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ABSTRACT

This thesis describe i on the of Atlantic larval cod to two

important ical variables, prey ion and light in terms of behaviour, growth

and survival. The first ecological variable investigated was light intensity and its effect on
the foraging behaviour, growth and survival of Atlantic cod larvae from two geographical

regions in the Northwest Atlantic. Larval cod originating from different hical

locations responded differently to light intensity. Larvae originating from the Scotian Shelf
(SS origin) foraged, grew and survived better in low light intensity while larvae from the
Northeastern Grand Banks (NF origin) performed better in high light. This difference in
response to light intensity may be explained by the different spawning seasons rather a

than latitudinal difference.

The next ical variable i igated was prey ion. Earlier studies
on larval fish indicated that growth and survival of the larvae vary with prey concentration.
However, the shortcoming of most of these studies involving cod larvae was that they
were short term experiments. Thus, I investigated the ontogeny of foraging behaviour of
Atlantic cod larvae exposed to different prey concentrations from hatching to
metamorphosis. Larvae exposed to higher prey concentration outperformed the larvae
reared in lower prey concentrations in all the foraging Modal Action Patterns (MAP’s)
investigated in this study. But the magnitude of the foraging MAP’s increased as the
larvae grew regardless of prey concentration. Results also indicated development of

foraging behaviour was not affected by prey concentration.



Next, I investigated the growth and survival of Atlantic cod larvae reared in a wide
range of prey concentrations. My previous experiment showed that the highest prey
concentration used (4000 prey L) may not be the optimal prey concentration to rear the
cod larvae in the laboratory. In this second experiment, prey concentrations of 8000 and
16000 prey L™ were included. Results indicated no difference in growth when prey
concentration above 4000 prey L™ were used. Initially no difference was found in the
survival of larval cod among the three highest prey concentrations (4000, 8000 and 16000

prey L") but conti use of prey ions above 4000 prey L beyond 3 weeks

post-hatch reduced the survival considerably. Initially, mortality rates of cod larvae were
higher in prey concentrations lower than 4000 prey L. Beyond 3 week post-hatch no
significant difference was found in mortality rates among any of the treatments.
Observations on foraging behaviour of larval cod indicated that larvae reared in higher
prey concentrations foraged more efficiently than larvae reared in the lower prey
concentrations. Observations from this study emphasize the importance of behavioural
observations to explain any difference in growth variables between the treatments. Results
indicated that for intensive rearing larval cod require a prey concentration of 4000 prey L
to sustain reasonable growth and survival.

T also investigated foraging, growth and survival of Atlantic cod larvae (NF origin)
reared at varying light intensities and photoperiods. Behavioural observations were also
carried out in an attempt to explain any differences in the performance of cod larvae under
varying light intensities. Cod larvae grew and survived better in higher light intensity

il



(2400 lux) and 24L:0D photoperiod. The condition index (ratio of myotome height at
anus to standard length) of the larvae was also better in high light intensity and 24 hr
photoperiod. Examination of the foraging MAP’s indicated that cod larvae reared in
higher light intensity captured the prey more efficiently than larvae reared in low light.

Predator ( i and ical) of larval cod to

different prey concentrations were investigated in an attempt to further study some

observations made in my earlier i In this i prey ion rates

were investigated in terms of both age and size. Results indicated that the cod larvae
exhibited a type II functional response where prey consumption increases with increasing

prey i it ata ing rate. D response of the

cod larvae was closely correlated to the size. Prey consumption rates increased as the
larvae grew. During the first two weeks post-hatch, larvae exposed to low prey
concentrations (<1000 prey L) did not feed enough to sustain sufficient growth and

subsequently could not survive beyond three weeks.
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Chapter One: General Introduction

