were easily identitied.
Minor traces of sterol esters. free fatty acids. and hydrocarbons were also identified in

some samples and they were pooled as other lipids (OL). Examples of chromatograms
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showing the separation of total lipid from sea scallop eggs and larvae are depicted n Fig.
3.1.

Observed lipid composttion varied significantly throughout development (Fig 3.2)
as shown by the results of one way ANOVA performed for all the lipid classes
(Appendix B4). Immediately after fertilization of eggs. Ttiacylglycerides and
Phospholipids remarned relatively unchanged with respect to untfertilized eggs while
sterols increased slightly from 3% to 4% (Fig. 3 21,

The most distinctive feature was the high relative conient ot TG of maternal
origin 1n both unfertilized (43%) and fertihized eggs (44%) which was subsequently
reduced to 29% of total lipids as found mn 4 days old larvae tAppendix B-h. This latter
stage corresponded to the first shelled stage, and was reached n the absence of added
food.

The oppostte trend was found to oceur for phospholipids which inereased trom
43% to 59% of the total lipids. which 1s inversely comparable to the TG losses ibig 3 2)
The proportion of sterols also increased from 3% to 4 of total hipids with respect to the
initial content of unfertilized eggs.

Veliger larvae that had been fed for nin= consecutive davs after the first teeding
showed a turther decrease of TG content with respect to unfertilized eggs at dav 13 1o 8¢
of total lipids, which was the lowest level detected tor this ¢lass PL and ST continue o
increuse to 71% and 6%, respectively ( Appendix B+, These tindings indicate that larvae
have continued to catabolize TG in spite ot being fed. as was also found by Whyte et ol
(1987) 1n larvae of the japanese scallop P. vessoensia.

Larvae sampled at 22 days had been fed continually for 18 days and at this stage
TG increased again to 20%. Values for phospoplipids increased to 71¢% from fertihization
to day 13, then decreased slightly to 65%; sterols increased from ferttlization through to

day 22 (Fig 3.2).
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fertilized eggs 1b). 4 day old larvae (¢), 13 day day oid larvae 1. and 22 days old
larvae (e1. The developing direction 15 from left to right and all chromatograms
were recorded at an attenuation of 8 mV- full scale deflection.
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Thus. scallop larvae had a relatively low proportion ot TG though the tirst halt of
the larval period with TG increasing toward the end ot the tarval period The observed
variability 1n lipid composition (Fig 3 2) indicates that reutral hpids (TG) were being
metabolized to greater extent during the ontogeny of scallop larvae and theretore TG may
indeed play a major role n larval energetics as tound earlier 1 other bivalve larvae
(Gallager ez al.. 1986 a.b). and crustacean larvae (Sasaki. 1984)

Triacvlglycerides content v directly attected by exogenous tood intake and
theyare rapidly catabolized when larvae are nutritionally stressed. however knowledge of
TG content 1s required to assess the viabihity of larvae. Since 1t 1~ always dithicult to
deternine the weight ot bivaive larvae. 1t 15 reasonable to use the method proposed by
Fraser (1689) to express the vartability ot tricaylglycerides based on another hipid class
that remains relatively constant as 1s the TGAST ratwo

The TG/ST rato decreased through development wrom 16 7 10 untertilized eggs to
I'4n 13 day "vvae hetore mereasing slightly 1o 22 at 22 days ¢fre. 3 3y The 1G/PL
rat1o also decreased thicugh development trom untfertilizea eggs 1 02) to 13 day (0 11
larvae betore 1ncreasing shightly at 22 days (0.31) The ratio of PL/ST decreased trom

16.4 1 untertilized eggs to 7 0an 22 day old larvac 1Frg 3 3)

3.4 Discussion

The early development of many marine «rgantsms 15 characterized by g post-
hatching period during which the larvae are largely dependent on endogenous eneigy
reserves, mainly 1 the form ot storage ot lipids. Triavy lglyeerol (TG 1s the major hipid
class stored 1n amimal cells (Lehninger, 1975) The relative content of TG 15 usually
depleted during the early stages of larval development. untl the energetic demands ot
growth and metabolism are met from exogenous sources as has been found n several
species of fish larvae (Fraser et uf . 1987, 1988), lobster larvae (Sasaki. 1984) and bivalve
lurvae (Gallager er al., 1986 ab) Fraser (1989) reviewed the tricyiglycerol content as 4

condition mdex for tish, bivalve and crustacean larvae and found that TG beg:ns to be
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stored only when exogenously derved energy exceeds the immediate metabolic demands
of a larvae as previously found 1n fish larvae by Ehrlich (1974) and Fraser er ol.. (1987).

Identifying the composition of lipid classes of developmental stages of scallop
larvae and the determination of the relative proportions of TG. ST and PL. has served to
recognize the potential importance of individual lipid classes in the basic metabolism of
planktonic stages of a benthic invertebrate. My study showed that triacy Iglveerides were
an energy source throughout the entire planktonic period

[mually, eggs contained almost equal proportions ot both triacylglycenides and
phosphoiipids: but only TG subsequently showed a significant decrease. The vanability
of 1ipids, and 1n particular the lowest level of TG observed at day 13, 15 sumilar to the
decrease of lipids found 1n P yessoensis (Whyte er al., 1987). These authors suggested
that the high lipid catabolism may have been the result of lack of feeding due to an
incomplete gut svstem It 15 also possible, however, that it reflects increasing energy
requirenments (o satisty swimming uctivities.

The relatively consistent increase 1n the concentration of PL through larval
ontogeny 1s a good indicator of healthy larval growth. since there 1s no mndication ot polar
lIipids being cataoolized. with the exception ot the small decrease at the last sampled
stage Simuilarly, the concentration of ST shows a clear trend to increase through
development trom 4¢% to 94 between days 4 and 22, Phospholipids and sterols are
structural components of cell membranes and represent a onstant proportion of the wet
weight of a broad range of eukaryotic orgamsms (Nes. 19742 Fraser ¢t al.. 1987). Their
increase reflects cellular proliferation. Furthermore. Fraser 11989) suggested that sterol
content will correlate highly with the dry weight of bivalve larvae for a wide range of
species. Although phospholipids also correlate highly with dry weight of Atlantic herring
larvae, he suggested that sterol content 1s easier to quantify.

The simularities between egg composition of untertilized and fertihized eggs are

mainly related to the maternal lipid condition. The variability ot Iipid composttion
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through development however. 1s the result ot the nteraction of several tactors:
phytoplankton diet. larval growth, and swimming activity  All developmental stages were
reared under simular condition and fed equal amounts of the same mixed phytoplankton
diet. therefore changes should reflect only the normal development ot larvae n hatchery
conditions.

The onset of ciliary feeding starts with the formation of the velum and 1s hnown
to veeur 1n sea scallops between the third and tourth day (Cuthiney 1974 Further growth
also imphies a larger velum and a denser shell (Cragg., 19%9 In Chapter 2, [ showed that
early veligers between the ages ot 10 and 16 days increased their heltcal swimming
speeds. It 15 tempting to link the lowest level of triacylglycerols found at day 13 1o the
higher energy requirements tor these swimming actrvities Since all examined larvae
originated from a single population (1 Georges Bank adults) with simular ttming ot
development, turther studies of populattons with ditterent unung will could ase
stmultaneous analy ses to resolve this teature.

Since larvae generally accumulate tattv acids trom the phytoplankton diet (Whyte
et ul 1989, 19904,b), turther studies to characterize the larval tatty acid components of
liprds will be necessary to assess the atty acid oxidation that provides the maim <ource of
energy. Ot particular mterest will be a comparison of scallop larvae trom ditterent locales
and dalso within and between ditterent spawning seasons A comparison ot faboratory
teared larvae with those found in the plankton should be of mterest to assess the
phystological condiuion of larvae The only study on tatty acid composttion ot the Iipid
classes ot sea scallop eggs tound ne significant drtterences between shallow and deep
water scallops located in Newtoundland. but this finding only retlected the hpid content
of female gonads (Napolitano er al.. 1992).

The proportions of both main liprd classes (TG and PL3 1n 2ggs of Georges Bank
were nedar 43¢ while Napolitano er «f (1992) tound that Newtoundland scallops eggs

have a higher proportion ot TG (~60¢) than PL (~39¢% . Furthermore, the proportion ot



ST determined here for Georges Bank eggs is almost five fold lurger (2.59%) than those
from Newfoundland (~0.57).

Napolitano (1991) found that the relative proportions of TG. PL and ST in female
gonads of GB scallops vary throughout the year, but generally higher concentrations of
PL were found in the gonad during winter, spring and summer. The only season in which
the proportions of both PL and TG are relatively similar, near 50%, was during the fall
which corresponds to the time in which adult individuals readily spawned eggs after
thermal stimulation 1n the laboratory.

In my study, the focus was on the analysis of lipid varability that will retlect the
development ot sea scallop larvae 1n laboratory conditions. fed a high quality diet in
order to assess the importance of the various lipid classes throughout ontogeny. The
hatchery conditions outlined by Couturier (1986} were appropriated for this study and the
interference with larval development wa, kept to a mintmum. Condztions of temperature
and salinity were hept constant and were comparable to conditions known to oceur in
Georges Bank at the time that larvae are present 1n the plankton. Delaunay er al (1992)
found that larvae of Pecten maximus, which usually settle and begm metamorphosts
between the 23 to 25 day of culture at 18 “C also varied in lipid composition through
development, m some cases with very low TG concentrations toward the end of the
planktonic life However. wince they tocussed on the maximuin production of larvae, a
vartety of diets were used and may not therefore retlect the natural condition of larvae.

There are many fuctors that could atfect the Liprd composition of larvae that
should also considered 1n further studies to make comparisons among spectes and across
taxa feasible, including: the origin of adults, diet provided in tne laboratory, time of the
year, culture conditions, volume of culture containers, and the use of antibiotics that
could preclude the availability of bacteria that may cause variation in larval condition.

