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ABSTRACT

The main bottleneck to the mass production of juvenile seed stock for the
intensit ¢ aquaculture of many marine finfish species is the high mortality associated with
the lanal stage. In an attempt to reduce the costs and increase lanval survisal for o
species with aquactliure potential. experiments were performed to investigate ways of

reduci

he quantity of live food require

The first experiment described in this thesis was performed in Brazil with fat

snook (€ llelus) a species of
7 I

nterest for which little is
known about the natural history or culture techniques. Previous laniculture with this
species has been done at prey densities of 30 000 prey litre. | tested a range from 30 000,
W 3000 prey litre. and tound no ditference in survival and growth at any of these prey
densities. Reducing prey densities to only 3000 prey litre will result in considerable

savings in fabour and cost for future culture of this

species. The behaviour of the larvae

is also deseribed here tor the first time. Fat snook lanvae were obsenved to be saltatony

toragers. and to employ 3 sigmoid (s-cunes and lunge prior to capture. until the lanae

reach lengths of 3.0 mm.

The experiments with larval Atkantic cod (Gadies morhua were more in depth

since both the optimal prey density and foraging behav iour patterns were already known.

The first exp tigated the p

N Of using

o " (low prey density )

at one of three stages Jorg transition from end, w and

nous) in the lanal period. It was found that lanal sunvival was maximized when a

low prey density (300 prey litre was offered during the tirst 3 days post-hatch. and that

srowth and sunival were maximized thereafier by offering a high prey density (4000
prey litre). The behavioural obsenations in this experiment did not concur with previous
reports. which found that orient frequency increases with prey density. Comparisons of
the methodologies between this and previous studies found that low rates differed. Flow

rates were found to modify the duration of prey availability. A second cod

investigated the effect of decreased duration of prey availability (controlled by flow rate)
and found that survival and growth decreased with decreasing duration of prey

i



availability. The probable explanation for this decrease was that the larvae had less time

to forage. Orient frequency of lan ae that had less time to forage (high tflow treatments)

was 3 times higher immediately after feeding. Hourly behavioural obsenvations

Jdemonstrated a sudden spike in orient trequency after feeding for lanvae reared at high
flow. which explains how lanal cod are able to take advantage of prey patches that oceur
in their spatially and temporally variable environment.

Results ot the cod experiments can be used to suggest a new larviculture protocol.
which schedules low prey density during the endogenous feeding stage and then increases
1w high prey density therearter. The results also demonstrate that a relationship between
flow rate and duration of prey availabiliny exists and that lanval cod are sensitive to the
duration of time that is available for foraging. Future lanal hushandry practices should

include the recordi

of a prey clearance cune for cach tank at set flows. so that the prey
Jynamics of each tank can be understood. Consideration should be giten to both water

quality and prey clearance rates in the assignment of flow rates.
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PREFACE

Aquaculture s an extremely fast growing industry. one that has the potential to

negatively impact the world's oceans and freshwater resource:

ust as agriculture has

done in so many parts of the world over the last few centuri

Fortunately thi

Revolution™ is oceurring at a time when ind’s envil | i

just beginning to blossom. There is no doubt that fish can be cultured much more
eificiently than they van be harvested from the wild. and hopetully by integrating
aquaculture with the high tech industry. we will be able o do 50 in 2 manner that is far
more sustainable than was the “Green Revolution™. [t is for this reason that | decided to
become involved in this field. | belicve that the best way 1 help an industry grow in the
direction that you feel it should (¢nsironmentally sustainable s to direct it from within.
The rescarch | undertook in the preparation of this thesis was with the 2oal of making one

lintle part of the industry more etficient. less expensive and less wastetul.

In memory of my late grandmother. Edythe Lytle. who taught me that all creatures

on this earth must be treated equally no matter how small. or smart.
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CHAPTER |

GENERAL INTRODLCTION

The major i di 1o the largs ! duction of juvenile seed stock for

intensive aquaculture of many finfish species is the mass morality associated with the

lanal stage (Stey

en 1976: Houde and Schekter 1980: Cergueira 1992: Puvanendran
1999). The high lan al mortality of numerous commercially important marine species
retlects the r-selected strategy of producing a large number of relatively small.

undeveloped larvae with low individual energy investment (Hutchings 1997). Atall life

stages predation. starvation. disease and adverse environmental conditions threaten
sunvival. These tactors have been suggested 1o be the major source of mortality for the
small refatively undeseloped and vulnerable lanvae of many marine fish species
(Ruzzante. cr al. 1996). In the wild. the high mortality associated with the lanval stage of’
marine tish has been auributed primarily to starvation and predation (Dekhnik. er al.
1970: Hunter 1972: Cushing 1976: Houde and Schekter 1978: Buckley. er af. 1987) that
are not necessarily mutually exclusive. Research suggests that the probability of
predation increases with the hunger state of lanae (Wyat 1972: Heath 1992).
Furthermore. since growth rate is directly related to the availability of food and the
probability of predation decreases with size. increased food resources reduce the larval

period and theretore the chances of predation mortality (Houde 1973: Duthy. er af. 1996).

In laboratory rearing and large-scale culture conditions the effect of predation is reduced.

set mortality under these controlled conditions remains high.



The reasons for the high moraliny in the laboratory in the absence of predation

have been the focus for much rescarch. Early in lanval fish rescarch. difficulties in
abtaining good sun ival were thought to be related 1 a poor supply of appropriate prey
items. Plankton had 10 be obtained from the wild (O'Connell and Raymond 1970: Houde
1975), which was unreliable and required a great deal of labour to obtain enough for large

experiments. therefore keeping them small scale (Houde and Palko 1970). The high

variability in z0oplankion species and nutritional quality further complicated res

effors. since the compusition of plankton blooms was constantly changing. maki

and i periment comparisons Jifficult or impossible. Lanval studies were greatly

and sified with the duction of rotifers ( Brachionus spp.) as a first
feeding organism in the 1960°s, This fed 1o the first consistent success with intensive
rearing of marine tish lanae: red sed bream ( Pugrus major) reared in Japan on cultured
rotifers (Lubzens. cr al. 19891,

Rotiters are ideal as a first feeding organism for lanal fish due to the availability
ofavariety of strains with ditterent sizes and temperature wlerances. They are also

cury haline. and can be cultured using Jifferent food sources ¢

. algae and yeast. Rotifers
are thus swimming food capsules that can be enriched such that they provide the

necessan nutritional requirements to the fish lanae (Lubzens. ¢7 ol. 1989). Although

bi i

their use is now ubigui and I inter and i Xperiment i a

drawback is that culture of rotifers require exceptionally good management to keep

cultures clean and at peak production.



Since the introduction of rotifers (and even before). a large amount of research
has been done to identify prey requirements for lanval fish. The intent of these studies
\aries from identifying the impacts of lanae on zooplankton resources in the wild
(Dekhnik. er al. 1970: Cushing 1983: Kvenseth and Oviestad 1984). to estimating the
year class strength for fish stock assessment (Laurence 1974: Frank and Legget 1986:
Fossum 1988: Dutfy. ¢ al. 1996). 1o determining the tood intake of larval tish (Boehlert

and Yoklavich 1984: Thompson and Harrop 1991: Karamushko and Reshetnikov 1994),

and most recently identitying optimal prey densities for the mass rearing of larval fish

(Houde 1978: Wemer and Blaxter 1980: Ringo. e al. 1991: Melard, er ul. 1996:

Puvanendran and Brown 1999). As a result. it is recognized that the quantity of prey
required for growth and survival is highly variable and is dependent on fish specics.
temperature. lanal size. foraging methods. prey type. and lanval growth rates. as well as
other tactors that may yet be identified.

A fundamental theory that must be acknowledged in a di

ssion of prey density

is the work of Holling (1963). which can be applied to describe the relationship between

prey consumption rate and prey dey

ity. which he termed a functional response.
Research by Houde and Schekter ¢ 1980) addressed both the functional response and a
developmental response (the change in prey consumption relative to larval growth) for
the larvae of three marine fish species. An asymptote was predicted in prey consumption

rates. such that no turther inci

case in consumption is expected with increased prey
density. however. Houde and Shekter (1980) did not tind this point in their work with

lined sole. sea bream and bay anchovy. For ial scale production identifying the




level at which further increases in prey density do not increase prey consumption and
therefore growth or sunvival will result in efficient production of larvac.

The experiments described in this thesis were desi

ed 10 test methods that might
reduce the quantity of rotifers used in the larviculture of fat snook (Centropomus

parallelus) and Atlantic cod (Gadus morhua). The obj

ctive was to minimize prey

requirements while maximizing growth and survival. therefore increasing the overal

efficiency of the process and redue

waste and cost. The question addressed in these
experiments is do lanae really need a high prey density prior to metamorphosis? The
prediction is. that because lanvae have evolved in an environment that has both temporal
and spatial het

crogencity in food resources. they will be adapted to deal with food

shortages (most likely in the carly stages before the volk sac is exhausted and before they

have become effective predators). and that they will be able 1o take advantage of prey
patches when they are encountered.  The experiment with tat snook ok place at the
Marine Fish Laboratony of the Federal University of Santa Catarina. Florianopolis. Santa
Caarina. Brazil. and was the first of'its Kind for this species. The work on Atlantic cod
builds on previous findings at the Ocean Sciences Centre. Memorial University of
Newfoundland. St. John’s. Newfoundland. Canada.

Chapter two provides a background for the lan iculture of fat snook and presents
the results of an experiment that investigated the effect of prey density on the growth.
survival and behaviour ot larval fat snook. Chapter three presents the background
information tor the Atlantic cod research and describes the results of a *match mismatch®

experiment that investigated the effect of lowering the prey density offered during each



of three stages of larval development. A comparison of the results of the experiment in

chapter three with previous research at the Ocean §

ciences Centre. led 1o the discoveny of
an effect of flow rate of water through the tanks on the growth. survival and behaviour of
Atlantic cod lanvae. The effect of flow rate on the growth. survival and behaviour of
Atlantic cod larvae is investigated in chapter four. Finally. chapter five gives a brief

summary of the findings made in these i s. draws some i between

the results tound in the cod experiments. and looks at future directions for larval research.



Chapter 2

Defining prey density requirements for larv:
fat snook (Centropomus parallelus)

20 Introduction
2.1.1  Natural history of fat snook lan ae

Fat snook (Centropomus parallelus Poey. 1860) have a range that extends from
the southern tip of Florida to the southern extreme of the State of Santa Catarina. Brazil
(Rivas 1986: Froese and Pauly 2000). This species is believed to form large spawning

congregations from December through April along the southemn coastline of Brazil

(according to communications with local fishers. and descriptions for its close relative .

wndecimaiis). and they are deseribed as group synchronous batch spawners by Rivas

(19861 Females release several large (100 000 eggs per Kilogram adult mass) batches of

timy (0.6 - 0.7 mm) hat float in the upper region ot the water column.

Al temperatures o C eggs hatch in approximately i3 hours atter being
released (personal obsenation). The lanae hatch without eyes and the mouth and anus

are closed (Fig.