Interest in larval fishes and factors influencing recruitment variation has increased
rapidly in recent decades. The growth and survival of fish larvae has long been an area of
great interest to scientists because of the inconsistent relationship between the size of the
spawning populations of fish and subsequent year classes (Houde 1987). The precise
determination of stock-recruitment relations early in the life history of fishes may lie in a
better understanding of survival and growth in the larval stages. Studies on larval growth,
survival and mortality appear to be an important aspect in determining the factors

the fate of fish

During the early life of fish, mortality agents such as predation, disease, starvation
and adverse physical factors (temperature, salinity) act on each stage. Larval mortality is a
critical component in models and hypotheses that debate the ecology and evolution of
differing reproductive characteristics exhibited by both marine invertebrates and
vertebrates. In most of these models, predation and starvation are assumed to be a major
source of larval mortality (Houde 1987). Studies on marine fish larvae suggest that both
predation and starvation play important roles in the development, growth and survival of
larvae from hatch to metamorphosis. Predation is common to all stages from egg to
juvenile but starvation is a major factor during the exogenous feeding stage of the larval
period (Houde 1987). Starved larvae are generally vulnerable to predation due to lower

growth rates which extend their critical larval period and they are thus prone to size



selective predation (Heath 1992).

Most of the experimental studies carried out in recent decades on the growth and
survival of larval fish primarily centre on the relationship between larvae and ecological
structure (Blaxter 1980, Frank and Leggett 1986, Blaxter 1988, Blom et al. 1991, Castro
and Cowen 1991, Brander and Hurley 1992, Gotceitas et al. 1996). The majority of
laboratory studies on larval foraging and survival have not considered the role of predation
or other factors. In nature, the combined effects of foraging conditions, predation pressure
and abiotic factors affect the development and behaviour of the fish larvae and can result
in an increase or decrease in survival rates. Species of commercial importance have been
widely used in thesé studies in the laboratory and research has focused on behavioural
adaptations with ecological interests in mind.

Field evidence suggests that larval fish are less susceptible to starvation (Hunter
1981, Theilacker 1986, Heath 1992). Most field studies report low prey concentrations
relative to those used in laboratory studies (Pederson et al. 1989, Cowan and Houde

1990). Two possible reasons have been put forward to explain the discrepancies of the

“over estimation’ of prey ion in i rearing systems compared to the

reported prey concentrations in nature. Firstly, Frank and Leggett (1986) and Frank
(1988) suggest that this discrepancy may partly be due to inadequate sampling procedures.
On a large scale, prey concentration in the ocean may be low but prey usually occur in
patches and these patch concentrations are reported to be substantial enough to sustain
reasonable growth and survival (Lasker 1978). Prey concentrations in the patches may

2



exceed or at least be on par with the prey concentrations reported from laboratory studies.
The sampling procedures used in the field are inadequate to measure prey in the patches.
Also, it has been pointed out that most of the early larval stages of fish prey upon small
items less than 200 zm (Houde 1973) and field sampling equipment rarely retains this size
range of zooplankton (Laurence 1977). Furthermore, at larger spatial scales, the sampling
procedures disturb the heterogeneity of prey. These errors in estimating the prey
abundance may under-estimate the effect of starvation on recruitment and other prey-
predator interactions.

Secondly, in nature, larval densities are much lower than the densities of prey
(Cushing 1983, Fossum and Ellertsen 1994, McLaren and Avendaiio 1995) thus leading to
a much higher prey-predator ratio than that used in most rearing experiments (Goshorn
and Epifanio 1991, Gotceites et al. 1996). Some mesocosm studies have shown that cod

larvae can be reared at prey ions similar to those reported from

nature (Kvenseth and @iestad 1984, Blom et al. 1991, Oterra 1993, van der Meeren and
Nass 1993). Gotceitas et al. (1996) suggested that the prey:predator ratio may play a role
in the growth and survival of larval fish. In their study on larval Atlantic cod, they reported
that the ratio of prey and predators in the field and laboratory are similar and in some
cases the ratio in the laboratory was lower than that reported from the field. Oterrd (1993)
in his experiment on larval cod in large plastic enclosures found high survival during the
first month of exogenous feeding but lower growth rates and increased mortality were
observed following week four. The author related this to the presence of insufficient food

3



at the relatively high larval stocking densities. Houde (1975) showed that prey to larval
ratio plays an important role in the growth and survival of sea bream (Archosargus
rhomboidalis) larvae. Sea bream larvae reared at low prey concentration produced
significant survival only at low larval densities while high prey concentrations produced
better growth and survival at low and high larval densities. Results from these studies
indicate that the combination of prey concentration and larval density (prey:predator
ratio), could significantly influence the growth and survival of finfish larvae.