A further study of lipid composition should include the analysis of tatty acid

composition in relation to hight cycle and feeding. Until now 1t has been thought that



planktonic bivalve larvae are continually feeding and swimming but the level of activity
has not been determined between day and night. All analyses of larval hipids reported in
this study were on larvae collected during the day, as well as observations of behaviour in
Chapter 2, but it would be necessary to assess swimming rates and ipid content during
the might. Only vertical distribution of larvae was determined during mght samples and
larvae were found to migrate upwards in the simulated mesocosms (Chapter 4.
Negatively buoyant organisius must swim to remn i the same vertical posttion
until they accumulate sutficient liptd reserves through teeding activity 10 achieve neutral
buoyancy (Sargent, 1976). Therefore. the presence of lipid reserves serves a dual role as a
source of both energy and buoyancy. Consequently. m conditions of high availability of
food, lipid reserves would be enhanced. probably also mcreasing buoyancy Raby ez al.
11994) found a higher feeding imndex m brvahve larvae located higher in the water column
during the night than during the day i both stattied and mixed water conditions The
same authors atso found that the vertical positton of larvae overtapped the distiibution ot
food during the might. Buoyancy of lurvae was not deternuned n therr study. although 1t
1s possible that increased buoyancy may be one of the consequences of nocturnal teeding
up in the water column Furthermore. the same authors found thet dwrnal descent
comcided with a lower feeding index. The pattern of vertieal distribution ot early
veligers n a sertes of mesocosms stmulations (Chapter 4y was stmlar to that ot the Bae
de Chaleur study. Although a feeding mndex was not caleulated, the simlarities of
behaviour are striking Furthermore larvace that have tood available n the water column
of a mesocosm pertormed small-amplitude vertical nugrations while those in the absence
of food did not (Chapter 4) 1t is possible that larval migration would only occur when
enough food is available to resupply energy requirements during swimmung. Further
research in this area will be needed to assess the tfeeding condition of larvae at differe. |
levels of activity. It will also be necessary to evaluate the response of larvae m mesocosm

simulations 1n the presence of predators.
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In addition to smoothing out dailv fluctuations n energy demand and supply. TG
1s accumulated to fuel metamorphosis. Catabolism of TG during metamorphosis 15 known
to occur (Holland and Spencer, 1973) which retiects the rellance on endogenous reserves
during this period in which larvae do not feed (Bayne. 1965, Hickman and Gruftydd,
1971), although this study did not extend to this late stage.

Several studies on the metabolism of mollusc bivalves have shown that while
planktonic larvae have essentially a hipid based metabolism, benthic post-metamorphic
stages switch to carbohydrate based metabolism. The adaptive significance of this
strategy 1s. tn part, related the fact that lipids yields a greater quantity of metabolic energy
per unit weight that does carbohydrate or protein (Sargent, 1976, but there 18 also the
additronal advantage of buovancy regulation. Apparently only lipid will satisty the
energetic requirements of a highly active larva i the plankton but other resources will

serve tor fess active benthie “tage



CHAPTER 4

A mesocosm approach to assess vertical distribution of sea scallop
veligers in response to environmental variability

4.1 Introduction

Planktonic organisms display numerous adaptations to complete therr life ¢vele
and successfully respond to therr rumediate needs of locating and gathering food.
remaining suspended i the wdater column. dispersing to new areas, navigating, and
avoiding predators or unfavourable conditions (Chia er al.. 1984, Meroplankionic stages
of benthic invertebrates encounter the ~same challenges as helorlanktone organisms
during short periods of time before switching to benthie hife. nevertheless, hittle 15 known
about therr underlying mechanisms of wtaptation.

Forward ¢ 1988) reviewed the occarrences of vertical migrations of sooplanhton
and tound that they are commondy desoribed ax the resalt of cither behuvioneal tesponses
to exogenous factors such as light. gravity, emperatare, salinigs . ovygen and iy drostatic
pressure or endogenous changes o behaviour und phs siology attribated to age, condition.
and/or biological rhythms. Almost 4!l zooplankton species are known to undergo diel
vertieal migration to some exient (Forward and Hetler. 1992y Three veneral patterns
have been dentified  nocturnal. twilizht, aned reverse mugration. Although there seems to
be a considerable variation between and withim species. the most often Jesenibed pattern
of vertical migration corresponds to nocturnal shiel migration characterized by a simgle
daily ascent to a minimum depth 1eached between sunset and sunrise and a descent to a
maximum depth during daylight hours, Aunother common pattein 1~ twilight mugrauon
with ascent just before sunrise and sunset and descent during the night and day « Forward.
[988).

Highly evolved sensory and Jocomotory capabthities have allowed holoplankton to

adapt to a permanent planktontie lif~. It is therefore expected that ephemeral

oY
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meroplanktonie organisms must develop comparable capabiliues if they are to survive.
This transitional period in the life historv of an estimated 70% of benthic invertebrates
(Thorson. 1950y must contamn significant ecological advantages for the sustainability of
benthic populations of adults of reduced locomotion. However. there is limited
intormation on the vertical distribution of bivalve larvae and larval adaptive traits to
environmental variability,

Bivalve farvae are generally small (<300 @, and at certain times of the vear they
are importatt compenents in the planktonic ecosystem tJorgensen. 19817 Most g ae
undertake vertical movements n the water column. this may resul. from ontogenetic
chunges in their photoresponse (Thorsen, 1964, but little 16 known about the underiving
physiclogical and behavioural mechanisms used by planktonic larvae to secvre da
successful switcn of nmiches and ultimately sustain the temporal and spatial continuty of
benthic populations Hence. research on the early lite history of benthie mvertebrates is
needed to assess the cupability of larvae to respond to envuonmental changes. which
must focus on stidies at appropriate scales to better understan { the role of planktonic
stages in determimng their verticul distrib tion

One of the mam ditficulties 1 obtuiming Jdata on field distributton of bivalve:
Larvae has been the problems associated with larval identification from plank n samples.,
and the lack of long-term research programs tor meroplanhtonie fary @ of invertebrates.
The disribution ot identifiable bivalve larvace has heen generatls thought w result trom
passive mecnanisms driven mainly by local oceanographic cuculation (Korringa, 1952,
Roicurt. 1982: Sehger er ul.. 19827 Some studies have proposed a second alternative
explanation which considers the capabilities of active depth regulation of veligers 11
response to environmental stimuli inherent to plunktonic development (Nelson, 1911;
Nelson, 1953,1955. Carriker. 1951,1961; Kunkle. 1957: Ha-! i, 1964: Wood and Hargis,
1971, Mann and Wolt, 1983: Mann. 1986a). This last hypothesis has been given less

consideration. The contlivting views arise from the ditferent scales taken into account by
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field and microscale studies. Moreover. the role of “uctive™ and “passive”™ mechanisms in
the distribution of bivalve larvae or any other planktonic organism cannot be determined
easily and continues to be a major challenge in larval ecology (Mann. 1988a.b). Munn
(19864) recognized that both active depth regulation (swimming) and passive
mechanisms (7.e.: major circulation patternsj contribute to larval distributton of bivalves:
however, relative contributions ar~ difficult to assess.

Several studies have found evidence of diel veriical migratons of bivalve larvac.
such as 1n a shallow coustal area of Nova Scotia « Harding or «f. 19861, Here, o diel
pattern of vertical migration occurred. with the median depth of the population lower
the water column by day and close to the surtace at night. In another ~studs of vernead
disttbution of a broad range of planktonic organisms m the Western Irish Sea. Sorope-
Howe and Jones (1986 counted hivalse larvae durmy samphing series mooised
1sothermit) and stratitied water colunn condittons T anmethh s anch selicers not ddenttied:
in mixed ssothermal conditons exhibited vartous vertical movenents o moved owand o
particular depth in the water column at night. In strautied waters, larvae had cither the
satne behasioar as dunng the mixed tme series or they moved upward toward the surface
Jd ngh{.

Csimg laboratory reared larvae, Kaartvedt or af (19870 used 4 o deep plastie
enclosures ¢ 12 w1 to study the vertical disteibution ot Pecten iavimus Lirvae Kaartvedt
found « pattern of [urval mugraton to shallower depths at mght. based on a positise
correlatton between larval depth and the amovat of nedent radiation, and 4 negative
correlation hetween vertical dispersion and radiation,

Vertical distribution data on offshore brvalve farvae are rare although o unique
series of tield studies har bzen reported tor laivae ot Placepecten magellanicuy
¢ Tremblay and Sinclarr, 19904, b, 1992 Trerublay. 19911 m the CGeorges Bank ares and
in the Bay of Fuady « Northwest Atlantic . Sea seallop lurvae were wdentitied CTremblay et

al., 1987, and found to be distribaied througnout the water column i well-mived waters
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and aggregated above the pycnocline in stratified areas in Georges Bank (Tremblay and
Sruclair, 1990b,1992). However, in an outer area of the Bay of Fundy. there were only
small amplitude changes in the vertical distribution where larvae appeared to unde.take
diel vertical migration (Tremiblay and Sinclair, 1990a).

Larval dispersal is thought to depend primarily on endogenous factors inherent to
the length of larval life and larval behaviour and on exogenous factors that correspond to
the hydrographic regime that larvae encounter (Young and Chia, 1987). Horizontal
distribution of larvae seems to be mainly driven by physical forces (Robinson er ul..
1991): nevertheless, there has been growing recognition that planktonic organisms may
be able to regulate their vertical distribution. Eariier studies have shown that bivalve
larvae display both a helical pattern of swimmisny that may enhance feeding activity but
does not significuntly alter the larvas' vertical position. as well as passive sinking and
ascent in vertical lines that could significantly affect their vertical position (Chapter 2).
Veliger lurvae swim uand feed using the cilisted velam while ascending and sinking in
microcosms throughout development prior to metamorphosis (Bayne. 1963, 1964; Cragg
and Gruffydd. 1975; Cragg, 1980 Mann and Wolf, 1983). Numerous environmental
variables appear to modify this behavioural pattern. such as light (Thorson. 1964);
salmity (Huskin, 1964; Hidu and Haskin, 1978): temperature (Bayne. 1964; Verwey,
19661, and pressure (Bayne. 1963: Cragg and Grutfyvdd, 1975 Guan, 1993) Durning my
short term study of the effect ot food availability and larval feeding conditions (Chapter
2). larvae appeared to respond to the presence of fuod by increasing the diameter of the
helical pattern. This response indicated tite capabality ot larvae to modity therr behaviour
1in Jesponse to biological changes. Behavioural changes could certainly oceur in natural
environments and could enhance the retention of larvae in areas of high productivity.

It is not possible to define the large scale processes of the open ocean without in
situ observations. but small scale laboratory studies have provided a description of

species-specific traits that may contribute to the understanding of vertical distribution of
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planktonic organisms and thus nfluence dispersal and recruitment (Sulkin, 1986) The
lack of comprehensive understanding of the planktonic distribution or larvae 15 most
probably due to the absence of studies that consider both alternatives. “passive and active
processes” 1n the design of sampling and analysis of vertical distribution of larvae.

In an attempt to understand the coupling of active locomotory and teeding
capabilities of larvae mn relation to passive environmental constraints imposed by natural
processes, 1 developed this study as o logical next step mn the assessing of verticdl
distribution of scallop larvae m a series of mesocosm simulations. Conswdering the
behavioural traits observed earlier (Chapter 2), the response of larvae to exogenous
factors were assessed from observed vertical distributtons, The teasibility ot reariny
larvae of P magellunicus 1n the laboratory and the avauability of one ot the largest
mesocosms 1n the world at Dathousie University provided a unique opportunity to destgn
a sertes of vertically mixed and vertically stratitied water columns to include the etiects
ot a diel light cycle, tood avalabiiity. and sahinity stratitreation.