2.1 The newly hatched lanvae are completely dependent on their
endogenous resenves (yolk sac) for the first few days of life (Morrison 1993). The eyes
develop within 32 hours at which pigmentation of the retinae begins. By day two or
three. the lanval jaw begins development. the mouth opens and the digestive tract
expands. and pigmentation of the eyes is nearly complete. Feeding commences
approximately three days post-hatch. on micro-zooplankton that are most likely less than

100 um in width since at this time the lanae are only about 2.7 mm in total length.



Fig. 2.1. Digital image of fat snook larvae at hatch.



Day five marks the commencement of swim bladder inflation. which requires that the
lanae swim to the surface and wulp air o initially inflate their bladders. These visually
suided zooplanktivorous camis ores spend approximately 45 days as lanvae in the ocean

and then move into rivers. estuarine and mangrove habitats as juveniles (Cerqueira 1992).

Histon of Fat snook aquaculture
Fat snook have been cultured for over 300 years in extensive grow-out ponds in
the northeast of Brazil (Cerqueira 1993). Commonly called robalo in Brazil. fat snook

has been recognized as a candidate species for

because of its:

ast growth.
high sunival. and eun haline habits. The white flesh is also favoured in the culinary
industry (Roberts 1989: Cerqueira 1992: Cerqueira 1993 Boujard. er uf. 1997). In the

wild and at small si.

s, O parellelus is commonly mistaken for the much larger

conspecitic common snook (C undecimalis) by sport tishers. which makes robalo an

excellent candidate for the growing number of “pay o fish ponds™ in Brazil.

It has only been in the past couple of decades that research has focused on the
intensification of culture techniques for tat snook. and only at a handful of locations. The
main vbstacle has been the inability to consistently produce the large number of juveniles

required to make on-

ties for this species viable (Cerqueira 19




Laniculture work on fat snook to date

As with many r-selected marine fish species (with many small eggs). the small

and fragile lanal st

has presented a bottleneck to the production of juveniles (Stepien
1976: Houde and Schekter 1980: Dhert. ez u/. 1998).  The difficulry has been in
obtaining consistent and predictable survival through the first feeding stage up o

izes and concentrations is vital with

metamorphosis Selecting appropriate prey types
respect to the sunvival and growth of small marine larvae (van Der Meeren and Naess

1993). With the introduction of rotifers i Brachionus plicatilus) as a first teeding

organism in the late sixties ( Lubzens. ¢ ui. 1989) much higher and more consistent
sunvival was achieved in the lan iculture of numerous marine species including fat snook.

tul induction of a female fat snook

Cerqueira (1992) reported the first succs

using Human Chorionic Gonadotropin hormone (HC

7). Nince then research at the

Marine Fish Laboratory. Federal University of Santa Catarina (LAPMAR. UFSC) has

examined various issues i

rearing salinity ions. lighting. and

nutritional quality of food supply for lanval fat snook. attractants used in pelleted food.

and diet compusition for jus eniles. and various details concerning

induced spawning such
as vocye size as an indicator of female ripeness and use of luteinizing hormone releasing
hormene analog (LHRHa) as a liquid injection or a slow release pellet. However. 1o date
sunival to metamorphosis has been low. and insutticient seed stock has been produced to

support viable commercial grow out operations. As part of the ongoing research at

LAPMAR and financed by funding from the Canadian International Development



ency (CIDA) provided through the Brazilian Mariculture Linkage Program (BMLP).
this research project was set up as a technology transfer between Brazil and Canada.

Affer assessi

¢ the larviculture protocols at LAPMAR. o areas were chosen as.

potential areas for improvement. Previous lanviculture at the laboratory had been

pertormed in near static s)

tems (<

hange per day) with new water being added
when algae and rotiters were added to the tanks (Seittert. etal. 2001: Lajonchere 2001).
It was felt that given the high temperatures and the high densities of prey offered to the

lana that water quality would degrade rapidly. Therefore. experiments would be carried

outin a flow through system. later to be compared in an iment investigating the

effect of flow. The high prey densities used at LAPNAR were also higher than those

reported for other species. and it was believed that reducing the quantity of rotiters

required could create considerable savin;

in labour and cost. without compromising
production. as measured by sunvival and growth,

This chapter details the findings of one experiment that was planned as a

preliminany investigation into the minimal rotiter requirements of lanal fat snook. The
objective was to determine the lower limit of rotifer requirements for larval fat snook. It
was expected that the density of rotifers in the lanal tanks could be reduced 10 densities

similar to those used in the lan iculture of other marine finfish (< 10 prey ml).



2.2 Materials and Methods

Husbandn and General Methodols

Mature (3-3 year old) cultured fat snook broodstock were relocated from 8m” on-
growing pens to 10m” black concrete spawning tanks. Spawning tanks were indoors
under natural light and were approximately 1m deep with a gravel bottom. The
broodstock used in this study were raised to maturity from presious spawnings at
LAPMAR. These fish had been fed a commercial pelleted diet (Supra Salmonideos).

howener. they were put on a laboratony prepared diet prior to spawning (Table 2.1.).

able 2.1, Ingredient list with ition for
i h Laboratony pr ged bre: diet tor fat snook
Ingredients Composition (°0)
Fish Meal 450
Fish BA%
Squid
Shrimp 150
Vitamin Premix 0.4
Vitmin C 0.1

One female (720 ¢, 405 mm). chosen based on ripeness of the ovaries (mean

ooy cte diameter greater than 0.34 mmi. was injected (inter-muscularly ) with 50 ug kg

LHRHa to induce ezg ovcrte release. Two males were induced to release milt by using

2 kg LHRHa and were released back into the tank.  Fertilized eggs were released

approximately 36 hours after induction (at 22.

enerally takes place

in the early morning. between midnight and sunrise.



The buoyant were retained in an overtlow collector attached to the outtlow

of the spawning tank. After |2 hours. more than 90°s of the eggs had been collected and

they were moved 1o a 100 litre ¢y lind jcal fiberglass i ion tank. T

5°C. with light aeration and low water exchange

eggs hatched atter

approximately 13 hours. Within 12 hours of commencement of hatching. 80 of the

had hatched. and the larvae were transferred to 12. black. 140 litre cylindrical

crel

ss treatment tanks at an initial stocking density ot 27 larvae per litre.
T'reatment tanks were maintained at 26.0 = 1.5°C using 100 want aguarium heaters
connected to a central thermostatic control. From one to five days post-hatch (dph) tanks

remained static with no water exchange except for the overtlow caused by the addition of

e and rotifers. Zero water exchange for the first five days is necessany due to the
relatively undeveloped state of the larvae. which are unable to swim against even the

slightest current. Starting on day five. each tank received a constant intlow of 194 = 20

ml per minute (2 exchar per day ) of filtered (sund-tilter) seawater. i 1

1000

50 lux of light was provided to each tank 24 hours per day by two 40-watt

fluorescent bulbs. Tank water was greened twice daily starting on day 2 with

Nunnochloropsis oculata algae. grown in 3000 litre semi-continuous outdoor cultures.
Treatment tanks were equipped with a surface skimmer to remove oily deposits

trom the surface. Care was taken to ensure that the surface skimmers were functioni

properly and cleaned regularly during swim bladder inflation (3 - 9 dph). Each tank had
three small aquarium sty le porous air-stones through which a low airflow was maintained
to keep the prey well mixed throughout the tank. One of these air-stones was placed



directly under the mesh sock (130um) that covered the overflow twbe such that larvae
were swept away trom this area by the upward current.

Rotiters ( Brachionus rotunditormis) with a mean length and width of 172 um and
112 um respectively. were introduced to the treatment tanks twice daily (=9%am and 9pm).
Prior to the addition of new rotifers at each feeding period. the density of prey remaining
in the tank was estimated trom five samples taken at five ditferent locations in the tank.

The size of the samples was regulated so that counts were between 3 and 40 rotifers.

using 1 or 3 ml glass pipettes. From the prey counts the number of rotiters required to
return the tank to the required prey density was added. A second set of samples was
taken to ensure that the nominal prey density had been achieved. Rotifers and algae were
able to pass through the mesh covering the overtlow therefore an estimate of the duration
of time that the prey remained in the tank was required. On two occasions prey clearance
from treatment tanks was monitored by repeating the tive pipette samples eveny hour

over a melv

hour period.

It should be noted here. that due to failures in the production of algae and rotiters
at LAPMAR it was not possible to complete the planned experiments investigating the

effect of flow rate and lower prey densities.

Experimental De

ign
Three replicate tanks ot cach of 30. 20. 10 and 3 rotiters per ml were randomly
assigned to twelve treatment tanks. The four prey densities were chosen based on

previous larviculture protocols at the LAPMAR. Successtul rearing of fat snook larvae



has been accomplished at this laboratory for many years using prey densities of

approximately 30 - 40 rotifers per ml from | - 23 days post hatch. and then switching

10 - 13 rotifers per ml as {rremia nauplii are slowly introduced starting on day
Although rotifers are offered tor 23 days post hatch. my experiment was terminated when
the lan ae commenced metamorphosis (16 dph). The range of prey densities chosen for

this

experiment were meant 1o encompass the densities previously used at LAPMAR as

well as adding lower levels approaching those used in the mass rearing of other species

such as Atlantic cod (Gadus morhua) 4 prey ml. (Puvanendran and Brown 1999). bay

anchovy (Anchoa mirchilliy 3 prey ml. (Houde and Schekter 1978). gudgeon (Gobio

wohioy 5.5 prey ml. (Kestemont and Awaiss 19891, yellowtail flounder (Limanda
rerruginea) 8 prey ml (Rabe and Brown 2000). and white bass (Morone chrisops) 10

prex mi (Densen and Smith 19961

Data Collection

The day before lanvae were transterred to the treatment tanks from the incubator.
the initial lengths of ten lanae were measured. Samples of ten lanae from each
treatment were also collected for measurements of standard length and myotome height
(depth of body excluding fin at the insertion point of the anus) on days 3. 5.8 and 12. On
the final day of the experiment (day 161, 30 larvae from each tank were sampled for
length and myotome height measurements. Day 16 was chosen as the tinal day since
90 of the lanae in all treatments were showing signs of metamorphosis (notochord

tlexion and di i fintold). Meast were made from digital images




captured from a Somy CCD camera mounted on a dissecting scope. using the Dazzle
Video Creator hardware software (Dazzle Muitimedia® 1999). These images (bitmaps)
were then opened in the Scion Image freeware program (Release Beta 3b. Scion Corp.
1998) that was calibrated using a calibration slide with 1. 0.1 and 0.01 mm markings.
The calibration resulted in a number of pixels per millimetre in the vertical and horizontal
directions and gave an aceuracy of =0.0128 mm based on an error of 1 pixel for image
tormation and 1 pixel for length measurements.

Behavioural obsenations were made on days 6. 10 and 14 using The Observer
event recording program (Version 2.0. Noldus Information Technology. 1990) on a
laptop computer. On each obsen ation day. one tank from each treatment was chosen for
obsenation without repetition. Ten lanae were randomly selected and each individual
visually followed in the tank for one minute using the focal animai technique (Altman

19741\ single Keystroke was pre-ussigned to cach ot six modal action patterns (MAPs)

( Table 2.