At hatch most larval fish are poorly developed. Thus, larvae are more vulnerable to
mortality due to both predation and starvation than later stages (Blaxter 1988). Mortality
throughout the larval stage is size specific and declines with growth and development

(Folkvord and Hunter 1986.) As larvae develop there is a simultaneous emergence of

For instance, the pi of fins and locomotor muscles and
the refinement of sensory systems will influence swimming and foraging activity (Blaxter
1986; Noakes and Godin 1988). It seems reasonable that a larva’s ability to locate and
capture food should improve with growth, development and experience. Several studies
have shown larval foraging behaviour to change with size. Browman and O’Brien (1992a)
documented the ontogeny of search behaviour in white crappie larvae (Pomoxis
annularis). In their study, fish size was found to have a significant overall effect on
foraging behaviour . Similar results were reported for the golden shiner (Notemigonus
cryleucas) (Browman and O’Brien 1992b), northern anchovy (Engraulis mordax) (Hunter
1972) and herring (Clupea harengus) (Blaxter and Staines 1971).
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Growth and survival of larval fish during early development stages is largely
influenced by feeding conditions (Frank and Leggett 1986, Van der Meeren and Nass
1993). The availability of suitable prey is critical at the early larval stage. Most marine fish
larvae, at hatching, have limited yolk reserves and are poorly developed and need to begin
feeding before all the yolk reserves become exhausted. Prey concentration, type and size

are some of the important factors that influence the foraging and development of foraging

behaviour of the fish larvae. ori iate prey isms in the vicinity of
the fish larvae usually result in lower growth rate and condition, and consequently, high
mortality. More importantly, first feeding larvae are more vulnerable to inadequate prey
than later larval stages because of the transition of feeding mode, that is, from endogenous
to exogenous feeding. If they do not find food before the yolk reserve becomes
exhausted, they die from starvation.

Variability in both prey abundance and prey size can produce unpredictable

foraging envi ‘When prey ions are low or prey are of inappropriate

size, larvae may be forced to feed on energetically unfavourable prey items in order to
achieve maintenance diets. As a result, larvae may be forced to search greater volumes of
water and increase foraging time to obtain lower energetic gains (Lasker 1978). Growth
often slows or becomes negligible under conditions like this and larvae can experience

degeneration of muscles and other tissue types, thereby resulting in impaired behavioural

Once at first-feeding, a larva’s ility to starvation may
decrease with increasing size (Jordan unpub. data), as the larva establish energy reserves

5



and develop an extended behavioural repertoire.

Not surprisingly, light also plays an important role in the growth and survival of
larval fish (Blaxter 1975; Batty 1987). It is well known that most marine fish larvae are
visual predators and require a threshold light intensity to initiate foraging. Reports indicate
that the threshold light intensity for some marine fish larvae averages about 0.1 lux
(Blaxter1986). However, in order to achieve a better feeding incidence the light intensity
should be much higher than the threshold level and optimal intensity varies depending on
the species (Blaxter1986).

At hatching in most marine larval fish, the eyes are unpigmented and become
pigmented by first feeding. At first feeding, in many species, the larva has only a pure cone
retina (Blaxter and Staines 1970). The rod cells appear in the retina of the eye sometime
before metamorphosis and the pure cone retina becomes a duplex retina. Once the duplex
retina has been established, the process of light-dark adaptation occurs. Although the pure
cone retina is adequate for first feeding, given that there is appropriate light, the presence
of rods in the retina is important for movement perception and visual acuity (Neave 1984).
After metamorphosis, the juveniles move down in the water column where the light
intensity is low (Shand 1994). Thus changes in the visual system could be associated with
changes in both habitat and behaviour. Although most marine larval fish have a pure cone
retina at first feeding, in contrast, some deep-sea larvae (e.g. an anguillid and a macrourid
larvae) have a pure rod retina at hatching which possibly helps them to forage in very low
light (Munz 1958). It would appear that the variation and change in eye pigments and
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structure is related to the diversity of the environments that the larvae encounter and
reflect different visual tasks that the animal has to face. It seems that the light conditions
that the larvae experience may influence the timing of the development of the rod cells in
the retina.