These studies mitiated a comprehensive research program at the Biology
Department of Dalhousie University to assess the capability of larvae from ditterent
locales to regulate vertical distribution through the planktonic stage. Here, only larvae
origiated trom sea scallops from Georges Bank were used as J test case to address the
tollowing questions’

. Is there an observable pattern of vertical distributton ot sea scallop larvae
through a diel light cvele’

it. Does a diel light evele coupled with tood avatlabilits have any ettec on
the vertical distributton of sea scallop larvae’

ui. Do diel light cycle. salinity stratfication and tood avatability at two
haloclines atfect the verucal distribution of sea scallop larvae’

Vertical distribution ot P. mueellunicus larvae in these mesocosm sunulations can

either remamn untform throughout the water column or vary accordir 1 to the simulated



environmental conditions m each case. If it remains constant 1 will be possible to
hypothesize that larvae are acting as inammate particles and do not have the capability to
alter vertical distribution under the given conditions. On the other nand, if larval vertical
distitbution changes throughout the simulations and within profiles, 1t will be possible to
substantiate the hypothesis proposed in Chapter 2 that larvae have the capability to
actively regulate vertical distribution. The observed vertical distribution of larvae found
in each of nine mesocosm simulations will be evaluated and discussed 1n the context ot
the overali role of larval swimmuir.g capuoility (active swimming) within the temporal and

spatial « cale of this siudy and with those 1n the literature.
4.2 Methods

4.2.1 Mesocosm facilities

A concrete tower of 117 m capacity end 104 m depth by 3 6 1 internal diuneter
(Balch et al.. 197%) (Fig. 4.1y was used i my study  Seawater s pumiped from the
Northwest Arm of Halifax Harbour, passing through Graver sand pressure filters that
remove particles larger than 50 wn. Prior to enter the Aguatron tower the seawuter line
was further filtered *o remove particles larger than lum, by flowing seawater through a
set of 16 filter cartridzes of 1 pm mesh. Light 1s provided from six overhead lamps. tour
phosphor-coated metal halide lamps (1000 W) and two mercury lamps 400 W) that
provided a maximum tlummation eginvalent of up to 4% of the mid-dayv summer light
at this lautude (44°V) (Balch er al., 1978). Two sets of light nmers provide successive
decreasing or increasing light condiuons, sunulating dush and wawn etfects while
maintaining a diel cycle of 12.12 A corresponding to 7 am: 7 pm normal Jday time. After

the first mesncosm simulation, the air cooling system was turned on o dirinish the etfect

of heat generated by the light system on the surfuce of the water column
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Figure 4.1  The 10 m vertical mesocosm at Dathousie University Shown are alass
viewing ports, overhead hehining svstem and sprraling starcase ased toaccess
sampling ports
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4.2.2 Larval culture

All larvae were obtamned by inducing spawning of mature scallops trom the
Georges Bank area, followed by artficial fertilization ot gametes and larval rearing 1n the
Aquatron faciities at Dalhcusie University, Halifax, N.S.. as indicated in Chapter 2.
During the reanng phase, all eggs and larvae were grown and maintarned 1n 1000/
msulated XACTICS tanks at constant temperature of 14 = 1'C with gentle aeration. The
eneral schedule ot water exchange. feeding. and sampling was kept as described in
Chapter 2.

A muxture of three species of phytoplankton at an initial concentration of 50.000
cells mi '. was added every second to third day from day four atter tertihization. All

larvae utilized tor mesocosms simulations were harvested bhetween 4-10 days after

fertilization and were held for 4-6 hours n fre<hly filtered seawater ( 1 um) 1n the absence

of tood prior to being placed nto the mesocosm.

Four species of phytoplankton (Chaetoceros mucllert. Isochrysis galbana,
Chuetoceros calcitrans and Thalasstosira pseudonana (3H)) were axentcally grown
(Guillard and Ryther, 1962) and harvested during the exponentially growing phase
During 1988, unly the tirst three species were used During 1989 I pseudonana was used
instead ot C caletrans. The selected diet was added at the beginning ot the simulations

and evers second day therediter nnnl the experiment ended

4.2.3 Experimental design

To investigate the vertienl distribution of sed scallop veligers .nd therr response to
the water column structure. | designed five experimental studies to record the vertical
distribution of larvae under the fc Jowing conditions (Table 4.1): 24 /¢ 12:12) diel light
cycle m January, 1987 (S1), diel hight cycle n ke absence of added food (52) und patchy
tood at the surtace layes in September. 1988 (S3), diel hight cvele and surtace potchy tod

(S4) and unitorialy distributed food in December. 1989 (85); wiel hight cyele, sahimity



Table 4.1 Placopecten magellamcus Summary of all experimentai mesocosm simulations in 10 m
water column

Simulation Dato Larval Larval | Profiles | Sampling | Sampling | Sampled
COncem%ation age Period Intervals Volume
x10 days h h !
Die! LightCycle 1 NcFood
(DCL) Jan 87 3.27 7 5 24 4 - 6 20-40
DLG 2 No Food
3. Patchy Food Sep 88 0.82 9 6 72 12 - 24 40
DLC 4. Palchy Food 1
5. Uniform Food | Dec 89 1.11 10 11 108 4 - 12 20
DLC ©. Food at 31%o0
Salinity 7 Food at 33%o | Aug 89 1.36 4 5 60 12 7-20
Stratification
bLC 8. Food at 31%o
Salinity 9. Food at 33%0 | Oct 89 2.10 8 7 3+ 12 7-20
Stratification




stratification, and food availability at two distinct haloclines at 31%. (S6) and 33%. (87
in August, 1989 (in this study a dye was added to the haloclines to identify thickness)
repeated without dye in October, 1989 (S8 and S9, respectively).

During the first simulation (S1) the whole mesocosm was used (117 ') as one
experimental column (Fig. 4.2). All other experimental mesccosms were run using half of
the vertical tank (58.5 m") for each experimental situation. A tlexible divider
(polyethylene sheet) was installed to physically separate two water columns of 58.5 m’
allowing two simultaneous experimental situations (kg +.2).

The first experimental simulation (S1), investigated the etfect ot diel cycle in a
vertically homogeneous water column. The vertical tank was filled with 50 ym sand-
filtered seawater. the light cycle was set at 12:12 /i (light:dark) and 3.27 x 10" larvae were
added over the surface layer. A total of § profiles were obtained from integrated samples
using an “‘octopus sampler”

The second simulation (82, 83) investigated the ettect of hight cycle and food
added to 1 wn filtered sea water. During Sepiember, 1988 vne experimental column
contained only larvae in | um filtered seawater (82) and the other contained food added
by gravity to the upper 2 - 3 m of the water column (8§3) by gravity 3 - 4 & prior to the
first and fourth profiles sampled. During December, 1989, one experimental column
contained larvae and patchy food added by gravity m the upper 2 m (84! and the other
contained larvae and umformly disteibuted food (§5). A total of 0.82 x 10 and 1.11 10"
larvae were added mto cach column in September, 1988 and December. 1989,
respectively

The last simulation series aimed to investigate the combined effect of diel [ight
cycle, salinity stratification and food availability during August. 1989 (86, 87y and
Cctober, 1939 (S8. §9). In both cases the salinity stratified water column contained a
stepwise gradwent of predeiermined salinities ftura 307 to 3477 from top to bottom. The

salinify g, adiert war Jeveloped slowly by adding brine to | pm filtered 32%%. seawater
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Figure 4.2 Diuagrams of the vertical tank with the sampling systems. “Octopus sampler™
used during S1 (left) and the vertically divided tunk with a gravity sampler system
(right).
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until the 34%. layer (bottom) layer was obtained. The middle layer was slowly layered on
with normal 32%. salinity seawater flow : onto a sheet of floating plywoed to avoid
mixing. The t.n 30%. layer was obtained by mixing normal salinity water with filtered
dechlorinated wate1. By carefully monitoring salinity and watcr tlow, two columns were
simultaneously constructed with a salinity gradient consisting of three well defined
uniform horizontal layers (30, 32 and 34%.) Two varying microlayers averaging 31 and
33 % of approximatelv 0.5 m height were formed at haloclines as a result ot the slow
mixing and could easily be detected by salinity readings. During August 1989. 100 m/ of
diluted Rhodamine dye (2%) was added at haloclnes in 31 and 33%. water to help
visualize their height and location but no dye was added during October. 1989. A total of
1.36 x 10" (Avgust, 1989) and 2.10 x 10" (October. 1989) lurvae were siphoned by
gravity into the centre (5 m) of cach muddle laver (32720, A mixture of ph; toplankton
was made available by siphoning by gravity a similar amount into the 314« microlaver n

one column (86. 88) and at the 3340, nucrolayer on the other column (57, 59 1.

4.2.4 Sampling procedure

Water and larval sumples throughout the mesocosm simulations were obtained
using two physical sampler tvpes: an “octopus sampler” activated by an clectrie surface
pump during the diel cycle simulation (813 and a gravity sampler m all others.

I'he “octopus sampter”™ used during the tirst sunulation (81 consisted of an array
of six sets ot 1.5 ¢m (diameter) PVC pipes of different lengths all connected to a central
pipe which connected to an extension hose and to an electric pump iFig. 4.2). The
“gravity sampler” used during all other simulations consisted of two sets of 4 m fong
flexible hose (2 ¢m diameter) with one end attached to a valved sample port through the
wall of the tank and the other end attached to a weighted “T” joint, secured to a metered
rope that allowed an operator at the surtace to manoeuvre the hose during sampling at

predetermined depths.
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Integrated samples were obtained by coordinating activities through w alkie-talkie
communtcation between one operator in charge of the vertical and horizontal movenents
of the intake hose located at the top of the mesocosm and a second individual controlling
the valve and collecting the samples at two depths 1n the tank. Sample volumes ot 40/
were collected during the first profile of January. 1987 and during September. 1988 All
other samples were of 20/ for each mtegrated depth. except m the 0 5 m hatochnes ot the
last simuiation sertes which were only 7 7.

Integrated samples trom 0-3 3-A and 6-10 m were collected during stoulations 81
to S5, m each side ot the mesocosnt during the sampling pertod Integrated samples trom
(0-3.3- 35, 35-65,65-7 and 7-10 m were taken during sunulations $6 10 89 A sampling
period every 4 hours was included on the last day ot sampling to verity the trend of larval
distribution at a higher trequency sipce all other sumulations had a 12 A frequency

To avoud contamination of samples 107 of water were discarded pror to each
sampling and between each dey ith. Larvae were sereened thiough 180 um mesh to remonve
large particles, retained on 44 um screens and preserved m 4¢¢ tormalin buttered with
sodium borate 1n labelled tlasks for later councs under dissecting microscope

All larvae obtamed n each of the samples were counted under + dissecting
microscope and used to calculate the number Hf larva per liter m each sample by dividing
the total found by the sample volume Subsequentlv, to estundte the total number of
Jarvae that would have been found m each stratum. the nunmber of larvae per fiter was
multiphed by the total volume of each stratum Thetetore. the concentration of larvae
shown in cach layer 15 the proportion ot the total number estimated tor each protile

assuming untform distrtbution of larvae within each stratum

4.2.5 Water column characteristics
Te characterize the structure of the water column, temperature and sahmty were
measured in witu using & Bechman”® salinometer. A LiCor® Li-188AB radiometer was

used to obtamn a light mtensity profile during the tirst simulatiea. Determinauons of
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Chlorophyll-a were done during the first five diurnal profiles for S4 and SS.: during the
second diurnal profile of §6 and 87, and for all day and night profiles during S8 and S9.
In each case, 250 ml water samples were collected and filtered through a 22 um mesh
following larval sampling; immediately after, all samples were further filtered using GF/F
Whatman filters which were kept frozen ¢ -20C) for later analysis following the method

proposed by Parsons er al. (1984).