Barlow 1977). This data was later summarized into duration and frequency
using The Obsener program’s analysis capabilities.

Sunival was calculated based on the difle between the esti d starti

number and the absolute final number of fan ae remaining in cach tank. Other

researchers using cold water marine species (Brown and Taylor 1992: Puvanendran and

Brown 19991 have cellected and counted dead lanae each day in order 10 estimate a

survival cunve by back caleulating tfrom the tinal sunvival. This technique was not

possible ziven the rate at which snook larval corpses degraded at h

water

temperatures.



Table 2.2. Modal Action Patterns ( MAPs) for lanal fat snook adapted from Puvanendran

(1999,
AP Description
Swim forward movement of lanvae by self generated propulsion with
caudal area of body and fins
Pause lanae motionless
Orient lanae aligns itself headfirst towards a prey item
Lunge trunk of lan ae assumes an S-shape from which the lanae rapidly
moves forward towards a prey item
Capture prey item is taken into mouth

Thrash larval body undulates from side to
backwards motion

e rapidly resulting in

224 Data Analysis

A condition index was used to compare the condition of the larvae in place of

ht. which was problematie in a humid ¢ns ironment and using small

fanae. Due to the high degree of accuracy in measurements (=0.0128 mm) of the digital

images. it was possible to obtain estimates of larval robustness that were much more
accurate than would have been possible with the available halances. The condition index

used was the ratio of body depth to body length. which is

function of larval volume and
was used by Koslow. ¢7 al. (1983 on wild cod larvae (7.0 mm) and found 10 be the

most sensitive index to changes in the feeding environment.

Condition index = myotome height standard length h



cific growth rate (SGR) was caleulated using the following equation:

SGR = ([IncLy) = In(Lop] 1< 100 2)

Where L is the lanal les

attime t. L. is the length at the bey nning of time period ©.
and tis the length of time period tin days (Buckley 1 af. 1987).

Sunvival. length specific growth rate and final length data were compared using
one way analy sis of variance (P < 0,031, Prior to analysis the data were tested for

normality usi

the Kolmogoroy-Smimos test and obsering Q-Q plots of residuals and

$PS

expected value S 1999, The data were found to comply with the assumption of
nomality for the ANOV'A analy sis.

Behavioural data were also tested in the above manner for normality and it was
found that only duration and frequency data for swim and pause MAPs were normally
distributed. These data were therefore tested using a two-way ANOVA (a = 0.05).
Differences between treatments were further investigated with one-way ANOV'As on
cach day. Orient and capture frequency were compared between prey densities using the
Krushall-Wallis test for non-parametric data (Sokal and Rohlf 1969). Neither lunge nor
thrash are analy zed here because lunge was only present in the first obsen ation day. and
thrash data was collected for another experiment. They are mentioned here only to

complete the repertoire of behaviours obsered for larval fat snook.



23 Resuls

Prey clearance

The rate of remoral of rotifers from the treatment tanks was observed in two tanks
for each prey density. From the clearance curve it was found that S0°6 of the initial prey
density remained after 10 hours. and approximately 40°a remained by the next feeding

period (Fig. 2.2).

There was no

ificant ditference in sunvival for lanae in the four prey densities

(F = 0.163. df = 3. P = 0.917: Fig. 2.31. The highest sunvival was 60.8% in one replicate

at 3 prey ml. and the mean sunvival for this treatment (three tanks) was the highest at
38.8%. while the lowest mean sunival (29.4%) was in the 30 rotiters per ml treatment.

which also had the tank with the lowestsunvival at 9.7%.

Growth

There was no signiticant ditference (F = 1,132, dr P =0.386) in the mean

final standard les

h among fish raised at any of the tour prey densities (F

Length-specifi

rowth rates we

not significantly ditferent (F = 1.129. d

394) amo

treatments. and averaged 7.

339 per day over the entire experimental

period. The highest length-specitic growth rate was during the first five days, (14.37 =

0.60 %0 per day ) over all treatments ( Table 2.3).



Table

growth rates for lanal fat snook from hatch to metamorphosis

Length —Specitic Growth Rate (%o day)

Prey Densin  Dayl Day 3 Day 8 Day 16
B 0 =51 s
10 0 434
20 0 02 192
30 0 4.3 17
Mean 0 1437 167 183
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234 Behaviour

The behaviour of lanval fat snook consisted of a series of short swims and pauses
punctuated occasionally by foraging events (orient. lunge. and capture). Larvae spent
most of their time motionless and approximately 10% of the time swimming. Only a
small percentage of the time was spent in orient. lunge. capture. and thrash behaviours.

Prior to day 10 post-hatch the lanvae were observed to exhibit a lunge behaviour
that was preceded by the lanvae assuming a s-cunve shape. The lunge and s-cune
behaviour were size related and were only obsenved in larvae less than 3.0 mm in length
and was last observed on day 10, when the mean size of lanvae was 3.42 mm.

The mean duration of time spent swimming per minute on all days combined was

6.41 see min and was not significantly different (F = 2.494. df

3.p = 0.061) among any
of the prey densities. As the p-value was close to @ = 0.05 both a Tukey s HSD and a
Student-Newman- Keuls post hoe analysis were performed and no difference was found
between any of the treatments. .\ two-way analysis of variance with prey density and

days pos

-hatch (dph) as tixed tactors and an interaction term between prey density and

dph. explained 23.7%s of the variation in the data. All factors and the interaction term

were ificant at « = 0.03 (Table 2.4). When the mean swim duration of lanvae from

cach treatment was examined on ¢ach of observation. it was found that lanvae in the 3

prey ml treatment swam

ificantly longer than lanae in all of the other treatments on

day 6 (F = 3.384.df = 3. p = 0.002). while on day 10 there were no signiticant (F = 1.546.

dt'= 3. p =0.213) differences between any of the treatments. On day 14 swim duration




Jecreased with increasing prey density and larvac at 3 prey ml swam si

3.136.df = 3. p = 11.030) more than larvae at 30 prey mi (Fig 2.

Table 2.4, Summan of two-way ANOVA results for swim and pause duration of fat
snook lanae over time and fed at different prey densities.

Behaviour Source F-value dar )
Swim Duration Prey density 3 0014
RT=0.237 Day 14.051 3 “0.001
Prey density * Day ENIE 6 0.006

Pause Duration Prey density 2.889 3 0.037
R*=0.198 Day 13,445 3 “0.001
Prey densits * Day 1.483 6 0.186

There was a significant ettect of both day and prey density on the duration of
pause. but the lack of interaction between the two factors implies that the etfect of prey

density differed duning development (Table 2.4). On day 6 there was no si

2.301.dr = 3. p = 0.090) ditference in pause duration among the prey densities.

Likewise. there were no difterences on day 10 (F = 0,63

. p = 0.399) post hatch.

On day 14, however. there was a trend of increasing pause duration with increased prey

density. The 30 prey ml treatment larvae paused significantly longer (F = 3.52;

=0.019) than did the lanvae in both the 3 and 10 prey mi treatments (Fig. 2.6).



The mean trequency of orient for all treatments over all days was 0.514 orients

per minute (orienis min) and although there were

3. P = 0.006) between treatments. a Kruskal-Walli;

only a significant difference (77 = 14.004. df

on day 6 post hatch and
there was no linear trend in the data to support a change due to prey density. There were

no significant ditferences in orient frequency bemween treatments for either of the other

o obsenation day s (day 10, J128.d0=3p =0.770: day 14 3.990. dr

=001

Capture trequencies were low at all prey densities and averaged 0.0113

captures min tor all reatments over all days. There was no signiticant difference ¢

=2.030.dr = 3. P = 0.366) in capture frequency between treatments when all days are

combined. There were also no significant differences on any of the obsen ation day s

when tested separately (day 6. 77 - 0.001. df

P = 1000 day 10. 77 =4.800. df =

<0187 day 14,

368) (Fig2 8.
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24 Discussion

The poor sunvival and high costs assoc

ted with the larval stage of fat snook have

limited the availability of juvenile seed stock required to support commercial on-growing

facilities in Brazil (Lajonchere 2001). This research addressed both the poor survival and

high costs by attempting to optimize the prey density used in the larviculture of fat snook.
The results indicate that a much lower prey density (3 rotifers ml) can be used to attain an

equivalent sunvival t the previously high prey density offered (30 - 40 rotifers ml).

The use of behavioural obsenations has previously been useful in explaini

differences in |

ht. or prey density affect growth and survival in lanai fishes. In swdies

with Atlantic cod lanae Puvanendran (1999) found that lanae reared in high or

~optimal” prey densities (4000 prey litre). which resulted in higher survival and

showed a higher frequency of orients per minute. compared 1o lanae reared in sub-

optimal prey densities. From the behavioural observations on larval fat snook at the four

prey densities studied here. the orient trequency data does support the survival and

owth data.

The lack of difference in survival and growth across the wide range of prey

densities used here suggests that we did not reach the lower limit of prey density that can

be used for larval rearing without compromising larval growth or sunvival. A weak trend

towards increasi; ies indicates that turther reductions

¢ sunvival with lower prey densil

may improve results. Subseq i were d as part of this research and

although they were all terminated due to lack of rotifers and or algae. some clues may

come from the rough data that was collected prior to their termination. One of these




experiments used four treatment prey densities set at 10. 3. 2.5 and 0.5 rotifers per ml.
and found an asymptote in both surival and growth with a peak at 2.5 prey per ml.

The overall high sunival of lanvae from hatch to day 16 was some of the highest
sunival achieved at LAPMAR. Day 16 was chosen as the ¢nd of the experiment since at

this point it was ¢lear that metamorphosis was well underway as the dorsal fin was

2.9). One of the

ing division and hord had leted flexion (Fi

possible explanations for the high surival was the use of'a flow-through system.
Previous lan iculture of fat snook at LAPMAR had been done in near static systems. with
most new water only being added with algae and live food. and occasionally 10 10p up

tanks or increase volume. Flow-through or open systems have been used with great

success and can reduce metabolites. nitrogen as nitrate. nitrite and ammonia. and increase
the diversity of bacteria flora. which has been shown to increase survival for the lana of
the common snook (Kennedy. er al. 1998). Clearly there are conditions in which a flow-

through sy stem would not be advant:

cous particularly where the incoming water guality

is uestionable. or when insutficient volume of water exists to permit a continuous flow
through (Melard. er al. 1996),

Possibly the most ¢ritical factor that needs to be considered in relation to flow

the ettect it has on the duration of prey availability in the lanal rearing wnk. In this
experiment rotifers were enriched with algae. which was also available to the rotifers

while they were in the rearing tank. so the role of flow-through. here was t improve




Fig. 2.9. Digital image of a 16 day old fat snook larvae, which has commenced metamorphosis,
evident by the discontinuous fin-fold, and notochord flexion, indicated by arrow.

32



water quality. There was a fairly slow prey clearance rate (50°e remained after 10 hours)
that probably would not have dittered greatly from a static system with respect to its
etlect on the foraging behaviours of the lanvae. This aspect would have been tested iff
turther experimentation with larval fat snook had been possible. however. it will be
addressed with lanal cod in a later section of this thesis.