Light can also influence the behaviour of animals, through its variation in intensity,
wavelength, polarization and diurnal and seasonal variation (Munz 1975; McFarland
1986). In marine invertebrates, swimming activities depend on the diurnal changes in light

intensity. Most marine i show a diurnal periodicity in swimming with the peak

activity occurring during night (Segal 1970). Light may also act as an orienting stimulus
for marine invertebrates. The responses of the animal may be simple, consisting of random
movements in which the speed of movement or the frequency of turning depends upon the

light intensity (photokinesis), or directed in which the animal moves directly

towards or directly away from the light source (phototaxis). The availability of light during
the early life stages of fishes also affects the normal development of the eye. In the cichlid
Haplochromis burtoni (Zeutzius and Rahmann 1984) and rainbow trout (Salmo gairdneri)
(Rahmann et al. 1979), light deprivation in the early larval stage affects the normal
development of the eye and reduces visual acuity. In contrast, halibut yolk-sac larvae
develop abnormaly in the presence of light (Bolla and Holmefjord 1988; Skiftesvik et al.

1990). All these studies imply that unnatural light conditions may affect the normal

of the eye and affect the growth and survival of larvae. In
addition, development of the visual system also influences the foraging behaviour of larval
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fish. Increased visual acuity produces a larger visual field in which larvae can detect more
prey as well as predators. This allows larvae to feed faster and more efficiently (Noakes
and Godin 1988) which in turn affects growth and survival.

Geographic variation in life history among populations of the same species has
been well documented in reptiles (Ferguson and Talent 1993), fishes (Blaxter and Hempel
1963; Houde 1989; Fleming and Gross 1990; Castro and Cowen 1991; Present and
Conover 1992; Mathias et al. 1993), and some invertebrates (Lonsdale and Levinton
1985; Young 1991). Studies which have examined geographic variation in life history
among fish populations, have dealt mostly with salmonids and adult fish (Fleming and
Gross 1990; Present and Conover 1992; Mathias et al. 1993). However, very little work
has been done on geographic variation in the early life history of fishes (Blaxter and
Hempel 1963; Houde 1989; Castro and Cowen 1991). It has been hypothesized and

that animal ions which are ically separated, respond

to particular envi | variables (Ferguson and Talent 1993, Hunt von
Herbing and Boutilier 1996). These differences could be interpreted as an evolutionary

response or ion to different envi ints that each

experiences in nature (Ricker 1972). Although some of these differences appear to have a
genetic component, in many cases it has been difficult to establish how selective pressure
has resulted in the suite of differences observed (Beacham et al. 1988).

As discussed earlier, prey availability is generally considered an important
regulator of recruitment (Cushing 1972). Solomon (1949) proposed functional and
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of predators, and parasites in relation to increasing
numbers or density of prey or host. The functional response describes the relationship
between the concentration (or density) of the prey (or host) and the number of prey (host)
items that is ingested (or infested) per unit time. Usually increases in prey numbers

increase the consumption rates and result in higher reproduction rates (reproductive

numerical response) or survival rates ( ive numerical resp: or both
(Solomon 1949, Nunny 1985). Holling (1965) proposed three types of functional
responses depending on whether the feeding response increases with increasing prey
concentration 1) linearly to a maximum (the type I), 2) asymptotically at a decelerating
rate (the type II), or 3) in a sigmoid function, the type IIL. Initially Holling’s proposal
drew the attention of many investigators to test the model, mostly on arthropod
predator/parasitism systems (Holling 1966, Mori and Chant 1966, Huffaker et al 1969),
but it has been extended to other systems including fish (Murdoch 1973, Hassell et
al.1977, Houde and Schekter 1980).

Studies of predator-prey systems involving fish as predators have shown that
consumption rate of fish could be described by either a type II or type III functional
response (Houde and Schekter 1980, Miller et al. 1992, Winkler and Orellana 1992). Such
differences in the type of functional response exhibited by different fish species could be
due to different modes of feeding exhibited by various predator species to different prey
species. Various rates of prey consumption at different prey concentrations may also result
in a differential response in development and growth within a species. Studies on fish
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show that first feeding larvae improve their foraging ability as they develop (Rosenthal and
Hempel 1970, Houde and Schekter 1980, Miller et al. 1992). Thus, fish larvae exposed to
a sub-optimal prey concentration tend to grow slowly compared to those exposed to
optimal prey concentrations which leads to a size variation within a cohort. Miller et
al.(1992) in their investigation on body size and functional response of three fish species

a size in the i response during development. Thus such

studies on the predatory responses of larval fish should enhance our understanding of the
dynamics of larval fish and its relevance to growth and survival.