4.2.6 Data analysis

All data fiom the 63 larval profiles (295 samples) are presented as percentage of
the total larvae found in the water column per integrated depth (i.e.: 0-3 m, 3.0-3.5 m) to
facilitate comparisons within profiles for each simulation and between simulations

The data were assessed statistically by the method of Rodger (1974, 1975) using
his Ea = 0.05. That procedure allows for the post-hoc assessment of contrasts across the
group means following analysis ot variance and are shown i Appendix BS for ¢ach
simulation.

Mean depth of vea scallop larvae during each of the 63 sampling protiles was
calculated as the median depth or centre of mass (ZCM) as proposed by Fortier and

Leggett (1982):

ZCM = \Zpll‘

=1

where. p, 1s the proportion of the total number of lurvae collected within the 1-th depth
interval (i.e.: 0-3, 3-6, 6-10 m: 0-3, 3-3.5, 3.5-6.5, 6.5-7, 7-10 m) und z_is the i-th interval

mud-depth (e.g.. tor the depth interval 3-3.5 m. z,is 3.25 m).




4.3 Results

The overall observed larval distribution appears to indicate a consistent median
depth of larvae (ZCM) deeper 1n the water column during the day and higher n the water
column during the night. Although varations were found depending on the characteristics

of each simulation.

4.3.1 Simulation of diel light cycle

During the first simulation (S1Y the vertical distribution of larvae showed a
distinet pattern moving from a high concentration at the surface at night toward the Jower
portion of the tank durmg davlight sampiing and returning to a higher concentration near
the surface during the last nocturtal sampling period (Fig. 4 3, There was a sigmiicant
difference between day and night ZCM as shown [ Appendix BS. Larvae were found
throughout the vertical column 1 all samples representing estimates ot the total number
of larvae between 16 to 100 2. The larval median depth «ZOMy depieted m b 4 4
indicates that the mean depth of larvae for the three nocturnal sumples s sieniticantls
higher than the two daylight sumples Although. this simulation contaned 30 umr filiered
sea water and no added phvtoplankton it 15 likely that there was food was availabic witnin

the particle size that larvae feed upon but no measurements of chlorophy ll-w vere made.

4.3.2 Simulation of diel light cycle and food availability

During the first expermmental column (82) Luvae were placed m 1 g filtered
seawater (no food) and they were observed to distribute throug out the entire Jepth of the
tank except mn the bottom layer of the second profile of 82 Larvae appeared mostly
concentrated 1n the muddle and top layers throughout the entire sampling period (Fig. 4.51
and there were no signiticant ditferences betwesn day and mght (Appendix B51.

The second experimenial column of this simulation (83) contwned a
phytoplankton layer added at the surface which appeuared to alter the vertical distribution

of larvae (Fig. 4.5). During two of the three wcwurnal sampling sessions larvae appear

2
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significantly concentrated in the upper poition of the tank (Appendix B5). while during
dwrnal sampling larval distributicn was more variable No larvae were found in the top
layer orf the first diurnal sampling, but thev were highly concentrated in the top layer
during the second diurnal sampling and more evenly distributed during the last diurnal
sampling The fact that the phytoplankton mixture was added to the top layer (2 - 3 m)
just 3-4 4 prior to the first nocturnal sampling and second diurnal sampling may have
intluenced the pattern of distribution in the dwarnal sample of the fourth profile of S3.

The calculated larval median depth (ZCM) shown n Fig. 4.6 indicates a
relatvely constant mean larval depth throughout simulation S2 1n the absence of food
while it 1 more vartable during 8§3. Mean depth of larvae (ZCM) during nocturnal
sampling (S3) was generally higher in the water column than during dayhght sampling,
though. the diurnal sampling following the addition of fvod 1n the water column (profile
4) did not show the trend of diurnal descent seen on the other davs. perhaps because the
opportunity to graze upon the food layer held larvae 1n the upper layer.

The last set of experimental mesocosms tnvestigating the etfect of food
availaoility was performed in December, 1989 and included a column with a muxture of
phytoplankton added to the top layer (S4) and the other with the same amount of food
evenly distributed throughout 1ts depth (88 (Fig. 4.7, 4.8). The phytoplankton mixture
was added prior to the tirst and  fifth sampled profile (day) but. as Fig 49 shows. the
patch was not stable and rapidly equilibrated. A samphing pertod every 4 hours was
included on the lust day of sampling to vernifv the trend of larval distribution at a higher
frequency since all other simulations had a 12 /i frequency. Higher concentrations of
larvae were found 1n the top layer during all nocturnal sampling during S4. while during
the day larvae did not show a consisteat pattern but rather appeared to bz either evenly
distributed, somewhat concentrated toward the bottom layer or more rarely concentrated
in the upper layers (Fig. 4.7: 4.8). Overall. there were significant ditferences between day

and night samples as shown in Appendix BS.
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Figure 4.6  Plucopecten magellanicus . Larval median depth (ZCM for each prefile
during the 72 h sampling period. Water column without udded tood (S2) (top

panel), water column with near surface patchy distribution of foud (83) (bottom
panel).



89

Jll

P11

P
Ll

961

859

P10
80
g
1018
1] 80
% [}
998

O.—_
. -
E — T 3 I8
c ] o ]
[} o]
~ . § i 3
BZ 8 1 e
gl| P
gl f—r—T % 1_T [ ]°¢
o ] g.'
i1 t—r—t T 7 78
= .
- AM E
2 : — & I — 5

80

Illl.

P2

i 1!J|gjiii
1478
gt
frerrey
1349

MN=1343

N= 1517

P1

[_...
T T T I

I
o &N 9w 9 o« o -
L]

=) ™

i
< o~ - ¢ ®

Figure 4.7  Placopecten magellanicus. Vertical distribution of scallop larvae in two
experimental 10 m water column, patchy distribution of phytoplankton near the
surface (S4) (top panel) and uniformly distributed phytoplankton along the water
column (S5) (Lottom panel). A total of eleven profiles were sampled in each
column over a period of 108 2. Samples were collected at midnight and midday and
every 4 hours during the last 24 hours of sampling. The width of each of the three
strata represent the percentage of larvae from the total estimated for each profile.
The height of each stratum correspond to the sampled depth interval (0-3, 3-6, 6-10
m).




90

0 I L1 ] ! | L1 i
A Q  day L
- B nigat -
.
_ _ u .
E 4 e IR o WP [} n b—
£ O o "
% o} O O
a 6 - . L
i © L
8 L
10 T T T T T T T T T
0 — [ T [ 1 L L
1 O day
2 - & night
4 . u _
& 4 — - (o} r
= , 0
2 10 n * o r
Q 6 0 o %
' i
" i
' i
10 T T e R
2 3 4 ) 6 7 8 9 10 11
Profile

Figure 4.8 Placopecten magellanicus. Larval median depth (ZCMD for each profile
during 108 h sampling period. Water column with near surface patchy distribution
of food (S4) (top panel). water column with food uniformly distributed (S5)
(bottom panel).



91

Temp 13.7°C
Sal 32.0 %o

P1 P2 23 P4 P5
Chla pg 1™
a2 1.0 0.2 1.0 0.2 1.0 0.2 1.0 0.2 1.0
0 ool I W) Lagala bageady l t ‘x_
2 - -
&
4 — -
£
- B L
g
o °7
8 - -
4 -
10 TTroTT L L T ?-I"-\'r'rr" T
Chl-apug 17
J.L 1.0 PN L.v 0.2 1.0 Dul 1. [ PN
0 WS Ll Ll Logale L1y
2 -
g | -
- 4
b wd -
% o
a °- f i
8 — L.
10 fll[l {Ylllv ly]y[x [|1I;T

Figure 4.9 Profiles of the concentration of chlorophyll-a < 30 ww» during the first five
profiles from Simulation 4, with top patchy distribution of food (S4) (top panel)
and Simulation 5, with uniformn distribution of foed (S5) (bortom panel).



When food was available n the entire column of 85, the nocturnal concentration
of larvae near the surtace observed earlier was evident vnly 1n two profiles. the others
show a more even distribution throughout the water column. Dayhight distribution on the
other hand. showed a reverse trend. a more consistent pattern of higher concentrations
toward the middle and bottom layers of the water column (Fig. 4 8) was detected. Larval
mean depth (ZCM) was consistently higher 1 the water column during noctuinal
sampling (84 than diurnal sampling «Frg. 4.7. .80 Overall, there was evidence of

migration in both simu'ations S84 and 85 (see Appendix By

4.3.3 Simulation of diel light cycle, food availability and salinity stratification

Larval distribution per stratum showed very distinet features 1n the columns in
which the halochines were dved (86 and 87) compared with distributions where no Jdye
was used (88 and $9. In 86 and 87 lurvae were almost consistently absent or o very low
numbers i the top laver and mostls aggregated toward tee bortom layer <3447 (Fig.
4 10y which bore no relationship with the level of svaldable chlorophyll-a estimated trom
the last dwrral profile (P4) (Fig. 4.101. There were sigmiticant didferences between the
calculated larval median depth (ZCM) for day and might samples during these
simulations S6 and S7 (Appendix BS). eventhough. the larval median depth ot one might
profile was lower during the mght (Fig 4,11+ The ~alinity gradient wae refatively srable
throughout the complete sampling period. althongh temperatare increased slightiy (Frg.
-+.12) as shown by the calculated Sigma-t (Fig 4 13y,

The last stmulations revealed a pattern Jift>-ent from that observed in 86 and 87
In columns S8 and 89, larvae aggregated mostly in the middle layer wheae thev were
originally placed, subsequently moving to the top layer and bottom laver at different
times (Fig. 4.14). Two of the three nocturnal samples in S8 showed a net larval
movement toward the top layer (P4, P6; as seen in the top panel of Fig. 4.14. Diurnal
samples showed larvae to be aggregated in the middle lauver and a small proportion

always appeared in the top layer. no statistical differences were found in 88 (Appendix

h
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Figure 4.10  Plucopecten magellunicus Vertical distribution of scallop larvae in two
experl: .entally stratitied 10 m columns with a salinity gradien: from 30 to 34%.,
from top to bottom. Food was availuble in one column at the 31%. halocline (S6)
(top panel) and in the other at the 33%. halocline (S7) (bottom panel). A total of
five profiles were sampled in each column over a period of 60 hours. Samples were
collected every midnight and midday and every four hours during the last 24
hours.(Rhodamine dye was added to each halocline). The width of each of the five
strata represent the percentage of larvae from the total estimated for each profile.
The height of each stratum correspond to the sampled depth interval (0-3. 3-3.5,
3.5-6.5, 6.5-7, 7-10 m). Right column: chlorophyll measurements at each depth
interval during the last diurnal profile.
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Figure 4.11
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Placopecten magellamicys Larval median depth tor each protile during

60 A sampling pertod n a salinity stratitied wdater colume. Food avaiiabibity at
31%, halocline (86) (top paneb. tood availability at 337 halochne (S7) (hottom

panel).
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Figure d.14  Pluacopecten magellanicus. Vertical distribution of scallop larvae in two
experimentally stratified 10 m water column with a salinity gradient trom 30 to
34%a from top to bottom. Food was available in one column at the 31 %, halocline
(S8) (top panel) and in the other at the 33%. halocline (S9) (bottom panel). A total
of seven profiles were sampled in each column over a period of 84 /. Samples were
collected every midday and midnight. The width of each of the five strata represent
the percentage of laivac from the total estimated for each profile. The height of
each stratum correspond to the sampled depth interval (0-3. 3-3.5, 3.5-6.5. 6.5-7, 7-
10 m).