As this is the first known behavioural study on the larvae of Centropomus

parallelus. itis important to attempt to classify the behaviour of this species for future

reference.  The larval behaviours can be described as short bouts of swimming followed

by long

er periods of pause. Orientation towards prey and captures were consistently
preceded by @ pause. This description matches that provided by Browman and O"Brien
(19924 and b) for the behaviour of white crappie ( Poxomis unnularis) and golden shiner
(Notemigonus crysolencas). and which has also recently been used for the lanae of
Atlantic cod (Puvanendran and Brown 1999). The term used to describe this pattern is a
saltatory search pattern and it is intermediate to the sit and wait or ambush foraging
pattern. and the active or cruise foraging pattern ( Browman and O'Brien 1992a).
Although the saltatony search pattern applies to the entire larval period for fat snook.
there were some changes in the foraging behaviours as the lanae grew.

Prior to auaining approximately 3.0 mm in length. lanval fat snook were observed
to lunge towards their prey prior to capture. The larvae assumed a sigmoid or s-curve
shape. in which the larvae would move its head forward and backward relative to a prey
item. preceding the lunge. The s-curve has been observed for other fish larvae

(yellowtail. winter flounder and Atlantic halibut: personal obsenvation) and is described




for the lan ae of whitefish (Coregonus wartmanni) by Braum (1966). yet a clear
understanding of the purpose of this behaviour was not found in the literature. The loss of

this behaviour may coincide with an genetic change in eve hol

A, A similar
hypothesis was presented for the losses of fixate. lunge and snap MAPs in a centrarchid
species by Brown and Colgan (1984). They found that loss of behaviours from the

repertoire ot four centrarchid tishes was related to size and not age. In the present

experiment. afier the lan ac reached lengths over 3.0 mm. the lunge and s-curve
behaviours were no longer obsensed. and capture events became more difficult to

dJisti

ish from the sudden burst of swimming that invariably followed pause events.
Various researchers have used capture frequency and consumption rate data to

support Holling's (1963) hy pothesis of'a functional respo

between predator and prey
density for larval fish (Houde and Schekter 1980: Werner and Blaxter 1980: Puvanendran

and Brown 19991, However. in this experiment capture frequency was highly variable.

There are several possible explanations for this: tirstly captures were only recorded if the
prey item was obsenved to be ingested. Behaviours that appeared to be captures based on
the body movements of the lanae when the prey item was not vbsen ed were not

included. Secondly. the duration of the obsen ation period was oo short to ensure the

vccurrence of a capture event. .\ longer obsen ation period could have accommodated

the low capture frequencies. however. it would have meant sacrificing the number of

lan ae obsenved or the number of replicates and observed since recording of
P e

behavioral observations was a lengthy and laborious task. Theretore. in this and the

34



following experiments. | have chosen to focus on the frequency of orient as an indi

of foraging etfort rather than capture frequency.

It is not possible from the experiment conducted here. to accurately define the
Tower limit of prey density that will minimize live food requirements while optimizing
srowth and sunvival. However. [ can conclude from this experiment that lower prey

densities (3 prey ml) ¢:

be used to rear larval fat snook than were previously being used

(30 - 30 prey mb). By reducing prey requirements it will be possible to decrease the costs

associated with the lanviculture of this species. The six-told decrease in rotifer demand
will increase the resources available t ensure that back up cultures ot both algae and
rotiters are available for tuture lanval production at LAPMAR. Furthermore. it appears

that given the high water quality and high temperatures at this lab. the use ot a flow-

through system will greatly improve overall sunvival of larval fat snook.




hapter 3

Behaviour of Atlantic cod larvae under varying feeding conditions:
Exploring ways to reduce rotifer requirements for larviculture.

3 Introduction
310 Nawral Histony of Atlantic Cod Lanae
In the wild. Atlantic cod eggs are released into the ocean in several baiches from a

single adult temale each year (group ssnchronous baich spawners). The buoyant

float in congregations in the upper 50 m of the water column (Ellertsen. ¢f ul. 19841, and

hatch after approvimately 80 degree-days. with closed mouths and anuses. The free-

living lanvae (el

brio) are completely dependent on their end S resenies
tsolk sac) for the first few days of life (Morrison 1993). The duration that the yolk sac
lasts i temperature dependent (Fukuhara 1990: Miranda. er al. 1990) and at 10°C the
volk lasts approsimaels 8 - 10 days (personal obser ation ).

Larval teeding at Iy 23 degree-days (days « degrees

Celsius. ey days at 10°C) and in the wild the lanae feed on micro-zooplankton

teiliates. copepod nauplii. cop It pod lan ae. clad (Tilseth and

Ellertsen 1984: Thompson and Harrop 1991: Gronkjaer and Wicland 1997). During

feeding. the lan ae do not assume a sigmoid or s-cune posture prior o attacking a prey

item atany time during deselopment ( Ellertsen, ef ul. 1980, unlike the lan ae of some

other species such as herring (Gallego 1994). winter flounder. halibut and fat snook

tchapter 2). Using Cushing’s (1983) model ot dry weight of food required by growis

cod lanae. and the size of lanal guts contents. Thompson (1991) estimated that in the
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Irish Sea cod must ¢at 136 - 196 food items per day to maintain the high growth rate
(109 body weight per day) obsened. He also suggested that as the larvae grow they do
not increase their consumption rate to satisfy the increasing requirements tor
nourishment. but rather increase the size of prey selected. Others have suggested that in

order to acquire the high number ot food items. the prey must be densely con,

Joud-lik:

formations or “micro-patches”. based on the average number of prey items
available as determined from various sampling techniques (Ellertsen. er af. 1984:

Thompson and Harrop 1991:

jallego 1994). One of the complications in this area of
research is that the technigues used for sampling (mainly devices which collect samples
from a vertical or horizontal water column) result in caleulations of average densities
across the water column collected. which eliminates the patchy distribution.
Furthermore. the size of prey eaten by lanvae at first teeding (30 - 130 um) is rarely
retained in the sampling devices (Houde 1975: Frank. 1986).

Much ot our knowledge of the life history of Atlantic cod has only been acquired

in the last couple of decades due o a sudden interest in response to failing wild capture

harvests in Europe. Iceland and North America. Research has be,

n aimed at predicting

year class strength and stock assessments in order to attempt to predict sustainable

harvest levels. Recently. interests have been shifting o the growing aquacuiture industry

and its potential role in revitalizing the cod industry .




312 The Mach Mismatch Hy pothesis Revisited (Cod Experiment )

A detailed look at the ontogeny of larval Atlantic cod by von Herb

(1996). identifies the lanal stage as the period during which cod undergo the greatest
morphological changes. Based on the development of the digestive tract and the origin of’
nutrients. the larval period can be divided into three stages. The first is the yolk sac or
endogenous feeding stage. during which the larvae are completely dependent on the

reserves they were provided with as eugs. Stage two is 2 transition period between

Jogenous and exog itional sources. By stage three the endogenous reserves
have been completely utilized and the lanvae must ingest all of their nutritional
requirements.

Until recently. the entire lanal sta

¢ Was treated uniformly with a constant
feeding rate up until metamorphosis (Pusanendran and Brown 1999), Feeding of
Atlantic cod larvae usually commences at about one to three days post-hatch using
approximately 4000 - 3000 rotiters per litre and they are maintained at this prey density
until the lanae reach six 1o seven millimetres in length. when they are gradually switched

0 Artemia nauplii. Based on the suggestions of other h described below) it

was considered that loweri

2 the prey density towards the end of the larval period may
have little negative impact on the growth and sunvival of larval cod.

Restemont and Awaiss (1989) tfound that feeding rate changes quickly during the
first few weeks ot lite for lanvae gudgeon. Gohio gohio. in which larvae decreased their

feeding rate from 40°a of their initial body weight on day one t 12% in the third week.

Houde (1978) states that prey Jensities are probably only limiting during the first 3 or 4



days when lanal searching abilities are poorest. and that prey density during the first 3

days has the greatest impact on survival. High prey densities at the carly “eritical™

in lanal rearing have been found to be vital to the survival of larval fishes (Frank and

L

11 1986: van Der Meeren and Naess 1993), High prey densities are required to

initiate first teeding before lanal endogenous resenves are depleted. Puvanendran
(1999) working with larval Atlantic cod. suggests lowering prey density towards the end
of lanal rearing in order to reduce the requirements tor live food in larviculture. Several
authors state that many species of larvae clearly show increased foraging abilities as they
develop (Blaxter and Staines 1970: Rosenthal and Hempel 1970: Hunter 1972: Houde
and Schekter 1980: Browman and O'Brien 1992: Browman and O'Brien 1992: Miller. o1

al. 1992). which mi

that prey levels may be less important later in

development because the lanae are more eff s (Houde 1978).

The ability for lanae to survive periodic decreases in prey density caused by

temporal or spatial heterogeneity in zooplankton abundance in relation to stage of

development has been investigated in tield studies (Ellertsen. ¢r a/. 1988). and in the lab

for lanal Atlantic cod (Goteeitas of al. 1996). However. it has not yet been examined in

the context of reducing five food requirements in aquaculture.

The objective of this first experiment was to investigate the etfect of lowe:

prey density offered to lanvae during cach of the three lanval stages (as defined earlier) on

the sunvival. growth and behaviour of Atlantic cod lan ae.



32 Materials and Methods
321 General methodology for Cod Experiment |
The lanac used in this experiment came from eggs collected from adult Alantic

cod broodstock from the

vewfoundland 3PS stock. The mature adults were over-
wintered in ocean pens and transferred to the Ocean Sciences Centre. in early April 1999,

Approximately 40 individuals rangin

in size tfrom 40 - 60 ¢m were kept in a 38 000 litre
fiberglass tank. 4 meters high and 4 meters in diameter. [n the ocean pens and while at
the Ocean Sciences Centre the broodstock were maintained on a diet of mackerel.

herrin,

quid. and capelin.

I'he mature cod spawned naturally (without induction or manipulation) in the
spawning tank. The buoyant eggs were collected in a mesh bag in an overflow collector
mounted on the outside of the spawning taak. A relatively small batch of eggs (1850 ml)

was chosen to inercase the probability of the eges coming from only one or two females.

The intention here was to reduce the variability in ey, and therefore the variability

in lanal sizes. to facilitate analysis of growth Hatching d at

69.9 deg days. and by 78.8 deg days i Iy 80°5 had hatched and this was

considered day 1.
Lanvae were transferred to the treatment tanks on day two by which point

hatching was us

ater than 90%0. Larvae were gently scooped out of the incubator and

caretully decanted into a bucket. The number of larvae in the bucket was estimated from
3 samples atter mixing. This procedure was repeated numerous times during the transter

process to increase accuracy of estimates. Based on the results of these counts the



number of millilitres required to stock cach experimental tank with 1200 larvae (40
lanae litre) was then transferred.