My research investigates the effects of some ecological factors on the foraging
behaviour, growth and survival of Atlantic cod (Gadus morhua) larvae. Atlantic cod is an
ideal model for the study of geographic variation in their response to environmental
characteristics due to their extended range from the arctic seas to temperate oceans (Scott
and Scott 1988). Other studies (Cross and Payne1978, Pogson et al. 1995, Hunt von
Herbing and Boutilier 1996) showed that there appear to be one or more separate stocks
of Atlantic cod among and within the regions. Thus, in the second chapter of my thesis, [
will investigate how different light levels affect the growth and survival of the larvae from
two different cod populations. The idea of doing this occurred to me when I was
attempting to develop a rearing protocol for larval cod from two populations. This chapter

explains how the envi factors could dii ally influence larval

growth and survival of larvae from the two different populations.

The swimming and foraging behaviour of larval cod has been investigated by
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several researchers but these studies have been done for only a particular developmental
stage and carried out over a few days (Skiftesvik 1992, Munk 1995). No one has
investigated the ontogeny of foraging behavior for an extended period. In chapter three I
investigate the ontogeny of cod foraging behaviour from hatching to metamorphosis in
relation to varying prey concentration.

Results from the experiment described in Chapter three did not provide a full
picture of the effects of prey concentration on the growth and survival of larval cod as it
was mainly designed to study the development of foraging behaviour. It was not clear
from the results that whether 4000 prey L™ was the optimal prey concentration for
intensive rearing of larval cod or the growth and survival would continue to increase with
further increase in prey concentration. Thus as a next step, I conducted a further
experiment using prey concentrations higher than 4000 prey L™ and monitored the growth
and survival of the larvae from week 2 post-hatch. Although, this experiment will
investigate mainly the growth and survival of larval cod, behavioural observations will be
used to explain any differences in growth and/or survival between the treatments. Chapter
five examines the effect of light intensity and photoperiod on the foraging, growth and
survival of Atlantic cod (NF origin) larvae. Both of the above experiments (Chapter four
and five) have been done with an aim to develop a rearing protocol of these fish species in
intensive rearing conditions. Chapter six explains the different responses that are involved
with prey concentration and larval feeding behaviour. It examines what type of functional,
developmental and numerical responses larval cod exhibit to different prey
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concentrations. In the final chapter, I discuss the results of all the experiments in terms of
the natural ecology and aquaculture of Atlantic cod and emphasize the importance of

behavioural observations in larval studies.



Chapter Two: Effect of light intensity on the foraging and growth of Atlantic cod
larvae: interpopulation difference?
Introduction
Geographic variation in growth and survival among populations of the same

species has been well documented in reptiles (Ferguson and Talent 1993), fishes (Blaxter
and Hempel 1963, Houde 1989, Fleming and Gross 1990, Castro and Cowen 1991,
Present and Conover 1992, Mathias et al. 1993), and some invertebrates (Lonsdale and
Levinton 1985). Although studies have examined geographic variation in growth and
survival among fish populations, most of these have dealt with saimonids and adult fish
(Fleming and Gross 1990, Present and Conover 1992, Mathias et al. 1993) and only a little
work has been done on geographic variation in the early life history of fishes (Blaxter and
Hempel 1963, Houde 1989, Castro and Cowen 1991). It has been hypothesized and

that animal which are i separated, respond

to particular envis variables (Ferguson and Talent 1993). These

differences could be interpreted as an evolutionary response or adaptation to different

levels of envil ints that each lati i in nature (Ricker
1972). Although some of these differences appear to have a heritable (i.e. genetic)
component, in many cases it has been difficult to establish how selective pressure has
resulted in the suite of differences observed (Beacham et al. 1988).