BS). Vertical distribution of larvae fed at 33%. (§9) was somewhat different to that ot
larvae fed at 31%. (89). mn this last simulation larviae were mostly concentrated in the
middle layer and showed a trend to aggregate 1n the bottom layer during the last three
sampling periods (Figs. 4.14: 4.15). Diurnal profiles showed a broader distribution ot
larvae throughout the water columns, although. there were significant differences
between day and night samples (Appendix BS).

The mean depth of larvae (ZCM) ot each protile during both simulated conditions
(S8 and 89 was generally higher with food offered at the upper halocline and lower
when food was offered at the lower halocline (Fig. 4.15: 4.16). The sahnity stratitied
water column (Fig 4 17. 4 18} atfected the vertical distribution of larvae, with larvae
remaining near their original depth and moving only skghtly nto the closest area ot
higher concentration ot tood at the halochnes (Fig 4.16) The earber trend toward
nocturnal ascent (S1..83. S4. 851 observed during a unttorm v er column remuained
S9. but it was daniped.

In general, throughout all nine e <perimenrtal water columns lurvae appeared to be
located lower n the 10 m water column by day and higher at might +Fig 4.19). m
particular during S1. $3. S4 and S5, larval vertical distribunion e named relatvely
constant during 82 in the absence of food (Appendiy BS The presence of a4 sahnin
gradient clearly hmuted the extent of larval movement w11 > water column as seen during
the last four simulations

There were no ditferences in ZCM found mn 82 1n the absence ot food. but a clear
pattern of higher ZCM was consistently found 1n those columns that contained as auable
food (S1. 83, S4. 85) (Appendix B5) The ZCM of the last four sumulations shows that
larvae remamned mostly within a narrow band near the haloclines. Larval mean ZCM was
marginally higher. but statistically significant (Appendix B3y 1n the column during the
night and lower 1n the water column during the day for 87 and $9 but no statistical

differences were found during S8 ( Appendix B5).
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Figure 4.15  Placopecten magellanicus. Larval median depth (ZCM) for each profile
during 84 h sampling period in a salinity stratified water column. Food availability
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Figure 4.16 Profiles of chlorophvll-a < 30 wm during each sampling from Simulation
8. with top food at 31%. (top panel) and Simulation 9. with bottom food at 33%.

(bottom panel).
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Figure 4.17  Profiles of temperature and salinity during the first sampling period (left
panels) and last sampling (right panel) in Simulation 8 (top panels) and Simulation
9 (bottom panels). Solid line 1s salinity and dotted line is temperature.
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profiles for each of the nine simulations. Vertical bars represent minimum and
maximum values.



4.4 Discussion

One of the main objectives of this study was to inmate a series of investigations
on the factors determining the vertical distribution of planktonic sea scallop larvae in
semi-natural conditions. The feasibility of rearing larvae of sea scallops P. magellunicus
in the laboratory and the availability of one of the world's mesocosms at the Aquatron
(Dalhousie University) made this pilot study on the vertical distribution of veligers under
a series of simulated conditions possible.

The 10 m mesocosm has been previously used for short term experiments on the
distribution of zooplankton and zooplankton feeding tBoher. 1983, Price. 1989; Collins.
1989} providing valuable information on the ecological aspects of planktonic organisms:
the present study reports the first series of mesocosm simulatons wvestigating the
vertical distribution of a bivaive larvae m an indoor mesocosm.

The spatial distribution (vertical und horizontalr of planktonie larvae has been
considered to be mainly driven by passive mechanims, e the local vceunographic
regime (Tremblay and Sinclair, 1988.1990b.1992, Robinson e af . 1991). although the
possibilitv that planktonic larvae can regulate their distribution by displaying active
mechanisms priot to benthic settlement has been hypothesized for several estuarme and
coastal bivalve species (Boicurt. 1982, Burton and Feldman, 1982, Day and McEdward.
1984: Penmington and Emlet, 19561, I investigated links between active mechanisms
observed in larvae swimming i microcosms and the verucal distribution in simulated
mixed and stratified conditions which had not been investigated for more oceanie species
such as sea scallops Survivors of this planktonic pertod mus. eventually leave the water
column to settle 1in adequate substrate and later recruti mto pre-established adult
populations or colonize new areas (Crisp, 1976). In nature. adult sea scallops live more or
less confined to particular benthic areas and although they are well known jet swimmers
when escaping from predators. there 15 little evidence that they mugrate from the adult

grounds. Adult aggregations in Georges Bank ure probably a self-sustaining macro-
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population 1 which larvae from one location may be seeding the next aggregation as a
result of the well known clockwise circulation over the bank (McGar.ey et al.
1992,1993: Tremblay ez al, 1994)

Does vertical distribution of veligers vary or remain constant through a diel hght
cycle’ This was the question n the first simulation The observed vert.cal distribution ot
larvae clearly varied over the 24 i sampling period Larvae moved from a high
concentration at the surtace dvring the first might o a lugh concentration 1n the muddle
and bottom layers during the day. and then to the upper layer during the next day
although 1n lesser concentrations In this particular mesocosm. the octopus sampler used
was deployed using a mechianical crane 1n the middle ot the tank. and theretore collected
larvae only 1n the muddle section The decrease in the total numbver of larvae collected
after the first sampling session may have resulted from sampling at a laival patch during
the first protile but not during the others since larvae were originally placed i the top
layer Nevertheless, larvae were tound to distribute away trom the upper layer. well uato

the lower part of the tank during the day and to ascend to the upper layer durtng the

second night. Even though tood was ot added into this simulation. the >Oum tiltered

seawater likely contained enough food particles n the size range that larvae feed upon,

less than 30Lm (Rao Durvasula S . Bedford Institute ot Oceanographv, Darmouth N S

unpubhished data) Therefore this simulation 1s a baseline tor larval hehaviour ot a
previously fed larva in a moderate food environment When tood was absent mean larval
ZCM was 4 | m during the day and 4 m during the might (Fig 4 19)

Three addicional s'mulations to analyze questions about the etfect of
environmental vanability i semi-natural conditions on the vertical distribution of larvae
were pussible given the available technical controls of the mesocosm.

Is the vertical distribution of larvae 1n response to a diel light cvele constant or

does 1t vary with food avatlabilny > The vertical distributions ot larvae 1 the tirst tive
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experimental columns (S1-85) indicate that larvae can be found distributed throughout
the water column. aithough thev mostly migrated to the upper layer during the mght and
descended in the water column during the Guy ~7hen food was available. as shown by the
calculated larval median depths When the water column contained only filtered seawates
(82) most larvae remained in the upper portion of the column which suggests that
searching for food using upward helices tends to bring larvae to the top. while feeding
and/or satiety reduce upwdi 1 movement. Thus. when food was added just prier to nudday
sampling in S3 (profile 4, larvie appeared 1n the upper layer during the day. [ propose
that availability of food plays a role on the migrating behaviour of larvae which may
indicate a preference for nocturnal feeding 1a the upper portion of the column a~ found 1n
S1. S3. 84 and S8, although teeding may still occur deeper n the column during the day.
Earlier observations of larval locomotory capabilities did not find any evidence of long
ternt cessation of activittes 1n early veligers so the effects of feeding likely last at most a
few hours (pers. obs). Overall, the meen larval ZCNM's observed 1n the presence ot
phytoplanktor vary between 5 1 (S5) and 6.3 i (S1) during the day. and between 4.1
(S5) and 2.8 m (S1) during the might (Fig 4 19\,

Does vertical distribution of larvae change or remain constant in cesponse to diel
light cvcle. tood availabthty and salinity strantication’ The general trend of nocturnal
ascent and diurnal descent mn the water column was not staustically supported 1in 88. but
there were signiticant ditferences found in S6. 87 and 89 (Appendix B3y Most sampled
larvae remained concentrated 1n the middle and bottom layers throughout the samphng
period and the pattern ot nocturnal ascent and diurnal ascent was reduced considerably
This tinding could mdicated that Jarvae were retamned m this area of patchy food. as 1t has
been found to occurr in some copepods (Dagg. 1977) and consistent with Chapter 2 The
only obvious differences between the August and October simulations was the use of a
dye in the naloclines of the former which could have had an etfeet on hight penetration

the column, or some unknown deleterious etfect on the algue und larvae. Another factor
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that could have had an effect on the observed distribution is the origin of larvae and larval
condition, but both series used larvae originated from adults of the same Georges Bank
population.

The extent of vertical migration in this last series was limited by the presence of a
salinity gradient (Fig. 4.17) but may have been driven by the presence of food at the
haloclines. In stratified conditions (S6-§9), the mean ZCM  Juring the day were shifted
between experiments but. overall, averaged 5.2 m when food was offered in the upper
31%~ nalocline and 6.3 m when food was at the lower 33%. halocline. The average ZCM
during the night for the upper halocline fed columns showed no change at 5.2 m, but
lower haloclines fed ~olumns (S7. §9) moved upwards slightly to 6 » The consistentlv
shallower ZCM's when food is at the upper halocline suggest that the decreased vertical
movement is the result of the horizontal food patches rather than the salinity changes
themselves. This pattern could be explained by changes in microscale seen in Chapter 2.

What are the advantages and limitations of simulations in the niesocosm? The
main advantage was the possibility of designing simulations that mimic a natural
environment to provide an important step in the study of the characteristics of planktonic
larvae of part.cular species. The observed vertical distribution of larvae under the array of
simulated conditions raises importunt questions regarding the adaptive value of
behavioural traits in the early life history of sea scallops. It 15 certainlyv more
economically feasible to conduct simulations in the available mesocosm to unswer
particular questions of the early life history of benthic invertebrates than to conduct long
term surveys in natuie where the underlying behavioural mechuanisms of larvae can not be
assessed.

The salinity gradient created during the last two simulations was maintained
throughout the sempling period and varied only slightly. This indicates that the sampling
method used did not disrupt the structure nor the temperature of the experimental column.

However, there were drawbacks. particularly th- fact that no true replication was
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possible. This limited the strength of statistical analysis. as did the 1ack of cortinuous
characterization of the water column because of logistics and concern about mixing.