Treatment tanks were 30 litre wlass aquaria with opague black painted sides. Each
tank was equipped with one overflow tube over which a 243um mesh was antached: this
size allowed both algae and rotifers to pass through in order o decrease tank fouling and

10 remove rotifers prior to the exhaustion of enrichi Two

at each end of the tank. One air-stone was located under the overtlow tube such that the
airflow created an upward tlow of water over the mesh sock to deter lanvae from
approaching the drain. Inflow of water was initially set to 0 mls per minute for the first
three days 1o reduce disturbance. On day four tlows were set to 40 ml min (1.9

exchan

s day ). this was later increased o 80 ml min (3.8 exchar

es day) on day 12 post
hatch. The water provided to the tanks was filtered (Sum paper filter) seawater and was
pumped to a header tank where it was gravity ted to the tanks o ensure consistent tlow

rates,

Treatment tanks received approximately 770 =230 lux provided by two 40 wart
deluxe day light fluorescent twbes. 24 hours per day. Temperatures were maintained at

1.8

1°C by submersing the tanks in a water bath. which was thermostatically controlled

by an external heating and cooling devi

e,

Tank water was greened with micro algae (fsochrysis spp.) twice per day just after
feeding. Larvae were fed rotifers (Brachionus plicatilis s-type). which were on average
304 um long by 130 um wide at the widest point. twice per day at approximately 10 a.m.

and 10 p.m. Before feeding.

ch tank was sampled 4 times with a 10ml pipette at four
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locations in the tank. The samples were taken such that an equal amount of all depths
were sampled. The number of rotifers in each pipetic was counted. and the volume of’

new rotiters added to the tank was then caleulated based on the det

ty of that day s
culture and what remained in the tank.

In order to determine the length of time that prey remained in the treatment tanks
(duration of prey availability ) at the two flow rates and the three prey densities. hourly
samples of rotifer density were taken from tanks for periods up to 12 hours. The hourly
sampling of prey density was a labourious and lengthy task and was therefore only
carried out on 6 oceasions. 3 times while flows were set at 40 ml min. twice at 80 ml min.
and once after tish had been removed trom the tanks with flows still set at 80 ml min. On
cach oceasion 2 1o 3 tanks at each prey density were monitored on an hourly or half hour

basis for up t twelve hours.

322 Experimental Desi

The duration of the experiment matched the larval period (approximately 28 days
0 the commencement of metamorphosis) and was divided into three stages as previously

described. Three prey densities were use

igh (4000 rotiters mi). medium (2000
rotiters ml) and low (300 rotifers mi). based on the results of previous studies at our
laboratory which tound that 4000 prey ml optimized growth and survival. while 300
prey ml resulted in 100°0 mortality after 2-3 weeks (Puvanendran 1999). The total
number of combinations of three prey densities and three larval stages is 3° = 27.

however. as discussed above previous work had suggested a decreasing prey density over
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time may be most efficient. so twelve combinations were chosen. Twenty-four tanks were

assigned one of twelve treatments (F

in which the prey density was changed at

each stage. For example treatment 4 receired high prey density during stage 1(1-3 dphy.

2 dph) and low duri

stage 111 ¢12-28 dph). Space and time

limited the total number of tanks available for experimentation to less than

Data Collection

\Measurements of standard length (length from tip of snout to the end of caudal
fin) and myotome height (depth of body excluding fin at the insertion point of the anus)
were made on ten lanae from each ank (20 per treatment) once during stage L twice
during stage I1. and three times during stage [L. Length and myotome height were

measured trom Ji

ital images captured from a dissecti

2 seope on a Sony CCD camera

connected t a personal computer sing the Image Pro software (Version 4.0, Media

Cybernetics. 1998)

On the same day that morphological measurements were made behavioural
obsenations were also recorded. Ten lanvae from each tank were randomly selected and

individuaily obsened in the nk for one minute using the animal focal technique

¢Altman 1974). Behaviours (MAPs. Table 3.1) were recorded using the Obsener

program (Version 2.0. Noldus Information Technolo;

es. 1990) on a laptop computer. as

described in chapter 2.
Mortality was calculated by subtracting the absolute final number of larvae from

the estimated starting number. A survival cune was estimated based on the start and
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Table 3.1. Modal Action Patterns (MAPs) for lanal Atlantic cod adapted from
Puvanendran (1999).

AP Description

Swim Torward movement of lanac by self generated propulsion with
caudal area of body and fins

Pause lan ae motionless

Orient larvae aligns itself headfirst towards prey item

Lunge trunk of lan ae assumes an S-shape from which the lan ae
rapidly moves forward towards 4 prey item

Capture prey item is taken into mouth

Thrash larval body undulates from side to side rapidly resulting in

backwards motion

finish numbers as well as the results of three sets of samples taken during the experiment.

These samples consisted of five cores taken tfrom each tank. The coring device wasa

PV'C tube with @ volume of 330ml. The wbe was briskly dropped through the water and
secured onto a cap that had previously been placed on the tank bottom. The core was
retrieved. and the fanae were counted by slowly pouring them into a white bucket. The
lanae were then retumed to the tank. These cores were taken on days 6. 8 and 12 post-
hatch. Another attempt to colleet cores on day 16 was unsuccesstul since by this age the

lanae swam too quickls 1o be collected.

324 Daw Analysis

Due to the large number of treatments it was not possible to make behavioural

obsenations and perform morphological measurements for all tanks on the same day.



For this reason. all tanks in replicate A were monitored on one day and replicate B was

completed on the following day. Analysis is performed on the mean of A and B. A
condition index was used to compare general fitness of larvae between treatments. The
condition index used here was the ratio of body depth to body length. which is a function
of lanal volume and was used by Koslow er a/. (1985) on wild cod lanvae and found to
be the most sensitive index to changes in the feeding environment.

Condition index = myotome height  standard length (3.0

-specific growth rate (L-SGR) was caleulated using the following equation:

L-SGR = ([IncLy) = IncLa] 1) x 100 (3.2)

Where L is the lanval length at time t. L, is the length at the beginning of time.

period t. and tis the length of time period tin days (Buckley er al. 1987).

Analy

s of final survival was performed with a one-way analysis of variance

ANOV

whil

¢ comparison between survival cunes over time was done wi

atwo-
way ANOVA with day and prey density as factors. Two-way ANOVAs were also

employed for the anal

is of L-SGR. final standard length and final condition index. with

prey density and time as factors. Sunvival. length and condition index were checked for

normality using the Kolmogorov-Smimov test and plots of residuals and predicted values

were observed (SPSS 1999).
All statistical analysis on the behavioural data was performed on the mean of ten
larvae in each replicate tank. Swim and pause data were normally distributed. however

the orient and capture data were not normally distributed and could not be transtormed.

The assumption of normality however. can be relaxed when the size of the sample is



large (sample size here n = 144. and 1318 larvae were observed: Sokal and Rohlf. 1969).

of variance for the

A repeated measures design was applied 1o the two-way analysi

behavioural data when compared among treatments and over time.

33 Results

Prey Clearance
The results of numerous sampling periods indicate that 100% of the prey was
never completely removed from the treatment tanks. even at 80 ml min and the lowest

prey density (300 prey mi). Removal rates were substantially different at the two flow

rates: at 40 ml min (1.9 exchanges day) 30° of the prey were removed in approximately

five hours after which few prey were removed (Fi; At 80 ml min (3.8

exchanges day ) 30% of the prey was removed atter approximately four hours and prey

continued to be evacuated until almost all prey were removed (F

3). A comparison

between tanks with and without lanae showed no difference in removal rate of prey.

Su;

sgesting that lanae only eat a fraction of the total quantity of prey provided.

Sunival
A sunvival cunve was constructed from the data obtained from core samples and
from initial and final sunival estimates. To simplify presentation of the data only

treatments (1. 7. and 12) with constant prey density throughout are provided. The
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avel

se for all constant prey treatments combined shows that: only 13% of larvae had
died by day 6 and more than 60°6 of the lanae died by day 12 which means that nearly
50° of the mortality occurred over the initial 8 days (Fig. 3.4).

Final sunvival was highest (>14%0) for treatments that received high prey density
(4000 prey 1) during stage [ and 111, with the exception of tank B-6 that had only 10%

sunvival at the end of the experimental period. The lowest survival was seen in treatment

12, which received low prey density (300 prey 11 for the entire experiment (Fi

By multiplying the number of days by the respective prey density offered during those
days a factor called prey-days was created. A one-way ANOV'A using the factor prey-

days accounted tor 86.2% of the variation in sunvival (F = 6.803.df = 11.p = 0.001).

333 Growth

Length-specitic growth rate (L-SGR) was not signiticantly affected by prey

density (F = 0.366. df = 2. p = 0.694). There was a signiticant increase in L-!

SGR over

time (F = 14.604. df

p - 0.001). However. the difference in L-SGR is most apparent
when compared before and after day 10. which coincides with the switch from
endogenous  exogenous feeding. A t-test shows that there was a signiticant difference

(1 =-8.72.dr = 142, p = 0.001) between the L-SGR of tanks on the days before the switch

(around 10 dph) and afierwards (Fig
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Prey density had a significant effect on the growth of larval cod (Fig. 3.7a: Table

By day 19 post-hatch larvac in the 4000 prey | (treaments 1. 6 and 10) and 2000

prex 1 ttreatments 2. 3. 7 and 11) treatments were signiticantly longer (F=:

663, df=2,
P=0.004) in standard length than those in the 300 prey | treatments (4. 3.8.9 and 12).

This difference widened toward the end of the experiment (F

Lanae that were raised in treatments that received low prey density (tanks 4. 3. 8 and 9)

stages I1 & 111 and 111 wes

ignificantly (F =50.26. df =2. P<0.001) smaller than
larvae in all other treatments. One exception to this was treatment 12 (low prey density
tor all stages) which had a mean tinal length comparable t treatments with high and

medium prey densities tor the later two stages (

The factor prey-days was significant (F = 13.716.d6 = 11 p - 0.001) suggesting

that the cumulativ e amount of prey supplied to cach treatment had an effect of growth.

but the R™ value was low (0,17

The effects of prey density and age on condition were similar to those for length.

Both time period and prey density. had significant effects on the condition of lan ae (Fig.

. and lan ae in treatments with low prey density in stages [1 & [IL

and H1 were in significantly poorer condition (F = 16,430, df

p<0.001) by day 19

and the difference remained signii until the last onday 23 (F=

102.64.df=2.p = 0.001).
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Atlantic cod larvae at different prey densities over time.

Measure Source ar P
Standard Length Time 6 <0.001
Prey densiy 2 <0.001
Time * Prey density 12 <0.001
Condition Index Time 6 393.718 <0.001
Prey density 2 29.941 <0.001

Time * Prey density 12 14.389 <0.001




334 Behaviour

A two-way analysis of variance with a repeated measures design found no

nificant differences in the swim duration. pause duration. orient frequency or capture

frequency between treatments. but did show a signiticant effect of time for all four

behaviours ( Table

I, In order o simpli

the results for a general understanding of the

trends vbserved. and because there were no signiticant differences berween treatments.

all data have been combined to show the etfect of time.