Atlantic cod, Gadus morhua, is an ideal model for the study of geographic

variation in their response to environmental characteristics. Its range extends from the

13



arctic seas to temperate oceans and within each region there appear to be one or more
separate stocks (Scott and Scott 1988). For example, Cross and Payne(1978) using

1 isti the exdists of

icand i
discrete sub-populations of Atlantic cod within restricted geographic areas off eastern
North America. Recently, Pogson et al. (1995) using complementary DNA (cDNA)
probes showed that populations of cod along the northeast coast of Newfoundland and
along the coast of Nova Scotia are genetically discrete. Cod populations along the east
coast of Canada spawn at different times. Surprisingly little work has been done on intra-
population variations of Atlantic cod, despite their wide distribution. Nothing has been
done to examine effects of geographic variation in the early life history of Atlantic cod
until recently Hunt von Herbing and Boutilier (1996) examined the effect of temperature
on the activity and metabolism of larval cod from the two populations (NF and SS origin).
Light, in particular, plays an important role in the growth and survival of larval fish
(Blaxter 1975, Batty 1987). Light can influence the behaviour of fish, through its variation
in intensity, wavelength and polarization and diurnal and seasonal variation (Munz 1975,
McFarland 1986). The availability of light during the early life stages of fishes also affects
the normal development of the eye. The response of larval fish to a particular
characteristic of light is species specific. In the cichlid Haplochromis burtoni (Zeutzius
and Rahmann 1984) and rainbow trout Salmo gairdneri (Rahmann et al. 1979), light
deprivation in the early larval stage affects the normal development of the eye and reduces
visual acuity. In contrast, halibut (Hippoglossus hippoglossus) yolk-sac larvae develop
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abnormally in the presence of light (Bolla and Holmefjord 1988). Despite an impressive
amount of research on the early life history of Atlantic cod larvae, no investigations have
been done on the effects of light on growth and feeding.

Preliminary experiments on the foraging, growth and survival of cod larvae from
the Scotian Shelf (SS; latitude 44°30'N) and Northeast Grand Bank (NF; 47°30'N) in the
Ocean Sciences Centre (OSC), Memorial University of Newfoundland, showed that
growth and survival between the two groups differed under different light intensity. I set
up laboratory experiments to test the working hypothesis that light intensity would
differentially affect the growth and survival of the larvae from these two geographically

separate cod populations.

Materials and methods
Collection of eggs

Naturally spawned fertilized eggs were collected from Scotian Shelf (SS)
broodstock maintained at Dalhousie University, Halifax, Nova Scotia and from
Northeastern Grand Banks (NF) broodstock maintained at the OSC. The SS broodstock
spawn naturally from November through January (Brander and Hurley 1992) while the NF
broodstock spawn from April through July (Fahay 1983, Myers et al. 1993). Thus,
experiments were conducted at different times of the year, but otherwise protocols were
identical. SS eggs were collected in early December 1993 while NF eggs were collected in
late May 1993. At the time of egg collection temperature in the brood stock tanks was
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between 4-6° C for NF and 5-7°C for the SS broodstock. Similar temperatures were
reported in the field during late fall for the SS (Smith 1989) and summer for NF (Myers et
al. 1993). SS eggs were transported to the OSC and incubated under the same condition
as NF eggs. Light intensity in the incubation room was 300-400 lux. Eggs were incubated
between 5-7°C in 250L circular tanks with water flow and aeration. Dead eggs were
siphoned out daily and antibiotic solution (mixture of tetracycline(100mg/L) and
penicillin(60mg/L)) was sprayed on the eggs to control any bacterial and fungal infections.
Incubation time for both NF eggs (13 days) and SS eggs (14 days) was similar. When
50% of the eggs had hatched, larvae and eggs were transferred to experimental tanks and

this was taken as day O of the experiment.

Preliminary experiments.
Prior to the main experiment, a series of preliminary experiments was carried out
to develop protocols for the rearing of cod larvae through metamorphosis. In one

I duplicated the conditions used by Norwegian scientists (Ellertsen et. al

1980, Solberg and Tilseth 1987) including low light intensities (<100 lux). In these
experiments [ used a light intensity of ~10 lux/0.19 #E m? and a 16L:8D photoperiod and
temperature was maintained between 7-9°C. Laboratory-reared rotifers and/or Artemia sp
were used at four prey concentrations ranging from 500 to 4000 prey per litre. The results
showed that SS larvae grew and survived better than NF larvae. Both the populations

grew better in 4000 prey/L.