Although, T report only data obtained from physical samples. I did attempt to
develop a non-destructive sampling method. However. techniques for underwater
photography and underwater video that I used simultaneously with physical samphing did
not produce reliable information. The ranlom integrated sampling used during this study
may have not have appropriately samplec larval patches that are known to occur in most
microzooplankton. but overall sampling estimated an average of 61 of the total larvae
in the water column {within sampling error).

As a direct result of these experimental studies 4 new system of nor-destructive
sampling was developed to make possible the study of vertical distribution ot larvae over
time (Gallager et ul.. 1n press). This new nethod of video sampling allows the direct
observation of larval patches at a stmular ~scale of that used during the characterization ot
larval behaviour observed in nucroscosms and provides a more detatled account tor
distribution of larvae 1n the temporal and spatial scale related to larval size

The question of active versus passive migration can be n part assessed trom the
observed vertical distributions of larvae in a column of uniform temperature with and
without food and from the salinity stratified columns. Under mixed condifions. lar ae
appeared 1n the upper layers during the mght (757 of casesy and descended to bottom
layers during the day 76 of cases). Active migratton ot larvae occurred when food was
avatlable but not 1n the absence of food (821, In these simulations. temperature and
salinity were relatively uniform and theretore there were no physical constraints opposing
larval behaviour.

The salinity stratified simulations however. umposed a physical barrier that could
affect larval behaviour by limiting the control of behavioural traits, Stmulations 6 and 7
showed 4 consistent aggregation 1n the bottom layer. and lurvae never appeared n the

surface layer: however in the last two simulations larvae remained mostly m the middle
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layer showing up 1n the upper layer in most profiles and avoiding the bottom dense layer
even though the gradients were as similar as possible. It 15 not known how salinity
gradients affects larval behaviour, although the observed changes 1n vertical distributior
were greatly diminished relative to those observed 1 mixed water columns. The physical
barriers of the haloclines may have reduced larval mobility and retained some initial bias
in larval distribution, but both stmulations show a clear trend for the larvae to be higher
when the food 1s available higher. To clucidate the effect of salinity gradients on the
behaviour of scallop larvae further studies should be conducted.

Although. the nteraction of diel light cycle and the presence of phytoplankton
may have driven the observed lurval distribution, larvae seemed to avoid the upper part of
the column during the day, as shown by the fewer larvae tound 1n most of the diurnal
samples. Ringelberg (1995) recently reviewed the effect of light mtensity on diel vertical
mugration comparing the marine and fresh water environments and found that relative
changes 1n light intensity were the primary causes of migration, the presence ot predators
however, enhanced the phoiotactic response but 1t was ihibited 1 low food
concentration.

My study therefore showed evidence of what 15 known as diel vertical nugration
although there were conditions 1n which this pattern 15 suppressed tlow food and sahinity
stratification with patchy food) Pronounced diel verticol migratioa (DVM) has heen
commonly observed 1n populattons of both calanoid copepods and euphausids in
conditions of abundant food, although when food 15 scarce, they remain 1n the surface
waters (Huntley and Brooks, 1982: Johnsen and Jakobsen 1987; Verheye and Field,
1992). Even though there 15 little evidence that bivalve larvae can take vertical migrations
as extensive as those found in zooplankton. Tremblay and Sir ‘air (1990a) did find
vertical migration ot scallop larvae of similar amplitudes 1n a shallow embayment (24 1)

of the Bay of Fundy within a4 similar tomperature range. Also several bivalve larvae
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sampled 1n Baie de Chaleurs showed 1 stmilar patterr in mixed and stratitied conditions
(Raby et al . 1994).

I therefore hypothesize that larval distribution 1 nature 15 the result ot the
complex 1nteraction ot behaviour which may be expressed to ditferent degrees depending
on the environmental characteristics (r.e. level of stratttication. tood avatlabihitv) and
recent feeuing experience of mdividual larvae By simplv moditying their behavioural
repertorre. larvae can take advantage of apnropriate conditions tor teeding and/or sinking
out ot a particular depih atter nocturnal teedmg mn a vertically muxed water column nch
in tood (Raby er ¢/, 1994) In conditions of high statiticatton, as those simulated
salinity gradients. behavioural traits are less Iikely to alter vertreal distridution and lars ae
will probably be found aggregated n=ar discontinuities (Sullivan, [993; Such
aggregations probably retlect both phyvsiedl constrainis on the larvae and the tendency tor
the same constrains to concentrate phyvtoplaphton

Planktonic farvae ate adapted for feediny and swinun ne while acquinug nutnents
(Strathmann ef ¢/ . 1972 and remainmng suspended probably to opumizes s ~hort
residence 1n the rich phvtoplankton blooms usig the very simple behaviours observed
earlier (Chapter 2) As a direct result of these experimental studies 4 pew svstem ot non
destructive sampling was developed to mak » possible the study of verticad distribution of
larvae over ume (Gallager ez ad L press) This new method of video samplime diow s the
direct observation of larval patches at o sumibar scale of that used dutmg the
characterization ot larval behaviour observed 1o microscosms and provides o more
detadled account for distrtbution ot larvae 1 the temporal and spatral scale related to
larval size

The overall results of this study have ighhighted some of the complex interaction
ot early lite history of mvertebrates and the dynarmism ot the environment that should be
constdered tor a sustainable management and development ot natural populations of

benthic mvertebrates with complex lite cyveles Furthermore the study ot mteractive
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relationships of larval and microzooplankton ecology with the environment can be
addressed 1n mesocosms which are more comparable to natural conditions (Lampert and

Loose. 1992: Sullivan, 1993),



CHAPTER §

General discussion

5.1 Introduction

Natural populations of bivalve molluses are important components ot benthic
ecosvstems, occupying 4 great diversitv ot substrates. and are presumed to be continuatly
replenished with periodic tecruitinent of new mdisviduals ot the same species Howeser,
survival and recruttment of planktotrophic larvae of bivalves appedr to be highly vartable
from year to year (Sinclur ef af . 1985, Sinclair and Hes. 19854, thus the mtluence of
stochastic and deterministic mechanisms must be reviewed to determine their
significance throughout larval ontogeny to understand and prote.t these marine resources

Understanding ot the mechanistic basis tor the process of recratment of brvabve
populations reqaires a4 compreftensive review ot the role ot 1 planktonie larve m securing
s survival and Later recrutiment of competent stages mto appropridte areas knowiedge
ot specific adaptations that may control larval survival are theretore crucial since these
adaptations could ultinatedy atfect recrustment within a particular *ovironmental regime
iDav and McEdward 1984, Hines. 1986, Sastry. 19564

As g tirst step wward such a comprehensive review [ desizned a4 senes ot
experimental stadies on sea seallop larvde to resolve thiee basie gquestions

1y Do larval locomotory activity, feeding and behavioural traits vary throughout

ontogeny ’

21 Does iprd class composition of larvae vary throughout ontogeny

3y Does vertical distribution of veligers vary 1n response to mixed and strautied

water column conditions”’

The positive response to ali three questions was the product of a4 combination ot

mucro-sedle laboratory observations and analvses with meso  cale expeniments that

provide an mtegratrve approach io the studv ot the larval ecology ot bivalve molluses
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Although each aspect was studied separately to be able to assess individual contributions
(larval behaviour, lipid class variability and vertical distribution of sea scallop larvae), the
overall vertical distributions of larvae are expected to reflect both behavioural traits and

condition of larvae in response to simulated envi.onmental variability.

5.2 Do larval locomotory activity, feeding and behavioural traits vary throughout
ontogeny”?

I found that sea scallep larvae throughout ontogeny ascended and descended in
helical and straight lines. Larvae usually alternated between helical swimming to straight
line swimming. This pattern may be the result of cyclic velum-wide ciliary arrests caused
by a propagated Ca™ dependent action potential as found in gastropod veligers (Arkett et
al., 1987), which seems to be a generalized physiological phenomenon occurring across
veliger species. It causes the velum to be withdrawn within the larval shell, thereby
causing larvae to sink in straight lines. Arkett et al. (1987} also presented evidence that
showed that the external Ca™ concentration may affect this cycle or it may be stopped
altogether by using anaesthetics. Although this aspect has not been studied for species
other than gastropods, the swimming activity of a bivalve larvae from estuarine and
oceanic areas may vary considerably and would undoubtedly make comparisons
complex.

Compared to initial characterization of behaviours by well fed larvae in @ medium
that contained only filtered seawater, the behaviour of younger, well-fed and previously
starved larvae showed a small decrease in the vertical component of helical swimming
and a considerable increase in helical velocity in starved larvae. Although there was a
great deal of variability, this response is consistent with results for Bankia gouldi and
Argopecten irradians (Gallager, 1991) under similar conditions. Unfortunately, I did not
assess later stages where the responses might be more evident. In microzooplankton
studies, Price and Paffenhofer (1984) found that the copepod (Eucalanus pileatus) alters

its behaviour depending on the previous feeding condition including changes in the
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particle size spectra of cells captured and ingested over tume. It is not known if such
selective behaviours also occur in meroplanktonic organisms. but certainly this is an
essential question to be resolved considering the implicadons that it may have on the
trophic dynamics and energy flow in the aquatic environme~t (Dickie and Smith , 1989).

The most conspicuous change in the swimming ability of sea scallop larvae
occurred in 10-16 days old (140-160 um) larvae in which there was a noticeable increase
in vertical and helical velocity that may have resulted from increasing strength resuiting
from a larger ciliated velum and perhaps the addition of compound cilia that 1t 15 known
to occur in other bivalve larvae (Cragg, 1989; Gallager. 1991). The significance of this
change could 1mply a better controlling mechanism to remain suspended 1n the water
column. At the same time. the extended velum could help to maximize drag during
descent in helical patterns (Emlet. 1983).

Considering the characteristics of each swimming mode 1t s reasondble to
propose that physiological changes occurring in larvae must act 1 concert with specitic
adaptations for increasing feeding efficiency and duminishing the risk ot sinking off the
water column. Helical swimming seems to provide an effictent mechanism for increasing
feeding, and since it works in both directions {upward and downwards). his could
enhance particle contact raies and also help larvae to remain suspended (Levandowsky et
al., 1988, Rothschild and Osbovn. 1988: Gallager. 1991.1992),

Feeding and growing result 1n the addition and growth of structures mncluding
increasing density by shell deposition, therefore, swimmung larvae would benefit from
mechanisms that enhance buovancy and hence diminish the energetic cost of swimming

which could be provided by the presence of lipids of low density.

5.3 Does lipid class composition of larvae vary throughout ontogeny?
The variability of lipid composition has been used as indicator of larval condition
for many larval fish, microzooplankton and holoplankton.c organtsms (Fraser. 1989). The

main aspect of lipid variability that has often been overlooked, but commoaly referred to.
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is their role in providing compact energy storage and buoyancy (Sargent, 1976).
Triacylglycerides 1n particular are less dense than other lipid classes but are usually
dafficult to assess. In thus study, only the relative proportion of lipid classes as a function
of total lipids was examined. The relative amount of triacylglvcerides greatly diminished
through development from 43.3 to 7.84% ot total lipids, which led to the conclusion that
lower density or at least, higher buoyancy 1s conferred on earlier stages by this lipid class
alone. Although, larval densities were not measured n this study. Jackson (1992)
estimated the density for unfertilized eggs and larvae and found that early stages were
indeed less dense than later stages. Current data on scallop larvae indicates that earlier
stages also present scattered globules of neutral lipids throughout the complete larval
body, while it become more concentrated in the digestive gland in later stages (Jackson,
D. Dalhousie University, pers. comm.).