The mean of all treatments shows that the duration of time spent swimming per

enation Js

reased from a mean of 8.43 sec min on day 3 10 3483 sec min by day 2.

post-hatch (Fig. 3.9 However. the duration of time spent in pause did not show a
concomitant increase as would be expected. in fact the duration of pause decreased as

well from 30,30 see min on day 3 10 48.10

min on day 23 (Fig. 3.9b). The remaining

time was oecupied by inereay

in both the frequency und duration of orient and capture

events as the lanac developed. Orient frequency increased from

3 orients min on day

3w 341 orients min by day 23, which resulted in the durstion of orient increasing from

111 sec w 375 sec. (Fig 3.10a). Likewise frequency of capture increased from O

captures min on day 3 0 0.139 captures min by day 23. also resulting in a very small

increase in the duration of capture. tfrom .00 sec to 0.07 sec (Fig 3.10b).
There is a clear pattern of division between the orient and capture frequencies

bhefore and after the switch from endogenous to exogenous feeding which occurred

around days 10 - 12. Prior to the switch. orient (t = -7.368. df’

316.p < 0.001) and




capture (t=-7.135.df = 1040.73. p < 0.001) trequencies were significantly lower (based
on the results of a t-test for unequal variances) than afterwards (Fig. 3.10ai and bi).
When the mean orient trequency on day 23 (the final day of observations) is
plotted for each treatment there is a clear trend with orient frequency being inversely
proportional (o the density of prey offered during stage Il (Fig 3.11). This trend was
signiticant when treatments are grouped by prey density offered during stage [I(F =

S113.d

p =0.016). Likewise. capture frequency showed a similar inverse

relationship o the prey density oftered at stage 11 (Fig 3.12). which was also

(F =8.202.dr

. p = 0.002).



Results of two-way ANOV'A with repeated measures design on the MAPs of
Atlantic cod at 12 different treatments with varying prey density at three stages ot
larvai dexelopment.

MAP Source dr F-value P
Swim duration Time 5 16.41 ~0.001*
Treatment 1n 4 n.062
Time * Treatment 35 119 0.258
Pause duration Time & 281 0.024%
Treatment n 0.079
Time * Treatment L8 0.268
Orient frequency Time § <0.001*
Freatment 1" 0.103
Time * Treatment 35 0.87 0.697
Capture trequency Time = <0.001*
Treatment 1 0.143
Time * Treatment 53 0.040%*

*Significantly different (p-0.03)
**Affected by all zero values tor the first two days of sampling.
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Discussion

The results of this i firm the “match

presented by Cushing (1972

that a lower prey density or

match carly in larval

development is less detrimental to growth and survival than a mismatch later in the larval
period. Survival and growth in this experiment were much lower for treatments that

received low prey densities (2000 and 500 prey 1) during the later two stages of lanval

development. The increased growth and sunival were not supported by concomitant

increase

in foraging behaviour (specifically orient and capture) as has been previously

observed for Atlantic cod under similar experimental ditions (P dran and

Brown 1999). In tact the opposite trend was observed. at higher prey densities both
orient and capture frequency decreased. The possible reasons for these finding are
discussed below.

The sunvival curve obtained in this experiment found that tor all treatments 60°0

of the mortality occurred by day 12 post-hatch which coincides with the end of the

transition from endy

1 exogenous feedin

Hart and Wemner (1987) suggest that
these sudden intervals of montality and changes in behaviour (also observed here)
coincide with major advancements in development. Similar mortality results were
obtained by Ellertsen ez a/. (1980) who found that the yolk sac was depleted by 10 - 12
dph at 6 C. Although the effect of the yolk may last well beyond the switch to exogenous

teedi

a visual inspection of the size of the yolk sac indicated that it was entirely

depleted externally by 7 -9 days post-hatch under the conditions used here.



The coring device used in this experiment permitted an estimate of the population

in each tank during the experil with minimal di to the lanae. When

combined with initial and final counts. the data collected from the cores provided
relatively accurate sunvival cunves for each prey densin. The cunves zenerated support

the final sun ival results. which found that treatment 10. which had a low prey dens

the first five day s and then switched to hi

prey density for the remaining time. had the
highest sunival.
The monality for the first 6 days was lowest for lan ae in treatments with low

prey density. while from days 1210 25: lanae in the high prey density treatments had the

lowest mortality. It is not possible o ascertain why lanal survival was highest in the low
pres density during stage . however. the lanval swocking density combined with high prey

density may have exceeded some threshold level. such that dissoled ox

n was

iting. or some metabolic waste lowered water guality. in the high and medium prey

densities. Although lanval cod have been reared at stocking densities as high as 300 litre

(Baskenille Bridges and Kling 20001, the flow rates. which were relatively low during
stage | in this experiment. may have counteracted the low stocking densities. Another

possibiliny is the presence o aly eater concentrations in

which might have been in

the low prey density tanks since there were fewer rotifers 1 reduce the standing crop of

alga

¢. This is unlikely however. since recent research has shown that lanval cod can be

reared in the complete absence of algae. although. survival was not reported (abstract

only) (Baskenille Bridges 1999).



The objective of this experiment was 1o investigate the effect of lowering the prey

density offered to lanal Atlantic cod. This experiment was designed to examine the idea
that low prey densities early in lanal development are more detrimental than low prey

Jensities later (Rosenthal and Hempel 1970: Houde 1978: Houde and S

chekter 1980:
Puranendran 1999). The ability for older larger lan ae 1o accommodate lower prey
densities has been justified by the fact that lanae have improved foraging abilities related
to: increased size. morphological development. and increased experience (Blaster and
Staines 1970: Drost 1987: Browman and O'Brien 1992a). However. the results of this

\work support the findings of Goteeitas o7 al. (19961, who found increased sunvival of cod

larvae with low prey density offered early in lanval ontogeny.

The results of the behavioural obsenations do not appear to support the survival
and growth data. [t was anticipated that increased sunvival and growth as obsened in the
treatments that had high or medium prey densities during stages [l and [ would be
reflected by increased vrient and capture frequencies as has been observed in previous

experiments (Puvanendran and Brown 1999). However. higher orient and capture

trequencies in the low prey density treatments towards the end of the experiment suggest

that lan ae in the low prey densin conditions were searching and capturing more food

s the exact

during the obsen ation period. which was immediately after teeding. Thi
opposite of what Puvanendran and Brown (1999) found using a similar methodology .
This discrepancy fed to an investigation of the effect of flow rate and long-term

observations of lanae afier feeding. These results of which explain the discrepancy



between my work and previous work at this laboratory and will be provided in chapters 4
and 5.

The high number of sampling days particularly around stage I1. permitted a clear
picture of the changes that occur in the behaviour of lanval cod as they go through the

transition from endogenous t e

nous feeding. There were distinet and sudden
changes in almost all of the behaviours observed as would be expected during a period of

rapid development (Hart and Wemer 1987). Of particular interest was the two to three

day lag in the increase in capture frequency that followed the increase in orient frequency
that oceurred around day 10 post-hatch. This may reflect a leaming period and or the

5 ol jevelopment of” hological features nece:

for capture.

Comparison of the results of this experiment to the previous work of Puvanendran

11999 found that many of the values for frequency and duration of behaviours for lanae
reared at the same prey densities dittered substantially. For example. the increase in
orient frequency from 1-3 orients min to +.5-5.5 orients min after week 2 was also seen in
Puranendran’s ontogenetic nbsen ation on larval cod. which increased from 1-2
orients min  6-8 orients min in the second week. However. Puvanendran’s lanae
continued 10 increase their orient frequency to highs ot 10-12 orients min by week 4.
levels that were not seen in this or the following experiments. Likewise. the frequency of
capture in this study was only a fraction of that reported in Puvanendran’s (1999) work.

A thorough comparison of the methodologies could find few differences between

this experiment and Puvanendran’s (1999). One ditTerence was the tlow rate

. Inmy

experiment flow rates were set at 40 and then 80 ml min. which is equivalent to

68



imately 2 and 4 hanges per day respectively. Pu dran’s had

s per day. The main effect of flow with respect

flow rates of approximately 20 exchangs
to foraging behaviours is in relation to the duration of time that prey remains in the tanks.
At higher flow rates the rotifers will be removed from the tank much more rapidly .

From the data collected in the prey clearance monitoring. it is possible to plot the

duration of time that $0%0 of the initial prey density (duration of prey availability ™)

remains in the tanks ver flow rate (Fi umes that at an infinitely

3131 The plot:

high flow rate the time that prey will remain in the tank approaches zero. and vice versa if

flow is slowed towards zero exchanges per day. the duration approaches 12 hours. From

this it 1 possible to estimate that the duration of prey availabifins " is approximately
one hour in Puvanendran’s expeniment. As mentioned earlier lanal cod are known to eat

approvimately 130-200 prey per day. which means if' | back calculate using equation 3.

1 find that Putanendran’s lan a¢ must have been capturing prey at a rate of approximately

145 rotifers min. given two feedings per day

Total prey consumed day

= Prey d min

Duration of pres availabilin ~ " (min)

The same calculations find my lan ae teeding at a rate of about 0.5 rotifers minute.
When compared to the obsen ed behavioural data. these figures are in close agreement.
Thus. iven the very low capture rate in this experiment. it is not surprising that the one-

minute observation period was unable to result in signiticant ditferences between
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Fig 313 Projected prey clearance curve. with known data points at 40 and 80 mi min. assumed

points 4t ) and 420 mi min. and a predicted duration of prey availabilics " for Puvanendran's
£1999) study at 500 ml min.



treatments for the observed capture fi cy. This explanation for the diffe

between the observed foraging frequency in this study and that of Puvanendran (1999

ts that lanval cod can adjust their foraging strategy to accommodate a variety of’
prey conditions. an idea that is tested in the second set of cod experiments (Chapter 4).

The results of this experiment reconfirm the *match mismatch® hypothesis

(Cushing [990). which was recently tested tor cod larva

by Goteeitas ef al. (1996): that

larval cod are less affected by a mi: (low food resources) early in devel

With respect to sunvival and growth. From a larviculture perspective this means that
rotifer requirements can be reduced by offering fess live food during stage | with no
adverse effects on zrowth or sunvial. The advantages of reducing the number of rotifers

used in larviculture include. dect

asing inputs into the tank thus improving water quall

and de

asing demand on live food. which reduces labour and costs associated with
production of larvae.

The discoveny of a potential relationship between toraging rate of larval cod and
the duration of prey availability clearly needs to be investigated more closely. Therefore.
the etfect o duration of prey availabilits on foraging behaviours. survival and growth is
the focus of the second set of experiments performed with cod larvae (Experiment 111,

which comprises the tourth and fifth chapters of my thesis.



Chapter 4

Effects of the duration of prey availability on the growth, survival and
behaviour of larval Atlantic cod. (Experiment II)
4.1 Introduction
Lanval rearing protocols and research methodologies frequently consider the
etfect of prey density. as well as other parameters. such as prey size and nutritional

quality. etc.. but rarely do the:

take into account the duration ot time that prey is

available to the larvae (Houde and Schekter 1978). Prey availability is an important issue

in larval rearing. as the presence of a suitable quantity of prey will help in the initiation of
first teeding (Houde 1978). However. frequently. prey density and the duration of prey

\ailabi

v are treated ind dently. This di ion exists because prey density is
actively controlled at the time of feeding. but the duration of prey availability is not
normally controlled tor directly. but rather it is controlled indirectly through the
frequency of teeding and the low rate to the rearing tank.