In a second preliminary experiment, I used 24h light (of appropriate intensity) for
both NF and SS cod larvae and prey levels of 4000 prey/l. For both populations, survival
was higher under the continuous light regime than under 16L:8D. Previous studies
indicate that other fish species achieve a better growth and/or survival using 24 hr

photoperiod (Kiyono and Hirano 1981, Duray and Kohno 1988).

Experimenial set up

All experiments were carried out at the OSC in a temperature controlled room

at 8°C. Water in the i tanks was daily in the
morning. The room was subdivided into two chambers by an opaque black plastic curtain.
One chamber was assigned as high light (HIL) intensity treatment (12.92 £E m¥/680 lux)
and the other a low light (LL) intensity (0.19 »E m 2 /8.5 lux) treatment. These light
intensities were chosen based on the results from my preliminary experiments. The
experimental tanks were 30 L rectangular glass aquaria (38 cm in depth) with two tanks
per treatment. Three sides of each aquarium were covered by opaque black plastic. The
front was not covered to facilitate the behavioural observations. Two 90-watt
incandescent bulbs, one each above each of the HL tanks, and two 7.5-watt incandescent
bulbs, one each above each of the LL tanks were used. Both type of bulbs produce a
smooth continuous spectrum ranging from 400-700 nm (General Electric (GE) Company,
4400 Cox Road, P.O. Box 4410, Glen Allen, VA, USA 23058-4410). All tanks were
covered by a sheet of blue-green plastic to ensure an even distribution of light into the
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tanks. Low light tanks were covered with two blue green plastic sheets to achieve 8.5 lux.
Light intensity inside the tanks was measured using a light meter (SPER Scientific light
meter 840006 for measurements in lux and Li-Cor Quantum photometer, model L1-189
for measurements in .E m™), held just above the water surface. All measurements were
taken when the covers were on. A 24hr photoperiod was used.

Initially, tanks were filled with filtered, UV treated sea water. Larvae were
transferred to the experimental tanks at 50% hatch. Larval stocking density was 40
larvae/l. For the first week, there was no exchange of water. After one week a flow of
100-200 m/min. was started which was gradually increased to 700-800 ml/min. during the

fourth week. Green algae (Isochrysis sp) were added to the tanks daily from day one to

the end of the i Cultured, HUFA iched (highly d fatty acid)
rotifers (Brachionus plicatilis) and/or Artemia salina were used as prey. From day 3 to
day 10 post-hatch rotifers were used as prey. As the larvae grew a mixture of rotifers and
Artemia (1:1) were used. Prey concentration was maintained at 4000 prey/L. To maintain
this prey level, a 10ml water aliquot was sampled daily from each tank at different depths
(just below surface, mid water column, and just above bottom). The number of prey was
counted and prey levels were adjusted to 4000 prey/L, if necessary. The blue-green covers
and presence of aeration through a air stone and an air lift helped to reduce the patchiness

of the prey (Ellertsen et al. 1980, Gulbrandsen 1991).



Data collection

Ten larvae were sampled on day 0 and thereafter five larvae from each tank (10
per treatment) were arbitrarily chosen for morphometric measurements and dry weights at
5 day intervals over the duration of the experiment (43 days). Using a dissecting
microscope, standard length (mm) and presence or absence of food in the gut in
proportion to gut volume (empty, 25%, 50%, 75% and full; McLaren and Avendafio
1995), were recorded. After measurements, each larva was rinsed in fresh water and
placed on a pre-weighed piece of aluminum foil and dried in an oven for 24-48 hrs at
65°C. To calculate the larval dry weight, larvae and foils were weighed to the nearest
0.0001 mg using an electronic microbalance.

Behavioural observations were recorded from day 1 to day 31 post-hatch for NF
stock, and from day 1 post-hatch to day 43 post-hatch for SS stock using a Tandy 102
event recorder. I could not collect behavioural data for NF cod larvae beyond day 31 due
to technical problems. Observations were conducted twice a week and all the observations
'were made by an observer seated in front of each tank between 10 am and 12 noon.
During each observation period, a larva was observed for one minute. The occurrence
(beginning and end of the event) of any of five foraging Modal Action Patterns or two
activities (swim or motionless) (MAP's; Barlow 1977; Table 2.1) performed by the larva
was recorded. In total, five larvae were observed in each tank (10 per treatment). In this
Chapter, I combined the frequencies (MAP’s/min.) of orientation, success, miss, and pass

into a category termed foraging frequency.