The triacylglycerol-sterol ratio has been proposed as a good condition index tor
larval stages of tish. crustaceans and bivalves that can be used without the need ot
relative weight of total lipids, since sterols have shown to be highly correlated with larval
dry weight (Fraser, 1989). In scallop larvae it is evident that this ratio decreases through
times; however, the implications of this finding are not clear. Because of the shear
required for particle capture there may be a trade off between feeding effictency and
density (Strickler. 1982). such a that some reduction 1n lipid stores or buoyancy 1s
necessary for optimal teeding.

In theory it 15 assumed that larval condition will increase as 1t grows. and 1t 15 well
known that lipids are important energetic reserves for planktotrophic larvae, particularly
during the period of embryogenesis and later during metamorphosis when larvae seem
unable to feed (Whyte et al., 1987). However, during the initial planktotrophic stage there
seems to be a transitional period in which some larval species continue to catabolize
lipids of maternal origin, with an ncrease in lipid reserves only occurring toward the end

of the planktonic period. As in the comparison of swimming behaviour of larval species,
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1t seems that estuarine species and those with shorter planktotrophic periods enter the
water column with greater amounts of lipids, which may not be necessary tor a larva such
as a sea scallop. However, this question needs to be turther addressed by quantification ot
lipid reserves and lipid classes relative to larval weight and density. A comparison among
estuarine and marine species would aid 1n providing answers to this central question on
the role of lipids 1n different environments.

Larvae of estuarine mvertebrates may require higher lipid contents both because
of er ~rgetic requirements and because of the greater quantity of lipid needed to become
neutrally buoyant in comparison with oceamic species Fully marine larvae ot
invertebrates hive in more stable environments may have tewer problems in mamtaining
an adequate level of buoyancy. because the oce 15 much denser The combiaation ot
behavioural traits provided by etfective swimming and lipids. particularly
triacylglyceride ». would contribute to the success of benthie populations 1n mamtaining a
planktotrophic larvae as a response to relativeiy stable environments and should be

further investigated.

5.4 Does vertical distribution of veligers vary in response to experimental
simulations of mixed and stratified water columns in a 10 m mesocosm?

The broader question of passive versus active regulation ot vertical distribution ot
larvae can only be hinted at since the experimental observations were hmited to the
response of veliger larvae 1n mixed and stratitied conditions ot tood availability 1n the
mesocosms, and it was not possible to simulate the current shear otten present 1n normei
water bodies However, small amplitude changes 1n the larval centre of mass showed a
clear trend toward nocturnal aggregation n the upper layers, moving deeper in the warer
column during the day. which resembles the pattern of diel vertical migration described
earhier for most other planktonic organisms. Similar tindings were reported by Tremblay
and Sinclair (1990a) 1n a shallow area of the Bay ot Fundy and by Raby e al. (1994) 1n a

muxed and straufied locauon in Baie de Chaleurs
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Most recently, Raby et al (1994) found the same patterns of larval aggregation at
shallow depths during the night associated with maximum chlorophyll-a concentration.
and deeper 1n the water column below the maximum chlorophyll-a concentration during
the day time 1n stratified waters In well mixed conditions, they tound that larvae also
mugrated shallower at might and deeper during day, despite the presence of evenly
distributed chlorophyll-a concentrations (Raby ef ¢l.. 1994).

The present study included one simulation (§2) that contained a column ot tiltered

sea water with virtually no food (1 un filtered seawater), where no net differences were

found between the diurnal and nocturnal distribution of larvae. Ringelberg (1995) tound
found similar results in low food concentrations. The hypothesis of vertical migration n
relation to the depth of the maximum chlorophyll-a concentration cannot be
unequivocally supported 1n the present study because of the lack of measurements. and 1t
was not supported by Raby e7 ul. (1994

A series of behavioural traits that seem to suit the requirements of planktonic Iite,
such as remaining 1n the plankton by a combination of ciliary sw.mming i helical
patterns and the accumulation of liptds has been proposed (Gallager. 1991) The
triacylglycerides ratio decreased drastically from embryogenesis until day 13. which may
reflect the higher metabolic requirements of larvae (Manning. 1985+, but showed a shight
mncrease at day 22 prior to metamorphosts. Larval swimming activity requires 4 large
amount of energy which m many bivalve larvae 15 thought to be supplied mamly by hpids
accumulated from the available diet. Lipid condition of larvae i the mesocosms studies
were not assessed but this shonld be considered 1n tuture research plans to determune the
effect of varymg food availability in stratified and mixed conditions

The relationship of bivalve larval feeding index and chlorophyll-a was found to
vary according to the level of stratification of the water column 1 Bate de Chaleurs,
indicating that n stratified waters the teeding index was higher at the depth of maximum

chlorophyll-a. while no ditferences were found in mixed waters (Raby et al.. 1994).
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Furthermore, the same authors found a higher feeding index during nocturnal samples (14
to 31%) compared to diurnal samples in both levels of siratification which supports the
hypotheses that hunger may cause upward migration and satiation causes donward
migration, as proposed by Pearre (1979). Further research 1s needed to estimate the rate at
which each of the identified behaviours occurs in nature. the natural diets and the feeding
index of larvae in the water column under various envirenmental conditions.

Micro-scale observations can contribute to this by providing a basic
understanding of behavioural traits of scallop larvae through ontogeny: the turther
examination of vertical distribution «f veligers 1in meso-scale experiments helps to
ident:ify the larval response to food avaulability. Although my study mamly focused on
the eftect of food availability which may be more relevant for early developmental
stages, there is a need to continue to investigate the response of older larvae mn similar
conditions as the primary drive becomes tinding settlement sites. Trving to decouple the
various mechanistic bases tor the vertical distribution ot farvae 15 onls possible 1
mesocosm simulations and efforts have been made to carry on with this line ot research
at Dalhousie. Following the completion of this study. a new sertes of simulations were
undertaken with the addition of a system that allows the generation of a temperature
stratified column and video sampling which indicates that Jarvae can also vary therr
response to temperature gradients through ontogeny.

Active depth regulation 1s a possible scenario that can be supported trom the
capability ot larvae to sink and ascend m microcosms. Veliger larvae of scallops at 325,
salinity were found to ascend in helical patterns at a mean vertical velocity varying
between 0.09 to 1.05 mm s * and to descend at 0.20 t0 0.37 mum s * When larvae display
straight line patterns no apparent feeding occurs. and this particular behaviour 1s
proposed to be purely related to changing vertical distribution. If we consider each
observed larval behaviour to be sustained for a pertod ot one hour, larvae could produce

swimming velocities of 0.7 to 1.3 m hr ’ during ascending and descending helices.
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respectively. Ascent and descent 1 straight lines could reach 2.6 to 4.8 m hr /.
respectively. In small containers neither of the observed behaviours were found to last for
long periods of time. Instead a continuous shift from helical to straight swimming
occurred which is probably the result of velum wide ciliary arrests caused by
depolarization of the membrane as observed in gastropod larvae (Arkett et al., 1987). The
continuous sinking after upward and helical swimmung could be the means by which a
larva regains s vertical position at small scale to optimize feeding rates: however. most
observations of well fed larvae where done in a medium containing filtered seawater.
When fed and starved larvae are compared clear ditferences in the potential eftect that
swimming in either helical or straight lines patterns may have on larval vertical
distnibution are seen.

With the techmiques available for these mesocosm studies 1t was not possible to
dentify the micro-scale temporal or spatial variability of swimming larvae: however.
since most experimental simulations contamed adequate food. larvae were expected to
spend most of their ime feeding, and therefore. mantamning their vertical position 1n the
water column Nonetheless. there were conspicuous changes 1 the mean depth of larvae
between dav and night samples that lend support to the hypotheses ot diel vertical
mugration. Based 1n this study, satiated larvae will sink and regain position m relation to
physiological changes caused by teeding, and should be the tocus of further studies.

Studies of microzooplankton locomotion and behaviour are more common and
have usually found significant differences among instars of crustacean larvae (Sulkin.
1984). Bivalve lurvae uare only ephemeral mhabitants on the plankton which usually
coincide with periods of high primary productivity (spring and full) tDay and McEdward.
1984); however, there are very few studies that have focused on the adaptive capabilities
of larvae to successfully complete planktonic development prior to settlement. The
swimming activity of bivalve larvae has been thought to affect vertical distribution in

some species but not 1n others. In this study, 1t is proposed that passive sinking and ascent
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in vertically oriented straight lires has an importaat role on the vertical distribution of
larvae, which may also atfect its horizontal distribution.

Moreover, the characteristic helical patterns represent a common adaptation to
efficient feeding as found in many other planktonic microzooplankton. This particular
behaviour could help larvae to remain in phytoplankton patches which could mcrease
retention of larvae in or near areas of high producuvity. Further work 15 needed to
determine threshold response to chlorophyll-a. temperature and salinity levels that mas
elicit changes in behaviour throughout ontegeny and could provide useful msights o
the feeding ecology of bivalv ¢ larvae.

Changes 1n the vertical distribution of larvae m nature may also be attected by the
presence of predators (Bollens and Frost 1989; Bollens and Stearns. 1992, Ringelberg.
1995) and further 1nvestigations are needed to understand the dynamics of predator-prey
interactions affecting lurvae. The 10 m mesocosm provides an wdeal intermediate sedle to
address all the suggested ecological questtons which could lead to the tormulation and

testing of the complex interaction found n the early liie history of benthic moelitao~



Notes on Statistical Appendices

The statistical analysis of all data obtained during the experimental recording of
swimming behaviour, determination of lipid classes and during the assessment of vertical
distribution, were assessed by one way analysis of variance followed by a posi-hoc
assessment of contrasts across the group means as proposed by Rodger (1974,1973).

Appendix A contains an explanation of the assessment of contrasts using the data
obtained for Helix Height during the recording of helical swimming throughout larval
development and shows that there are no differences between ascent and descent during
the first sampled stage (4 days). It also shows that the height of the helix is higher in
ascending larvae at 16 days. The other larval stages have intermediate helix height and
are therefore situated between the lower and higher helix height.

Appendices B1, B2, B3, B4, and BS includes the summary tables for each set of
data analyzed. In general, younger larvae have lower values of individual swimming
components as well as vertical and helical velocity: older larvae have the higher values,
and all F[0.05];9,40= 1.080 (Appendix B1). When linear velocity was analyzed, the older
larval stages (16,22, 30 days) again have higher sinking velocities but these are matched
by the 16 days ascending veligers; all others are considered equal. Analysis of variance is
well above the critical F[0.05];11,90= 0.95 (Appendix B2).