Kestemont and Awaiss (1989) found that increased feeding frequency with live
rotifers from once every two days: 1o one. two and four times per day increased growth

rates in the European ey prinid. gudgeon (Gohio gohio). In a recent study using vellowtail

Nounder ( Pleuronectes rerruginens) larvae Rabe and Brown (2000) found that teedi

more than once per day improved wrowth and survival compared o feeding once per day.

Their work included a plot of prey clearance rates. which gives a much clearer picture of

the dynamics of the experimental conditions and makes the work casier to repeat.



The objective of the experiment in this chapter was to investigate the effects of’
\aning the duration of prey availability on the survival. growth and behaviour of lanval
Atlantic cod. from hatch to the end of feeding with rotifers. Based on the results in
Chapter 3 it was hypothesized that vrient and capture frequencies would increase as the
duration of prey availability decreased. This would provide an explanation for the

differences in results between Chapter 3 and a study by Puvanendran and Brown (1999),

42 Materials and Methods
421 General Methodology

Lanae were hatched from s collected from broodstock maintained at the

Ocean Sciences Centre. Husbandn and egy collection were as reported in Chapter 3.
with a tew minor ditferences. Additional broodstock were added to the spawning tank in

early spring of 2000, The volume ot eggs collected was 2800 ml. and the ey

Jays and were more than 80° hatched by 91.3 degree-

days day 1. The same 30 litre opague glass treatment tanks and set up were employed

s in first cod experiment (Chapter 3.

2 Experimental Design

Three replicate tanks were set up for each flow treatment. Four flow rates (420.
80. 40 and 10 ml min) were chosen for the following reasons. A high flow of 420 ml min
equates to approximately 20 exchanges day and was chosen to approximate the flow

levels used in a previous experiment by Puvenandran (1999) with cod larvae in the same



tanks. for which data could be compared. Furthermore at these high flows it was felt that
prey would be removed in less than an hour as predicted in Chapter 3. thus possibly

causing lanae to increase their foray:i

rate. The mid range flows of 80 and 40 mi min

were chosen to be consistent with previous work (Chapter 3) and resulted in

Iy 4 and 2 exchanges day respectively. The low flow rate of 10 ml min
equates 1o 0.3 exchanges day and approaches the flow rates used in the 3000 litre
commercial scale facilities at the OSC. This was chosen with the intent of being able to
draw direct comparisons to the processes that might be oceurring in commercial
production facilities.

Four ad

onal tanks were used for the long-term obsenations.  Two of these
tanks had a flow of 10 ml min and two were at 420 ml min. Observations were made on

days 2224 post hatch.

Data Collection

Standard length and myotome height (as deseribed in section 2.2.3) were

measured on ten lanae (30 per treatment) on day 1. 5. 12, 19 and 27 post-hatch.
Measurements were made from digital images (as described in sections 2.2.3). Survival
was calculated tfrom the final absolute count of larvae left in each tank on day 27 and
from initial stocking estimates.

Behavioural obsenvations were conducted on days 4. 8. 16. 20. 23 and 26.

following the same format used in tirst cod experiment (section 3.2.4). However. in

addition to the one-minute observations of ten larvae 10-20 minutes after feeding. one-

=3



minute obsen ations were also made on ten lanvae prior to feeding and at hourly intervals

for six hours afier feeding. The objective of these long-term observation sets was o

detect any fluctuations in foraging rate over time as prey were removed from the tank due
10 water exchange.

Tanks at each of the flow rates were randomly chosen for measurement of water

quality s. Three water were considered i to compare as an

assessment of water quality: ammonia. pH. and dissolved oxy

n. Dissolved oxygen and

pH were tested us

ing ¢lectronic devices. while ammonia concentrations were determined
with a titration technique followed by an electronic colourimetric comparison to a set of’

standards (performed at the Ocean Sciences Centre).

424 Daw Analysis

Condition index and length spec

¢ erowth rate (L-SGR) were calculated as in the

previous experiment (sections 3.2.5). A repeated measures two-way ANOVA with day

and prey density as fixed fa

tors and an interaction between the two were used tor
standard length. and conditions index data. Freguency and duration of behav iours were
analy zed using a nested two-way ANOV A model. and differences between pre and post-
feeding obsen ations were further explored using independent sample t-tests. A repeated
measures design was not used for the behavioural data because different replicates were

used on successive obsenation days.




Results

Water Quality Parameters
Dissolved oxygen was not different across the flow rates and was above 95 %4
saturation in all tanks. The pH of all tanks was neutral for marine water at 8.1. and did

not vary more than 0.2 between tanks. There were however. large differences in

ammonia between treatments. Levels of ammonia ranged trom 0.327 mg | in the low
flow (10 ml min) treatments to 0.001 my | in the high ow (420 m! min) treatments

« Fable 4.1).

Table 4.1. Ammeonia concentration in mg | for each tlow rate. Where more than
one tank was assessed. a mean value for that tlow rate is provided.

Flow (ml min) Tank number Concentration of ammonia (me 1)

10 1

10 T

10 12

10 Mean

40

80 4 0.083

420 3 0.017

420 10 0.017

420 Mean 0.017




Prey Clearance
As flow rate increases the duration of prey availability decreases exponentially
For the flow rates in this experiment. the prey clearance values confirmed that the shape

of the curve presented in figure 3.14 (Chapter 31 was correct (Fig 4.1). The best fit (R

0.9709) to the shape of this cun ¢ was an exponential curve with the following equation:

Inyy 01111877556 * x - 2.484038 [ERE

Sunival

Final survival was low in all treatments (< 10%0). but was highest at lower tlows
with a mean of 3.7 %a in the 10 ml min treatment and 3.2 ° in the 40 ml min treatment.
For the 80 mi min treatment mean sunvival was 2.6 ®a and was lowest (0.9%0) ata flow of’

420 mi min (F 2). A straight line provided the best fit. however. it poorly described

the data (R° = 015161, The high mortalj

in some tanks was caused by an unidentified
mucous-slime (possibly a bacteria or fungus). which trapped lanae resulting in death.
The mucous-slime also trapped rotifers resulting in death. which secondarily reduced the

prey density in these tanks. tfurther loweri)

urvival of larvae. For this reason a plot of’
survival in tanks without this unidentified pathogen resulted in a different shaped trend-
line (Fig 4.3). The best-fit line 1o these tanks is a log equation (4.2) with an R* value of

0.9316. Howerer. because the exponential equation was the best fit

2.002009431 * In(x) - 134217022 [Ed]
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for the duration of prey availab

¥ data. an exponential trend was also tested. An

exponential equation (4.3) was still a strong fit to the data (R” = 0.7390).

Ingy) = -0.00324938035 * x ~ 1.88911889 +.3)

434 Growth

The mean le

h at hateh of larvae in all reatments was 4495 = 135 mm ¢

4.4). Onday 3 there was no signiticant differences (F = 1.127.df = 3. p = 0.349) in

length of lan ae in the ditTerent treatments

4.3). Atday 12 post hatch there were no

significant ditferences (F = 2.2

3. p = 0.088) in length among treatments. but a

trend toward increasi

length with decreasing flow rate was evident (Fig.

day 19 the lanvac in the 420 ml min treatment were signifticantly (F = 16.36. df’

0.001) shorter in length than larvae in all other flow treatments (Fig 4.5). On the tinal
sampling day (27dph) the length of lanvae in the high flow treatment (420 ml min) was

sigs

ificantly smaller than all other treatments (F = 14.42. df = 3. p <0.001). and lanae
from the next fastest flow rate (80 ml min) were also significantly smaller (P = 0.040

Tukey s HSD) than lanvae of the lowest flow (10 ml min) (F

n

1. There was an

interaction between age and flow implying that the effect of flow changes over time

(Table 4.2). The chan

appears to be an increase in the effect of tlow as the lanvae
develop. Flow and day. and the interaction. accounted tor 89.3°0 of the variation in

standard length of lanae in this experiment.
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The same two-way (time and tlow ) model for condition index was not as

comprehensive as the model for standard length. but still accounted for 41.8% of the

variation (Table 4 2. 4.6). There was an interaction between flow and time.
however. the trend is not as clear. and the effect of flow on condition is not the same as it

was for standard length. There were no significant differences in condition index values

onday 3 (F = 1143, df

. p = 0.384). orday 12(F = 0.486.d'= 3. p = 0.693). On day

19 post-hatch the condition of larvae in the flow (420ml min) was significantly (F =

12.089. df

- p = 0.001) lower than larvae in all other treatments. By the final day of
measurements (27 dph) the 420 ml min treatment had the lowest condition index. and the
10 ml min treatment had a higher condition index than the 40 ml min treatment (F =

8.073.df =

3p- 0000
Length-specitic growth rates ranged between 0.75 %6 and 3.2 % per day. and

larvae reared at lower flow rates tended to have higher lengthespe

ic growth rates (Fig.
4.7). Growth rates were higher at all flow rates between days 3 and 19 post hatch. and
then decreased towards the end of the experimental period. Larvae in the higher flows
had higher L-SGR's over the first five days. while treatments with low flow had higher
L-SGR for most of the duration of the experiment. All treatments had a similar L-SGR at

the end of the experiment.
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Table 4.2, Results of tvo-way ANOVA's with repeated measures design for standard

length and condition index of larval Atlantic cod reared at four tlow rates.

Measurement Source F dr P
Standard Let Day 125939 4 ~0.001
Flow S04 3 0.008
Day * Flow 31979 2 0.009
Condition Index Day T3 3 0.001
Flow 8.19% 3 0.001
Day * Flow g K 9 0.026

* This data Jid not meet the assumption of sphericiny and therefore the Wilks™ test was used which also

provides an approvimate F alue
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Length specitic growth rate (= 2 S.E.1 with age (days post-hatch) for Alantic
<od lanvae reared at four flow rates (0. 10 ml min: ¥ 40 ml min: 2. 80 mi min: and A&.
420 ml min) (n - 30 per sample)




4.3.3 Behaviour

The effect of the flow treatment was cant for swim duration (F = 8.670. df'

= 3.p<0.001). pause duration (F = 7.799. df = 3. p < 0.001). and orient frequency (F =

5.762.df= 3. p = 0.001). but not for capture frequency (F = 3.391. df = 3. p = 0.077:
Table 4.31. The effect of flow on swim duration does not follow a trend with increasing
flow rate or over time (Fig. 4.8). There was a decrease in pause duration as flow rate

increased. with the eption of the 40 and 80 ml min treatments that were between the

10 and 420 ml min treatments but were reversed in order (4.9). Orient frequency showed

the inverse of the ettect observed for pause duration. with increasing trequency of orient

with increas

low rate (Fig. 4.10). There was no obvious trend in capture frequency
across the flow rates (Fig. 4.11). Time (dph) had a signiticant effect on ail of the above-
mentioned behav jours. and there was a significant interaction between time and tlow for
swim duration and orient frequency .