Table 2.1: Operational definitions of Feeding Modal Action Patterns (MAP's) for larval
cod.

MAP Definition

Swim - forward movement of larva through water column accomplished by
caudal fin action.

Motionless - larva is not swimming.

Orient - larva stationary and fixates on a prey item.

Bite - larva attempts to capture prey.

Success - prey is captured.

Miss - prey is not captured.

Pass - larva orients on a prey item but does not bite, larva then swims in
another direction.

Foraging frequency = Orient + Success + Miss + Pass.
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The experiment was carried out for 43 days and terminated when the majority of

the larvae were past hosi is was determined externally by the

of the i fin fold and ion of discrete fins. At the

end of the experiment, the numbers of surviving larvae were recorded.

Data analysis

All data were tested for normality ( SAS 1988). The foraging frequency and gut
fullness index data were not normal, and a non-parametric one-way ANOVA (Wilcoxon
Rank Statistic) was used to determine the effect of light level (p < 0.05).

The effects of light level and age on standard length and swimming of cod larvae
were analysed by two-way analysis of variance (p < 0.05).The Tukey test was used for a
multiple comparison among different light treatments and locations ( SS/NF) for each

week.

Results

By the end of the second week, there was a significant difference in standard
length (ANOVA, (Fy; 16,=29.3; p<0.0001) among NF cod larvae raised under high and
low light intensity conditions. NF larvae reared under high light grew more from week
three until the end of the experiment (Fig. 2.1a and Table 2.2). In contrast, SS cod larvae
grew significantly better under low light. In fact, SS larvae reared under high light did not
survive beyond the fourth week (Fig. 2.1b). Analysis of the data for the first four weeks
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showed that the standard length of the SS larvae reared under low light was significantly
higher (Fy 5,=5.99; p<0.00163) than that of SS larvae reared under high light.

Overall, there was no significant difference between the standard length of SS
larvae reared under low light and NF larvae reared under high light (F(; 15=1.27;
p<0.2622). However, at hatching the SS larvae were larger in length than the NF larvae
but NF larvae reared under high light exceeded the standard length of SS larvae by the end
of two weeks. There was no significant difference between the growth of NF larvae under
high light and SS larvae under low light at weeks 3 and 4, but NF larvae reared under high
light were significantly larger than SS larvae reared under high light at weeks 3 and 4
(Table 2.2). SS larvae reared under low light were significantly larger than NF larvae
reared under the same condition (Fy; ;55=87.09; p<0.0001), but there was no significant
difference at weeks 3 and 4. After four weeks, SS larvae were significantly larger than the
NF cod larvae (Table 2.2).

The duration of swimming of NF larvae was significantly higher (F, 45=25.28;
p<0.0001) under high light than low light (Fig 2.2a and Table 2.3). This higher swimming
activity probably resulted in a higher encounter rate with the prey which resulted in an
increased foraging frequency under high light condition. The mean foraging frequency of
NF larvae was significantly higher under high light (Z=-4.27284, df= 1; p=0.0001) than for
larvae under low light (Fig 2.2b). The gut fullness analysis also confirmed higher rate of
successful prey encounter of NF larvae under high light than under low light. The index of
gut fullness of NF cod larvae was significantly higher (Z=4.46398, df=1, p=0.0001) under
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high light than low light conditions(Fig. 2.2c).

There was no significant difference in swimming duration (F, 145=0.86; p=0.356)
between SS larvae reared under low and high light (Fig 2.3a and Table 2.3). However, the
foraging frequency of larvae under low light conditions was significantly higher than that
under high light conditions (Z=-7.02919, df=1; p=0.0001) (Fig 2.3b). This was reflected in
gut fullness index (Fig. 2.3¢), which was significantly higher under low light (Z=-2.91237,
df=1; p=0.0036) than high light conditions. At tke end of the experiment the survival of
NF cod larvae was higher in high light compared to low light. SS larvae did not survive in

high light, but in low light survival of SS larvae was much higher than NF larvae (Fig 2.4).
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