Appendix B3 shows the results of the analysis of data of swimming components
and helical swimming during ascent and shows that there were significant differences
among helix radius, helix pitch and vertical velocity since the F-values were well above
F]0.05];5,32= 1.490. The helix radius was particularly large in the ted larvae in a medium
containing food and very reduced for starved larvae in filtered seawaer, result consistent
with retention in vertical patches. The other four groups had variable radii. The helix
pitch and vertical velocity were higher in both groups of starved larvae which is likely
indicative of an active searching mode in these larvae. Bothe helix height and helical
velocity were similar, independent of the treatment and no significant differences were
found among the groups.

121
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Appendix B4 shows the results of the analysts of each lipid class present n the
total lipid fraction. Triacylglycerides were lower at older stages that during eearlier stages
at well above F[0.05};4,43= 1.650. Sterols and phospholipids increased with age and the
older the larvae, the larger the Sterols and Phospholpids composition.

Appendix B5 contains a detatled analysts of variance and contrasts within each
simulation and confirmed the presence ot a distinct pattern between day and might
distribution of larvae. In this analysis only, the sample volumes were equated to either 20
or 71, the results of the analysis of variance und the night versus day contrasts tor each

simulation contirmed that there were clear ditferences except in simulations 2 and 8



Appendix A

The object of the assessment of contrasts post-hoc is to discover a set of
NG-1 contrasts which resolve and reflect the differences between the NG
groups means. Those contrasts must be linearly independent of one another;

preferrably mutually orthogonal. The process is 1llustrated with the Helix height
data.

The sample means (each based on N = 5) in order of ~1ze were:

b m fmg [ m [m [ m|m | m | m

o | Mg | My | Mypy | My, | My | My,

= |031[036[062]0.74]086]1.00]1.10[1.38

14912241035

The overall F-ratio for these ten groups 1s Fm = 4 929. This is much
larger than Rodger's (1975) eriterion F[.057; 9,40 = 1.080; o there are contrasts

across the means wich will also give F-ratios greater tan 1 080 For example,
one of the differences between the largest three means:

D RN TR T AE N TR TRE TR TR

by the F procedure

Sem) s, (0976)
v, y¢ (9x0344 x6)

1

EaN 0256

wich 1s clearly less than 1.080. so we would accept the null contrast
The decision set finally selected (with F values in parentheses) was

g, =0 0012)
w,-p =0 (0016)
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Appendix B1 (Helical movement)
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Results of the analysis of variance of helical movement from »callop

larvae throughout development are shown below.

Only the final results of analysis, carried out n the fashion shown in

Appendix A. are given. The sample means (m) and the populations means

implied by the analysis are shown. Sample sizes were th2 same for all variates

iN = 5) alter random removal of observations. All F-ratios are based on 9 and

40 degrees of freedom. for wich the corresponding critical value at 0.05

significance level 1s: F{-05; 9,40 = 1.080.

The group codes are 4, 6. 12, 16 and 22 days, code U represents upward

movement and code D downward movement. Height and radius were measured

in mm. pitch 1n degrees and vertical and helical velocaty inmm s .

HELIX RADILS MISE F
OV A B 3 B L B 5 B N XS S 1
y = #Uo 8Us  t6Us  f2Us  22D= 22U« ~D= 16D= 12
HELIX HEIGHT
M 031 036 062 074 OB 100 10 W@ 145 228 034 433
y  4U=  4D< 12U=  BU=  22D=  6D= 12D« 22.= 16D= 16U
HELIX PITCH
m 198 133 14§ 151 155 185 198 202 235 03 0305 1702

2 5 5 7 0 A 1 3 1
4 12U= 4U=  22D= 12D= BD= 6= 4D=  16D= 22U< 16U
HELICAL VELOCITY
m 046 D055 060 064 OBE 008 039 110 175 162 07105 5932
u 4U=  4D=  12U= 6BU< 12D= 220= 6D= 16D= 22U< 16U
VERTICAL VELOCITY
m_ 003 013 013 U2 025 025 02 037 042 105 0037 0712
u 4U=  f2U= BU=  4D=  12D= 22D= 6D<  16D= 22U< 16U

Note: analysis for unequal sample sizes led to the samne

conclusions as those given above.
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Results of the analysis of vanance of linear velocities (straight) from

scallop larvae throughout development are shown below.

Only the final results ot analysis. carried out in the fashion shown n

Appendix A. are givui. The sample means (m ) and the populations means

implied by the analysis are shown. The sample s1zes (N ) are noted 1n the table

below. The F-ratio had 1! and 90 degrees of freedom. tor wich the

correspondmg criical value at 0.05 significunce level v F os] 1 Hau = 0950,

The group codes are 4, 6. 120 16 and 22 days. code U represents upward

movement and code D downward movement Linear velocity was medsured 1n

MSE: 0.138

F: 8.10

mni s .

LINEAR VELOCITY

N o € 14t [

m [ [ 1% PR s
‘ LM K- RIS] S U 3o~

LN

"l

S

Note: When group sizes are equated to N = 6 tot ren ot the

groups fexcludiny 30U and 20Dy by tandom removals
the above conclusion were contiried,
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Results of analysis of variance of helical movement in early veligers (6

days) of each treatment: fed, starved and control. The group codes for
treatments were F/S (fed in seawater); F/F (fed in the presence of food); 8/S
(starved 1n seawater); S/F (starved in food); C/S (control starved in seawater),

and C/W (control starved after the addition of seawater).

Only the final results of analysis carried out 1n the tashion shown in

Appendix A. are given. The sample sizes (N, = 6.5.7,5.7.8) were the same for all

variates and are given in the table. The sample means (m) and the population

means implied by the analysis are shown. All F-ratios are based on § and 32

degrees of freedom. for wich the corresponding critical value at 0.05

significance level 1s FJ-051: 532 = 1,490

HELIX RADIUS VMSE ¥
N 7 6 5 8 7 5
m 008 011 012 016 024 030 0014 2985
u S/S=___F/S= __S/IF<__CMW< _CS= __FF

HELIX HEIGHT
N, 5 8 6 7 5 7
m 030 045 050 057 085 0S6 0258 1441
u F/IS= CW=_ F/F=__ C/S= _ S/S= __ Sk

HELIX PITCH
N 6 8 5 7 7 5
m 16.41 23.93 2778 3572 4787 6432 423565 5.215
u, FF= _CW= _C/S=___F/S<__SIF=__S/S

HELICAL VELOCITY
N 8 6 7 5 7 5
m, 031 032 033 035 040 047 0022 1175
U SF= __CW=__FiS=__ C/S=__FIF=___ SIS
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VERTICAL VELOCITY
N, 7 8 5 6 5 7
m, 0.08 011 0.13 017 023 043 0012 9.612
U, C/S= C/W= F/F= F/S< S/F< S/8

Note: When group sizes are equated (to N = 51 bv random
removals, the above conclusions were contfirmed The
difference m Pitch between the large S/F and §/8 and the
three smaller means (F = 1 480) did not quite reach the
criterion Fj-0s], 5,22 = 1.490. therefore all six groups are

accepted as equal.
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APPENDIX B4 (Lipids classes)

Results of the analysis of varance of lipid classes composition from

eggs to 22 days larvae of sea scallop are shown below.

Only the final results of analysis. carried out in the fashion shown in
Appendix A, are given. The sample means (m) and the populations means
implied by the analysis are shown. The sample sizes (N ) are noted 1n the table
below and the F-ratio was based on 4 and 43 degrees of freedom. tor wich the

corresponding cntical vatue at 0.03 significance level 1s: FLos), 4+ 43 = 1.650.

The group codes are unfertilized eggs (NF). fertilized eggs (F). 4 days
4D), 13 days (13D) and 22 days old larvae (22D). The variate measured was
percentage of individual hipid classes obtained trom the [atroscan analyzer.

TRIACYLGLYCERIDES \ISE F
N 5 5 1 11 16
m 784 2015 2860 4332 4350 33709 52524
u, 13D< 22D« 4D= NF= F

STEROLS
N 16 11 11 13 22
m, 2.59 3.53 4.35 571 918 8512 5340
u NE= F= 4D< 13D< 22D

PHOPHOLIPIDS

N 16 11 11 5 5
m 42.26 42 65 59 48 64 62 70 67 44 505 31 409
U, F= NF< 4D< 22D< 13D

Note: Analysis of equal sample s1zes after random removal of
cbservations led to the same genaral conclusions.
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APPENDIX B5 (Mean depth)

Results of the analysis of varance of larval meun depth determined for

sea scallop larvae in each simulation are shown below.

The unequa! sample sizes (N ). the sample means (m ), MSE. overail F-
ratio (Fm) and the F-ratio for might versus day groups (F n/d) are shown.

Simulation 1 contained 50 um filtered seaw ater: Simulation 2 comuained
onlv | um fiitered seawater: Simulations 3 and 4 mitally contuned patchy food
at the surface; Stmulation 5 contamned vertically untform distribution of tood.
Simulations 69, contained a sahinity stratified water column with patchy food at

the haloclines.

Because of the very large d.t. for error, the critical value used will be
Fioosf, 10nt = L 551, Fioos]: Sant = [.372; and F{u05], 10ant = 0.973, These
Rodger (1975) post-hoc ¢riteria are much higher than the F-equivalent of a t-test
(Floos), lunt = 38411 because they are effectively 4F0 050 4mt = 6 204,

SFo 08, fmi = 6.860; and [OF 005 Tom =9 730

The only simulations showing no mght/day ditference in mean depths
were stmulations S2 and S8,

SIMULATION 1
Night Day MSE Fm Frd
N 2144 471 318 607 935
m 179 321 435 5.98 6 44 2848 1720746 685 889
SIMULATION 2
Night Day MSE Fm Fn.d
N 1160 940 400 540 360 260

m 3.45 2.65 4.22 3 80 3 94 4 08 4 646 14 71 0 884
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SIMULATION 3
Night Day MSE Fm Fn/d

N 5120 620 360 920 1340 240
m. 2 40 260 424 | 268 4 42 731 ¢ 4348 39705 118345

SIMULATION 4
MSE Fm Fn/d

Night N 1479 1054 673 1081 984
m | 239 296 358 780 415

il

e

Day N 1343 920 1040 739 1016 951
m | 339 437 486 487 490 661 {6165 168275 10352

SIMULATION &
MSE Fm Fn/d

“Night N | 1349 919 1159 950 1055
m | 302 317 417 434 472

Day N 1517 1078 707 730 998 859
m 375 433 448 471 559 561 | 6175 106333 32785

SIMULATION 6
Night Day MSE Fm Fnd
N 508 317 3051 449 667
m, 507 516 7 00 542 564 3673 264 861 2 680
SIMULATION 7
Night Day MSE Fm Frvd
N 413 376 599 523 766
m 6 35 6 66 675 € 56 71 31350 13 06, 3112
SIMULATION 8
Night Day MSE Fm Fn/d

N 660 114 94 963 1380 583 308
m 342 466 466 ¢ 389 391 415 463 {2960 27163 020t

"

SIMULATION 9
Night Day MSE Fm Fn/d

N 913 279 456 | 1136 1682 705 782
X 477 8§72 573 ]| 551 594 637 6563 | 2758 12489 20571
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