There were signiticant ditferences in swim duration. pause duration. orient

frequency. and capture frequency between pre and post feeding obsenations ( Table 4.

Furthermore. there was a significant interaction between pre and post feeding and flow

rate for pause duration and orient frequency. These models were able 0 explain some of’

the variation in the data (duration of swim. R* = duration of pause R” = 0.232;

frequency of orient. R” = 0.332: frequency of capture. R® = 0.094: Table 4.3).

When only post-teeding data is considered. which makes the data set comparable
to Experiment [ (Chapter 3) and all treatments are combined as was done in the previous

experiment. comparisons can be drawn between this experiment and Experiment [



Table 4.3. Results of two-way nested ANOVA's for behaviour of Atlantic cod larvae

reared at four flow rates.

Behaviour

Source

F P
Duration of swim Pre post feeding 353 1 0.033
Time (dph) 26.764 3 <0.001
R*=0.325 Flow 8670 3 <0.001
Pre post * Flow 1.148 3 0.329
Time * Flow 3.350 14 <0.001
Duration of pause Pre post feeding 20.606 1 <0.001
Time (dph) 11,133 5 <0.001
Flow 7799 3 =0.001
Pre post * Flow 35173 0.015
Time * Flow 1504 14 0.105
Frequency of orient Pre post feeding 37.239 1 ~0.001
Time (dph) 19.027 3 “0.001
Flow 3762 3 0.001
Pre post * Flow 7624 3 <0.001
Time * Flow 2.380 14 0.003
Frequency of capture Pre post teeding 8434 1 0.004
Time (dph) 2ns 5 0.020
Flow 229 3 0.077
Pre post * Flow 0.187 ¥ 0.903
Time * Flow 1492 14 0.110
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DURATION OF SWIM (sec)

Fig. 48, Mean duration of swim ¢
flow rates (0. 10 mi m
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E. over time (dph) for Adantic cod lanae reared at four
40 mi min: 2. 80 ml min: and &. 420 mi min).



DURATION OF PAUSE (sec)
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Fig. 49 VMean duration of pause (= 2 S.E.) over time for Atlantic cod lanae reared at four flow,
rates (0. 10 ml min: ¥ 30 mi mu 80 mi min: and A. 420 mi min),
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FREQUENCY OF CAPTURE (captures/min)
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411, Mean frequency of capture (= 2 S.E.) over ume for Atlantic cod lanae reared at four
flow rates (0. 10 ml min. ¥. 30 ml min: >. 80 mi min: and &. 420 ml min).



(Chapter 3. The duration of time spent swimming did not show the same decreasing

trend with time as was observed in Experiment 1. However. there is the same sharp

decrease on the last day of obsenations (26 dph) as was seen on day 25 of the first

4.12a). Duration of pause likewise shows no trend over time (Fi

experiment (Fig

4.122b). Orient frequency increased from a mean of approximately 3 orients min on days

4 and 8 post-haich to mean values ranging from 3 to 7 orients min for days 16 through 26

. 4.12¢). There is also a clear division between the orient frequency on the

post-hatch (Fi
o day s before the switch from endogenous to exogenous feeding (10-12 dphy compared
to the four obsen ation day s after the switch (Fig 4.12¢).

One of the goals ot this experiment was to attempt to determine what the lanvae

There were.

were doing at other times beyond the ten minutes immediately atter feeding.

as anticipated. large differences in the pre and post feeding behas iours (Table 4

2.608. df

orient (t = -6.792. df = 308.4. p -~ 0.001) and capture (1 = H39.p

trequencies were signiticantly higher after feeding. While pause duration significantly

=4.976.df = S18. p - 0.001) decreased afier feeding. and swim duration was unchanged

term obsen ations were intended 1o help in the calculation of total prey

consumption by lanal cod by showing the decay in foraging rate over time. allowing for
a more accurate calculation of prey consumption. Due to the low capture rates in all
treatments this objective was difficult to realize. However. using orient frequency it is
possible to get a sense of the rate of foraging or level of hunger experienced by the

lanae. Two tanks were observed before teeding. 10 minutes after feeding and again 1. 2.

ay
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3. 4. and 6 hours after moming feedings for three days. The mean of three days of’
observations with ten lanae obsenved for each day. for each of the high and low flow

treatments. shows that lanae in the

h flow oriented more frequently then larvac in the
Tow flow at all time periods (Fig. 4.14). The other major difference between the orient

frequency of larvae in the hi

vh and low flows is the sudden increase in orient rate that
occurred immediately after teeding (10 mins) in the high low (420 ml min) treatment.

This increase was short lasted and decreased before the next observation period at one-

hour post feeding. The decrease in orient frequency was synchronous with the decrease
in prey density that dropped to approximately 1400 prey litre one hour after feeding.
Conversely the lanae in the low tlow rate (10 ml min) treatment showed a much more
graduai inc;c.-uc in orient rate after teeding. and a much slower decrease after about two

to three hours post feeding.

44 Discussion
The results of this experiment are two-part. and demonstrate firstly. that lanval

Atlantic cod show increased growth and sunvival in environments that offer a greater

duration of prey asailability (regulated by flow rate in this experiment). Secondly. that
this increased growth and survival are not the result of increased foraging trequency but

rather are due to an extended foraging period. The ability to interpret the increased

growth and sunvival is afforded by the use of the long-term behavioural observations.
Although. long-term observations are time consuming they provide a more complete

understanding of the dynamics of larval behaviours.
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The standard length and survival data affirm that larvae reared in lower flow
pertform better than larvae in high flow treatments. Condition index results on the final
day did not support these findings for the 80 ml min treatment. However. knowing that

condition is a hi:

hly sensitive indicator of prey conditions (Koslow. er ul. 1985) led me

to explore these results more thoroy

What [ found was that the survival was lower
in the 80 mi min treatment than the 40 mi min treaunent. so one possibility is that fewer
lanae were competing for the available prey. and since lanal cod have a high growth
potential irrespective of previous foraging conditions (van Der Meeren and Naess 1993).
the low lanval density could adequately explain the sudden increase in condition index.
However. as discussed in the previous chapter (Experiment [) the presence of lanvae were

assumed to have little etfect on standing crop of rotiters. compared to the eftect of water

ment should be tested in a laboratory setting for larval cod. the
results of which would be of great benetit to tuture stocking and prey density studies.
The length-specitic growth rates were in the same range as those reported in the
previous chapter and by Pusanendran and Brown (1999) in their work on larvae Atlantic
cod. which was preformed in the same tanks and at similar temperatures. In all three of

these studies there is a decrease in growth rate around 2!

33 days. which [ speculate may

indicate a reduction in growth rate as the lanvae commence metamorphosi:

The results of the pre and post feeding observations were not as anticipated. It
was expected that lanvae in the low flow treatments would show an increased orient
frequency in the pre teeding observation periods since they would still have prey

remaining in the tanks. Conversely. [ predicted that larvae in the high flow treatments



would have ceased orienting by the next feeding. as there would be no prey left. In fact

the exact opposite was seen on some obsenation days. The explanation for the

persistence of the orientation behaviour when food was no longer present is that the
lanae in these tanks had not eaten for several hours and were therefore hungry. These

hungry lan ae were orienting towards small suspended particles adrift in the tank. The

larvae took on an ermatic pattern of' swimming. going from one piece of suspended mater

to another and orienting at each multiple times.

The results of the long-term obsenations provide an explanation for why lanvae in
the high tlow treatments showed increased orient and capture trequencies but not a
concomitant increase in sun ival and growth as was obsenved by (Puvanendran and

Brown 1999). The series of “snapshots ~ obtained from the long-term obsen ations

demonstrated that these increases in foraging frequency lasted only a short time intenval

in the high flow treatments because prey was removed quickly. The results also suggest

that cod larvae can guickly adapt 1 changing prey conditions. as seen by the sudden

increase (spike) in orient rate with increased prey density (at feeding). and that they
adjust their orient rate with prey density (orient trequency decreased as the prey were
evacuated from the @ank ). One possible inerpretation is that lanvae that are hungrier will
orient more frequently. even at non-prey items in search for food. With this in mind. it
becomes apparent that the long-term obsen ations were vital in explaining why lanae in
the lower flow treatments experienced higher growth and survival. The lanvae in these
lower flow treatments were exposed to prey for longer periods. and thus spread their

foraging etforts out over time. While the lanae in the high flow treatment. had either



become adapted to the prey available for short periods and thus increased their

foraging rate immediately after feed

or they were \en hungny (after not feeding for

several hours) and thus increased their foraging rate as a result of hunger.

Although low flow increased the duration of prey availability. it also reduced the

removal of metabolic wastes and increased the residence time of pathogens in the tank:

The low survival in two of the low low tanks was likely associated with the high

ime

concentration of ammonia in these tanks. The presence of the unidentified mucous-:
pathogen increased as flow rate decreased. although it was not possible to quantifs this
increase.

From a cod lanviculture perspective. the results of this study suggest that not only
is the density of prey available to lanae impontant but also that the duration for which
prey is available can erfect both sunival and growth as a result of changes in the foraging
pattern of the larvae. These results support the finding of' Rabe and Brown (2000). who
found that increased feeding frequency also improved growth and survival for yellowtail
flounder (Plewronectes rerrugineus) lanae. The ditferences in frequency of orient and
capture between Puvenandran and Browns (1999 study and that reported in Chapter 3
can also now be explained by differences in flow rate. Finaily. itis likely that these
results apply for other species of visually planktivorous lan ae. therefore future
larviculture protocals should consider both prey evacuation rate and water quality when

selecting flow rates.



CHAPTER 3

GENERAL SUMMARY AND FUTURE DIRECTIONS

The objectives of the experiments in this thesis. were to investigate alternative
feeding strategies in an attempt to reduce the live food requirements during the larval

stage of fat snook and Alantic cod for lture. without signifi d

larval growth or sunival. Obsenations of the behaviours of larvae in the different
treatments were used 1o explain the mechanisms that account for differences in growth
and sunival. and to increase our understanding of the natural history of the species.

For fat snook lan ae. the invest;

tion began with identifying the optimal prey

density. which is the lowest prey density that provides the highest growth and survival.

A simple experiment comparing four prey densi

s ranging from 5000 to 30 000

prey litre was designed. The results demonstrate that there were no signiticant

differences in growth or survival within this prey density range. Ensuing experiments

exploring lower prey densities. were d on tour separate i however. all
were curtailed due to crashes of the rotifer or algae cultures.

Lanval fat snook were shown to have a saltatory foraging strategy. which is
characterized by short bursts of swimming followed by pause events during which the

lanvae s

ch tor prey (Browman and O'Brien 1992a. 1992b). Fat snook larvae were also

found 10 use a sigmoid position prior to a lunge towards a prey item as part of their
repertoire of behaviours. however. both the sigmoid or s-curve. and lunge were removed

from the foraging pattern once lanvac exceeded 3.0 mm in standard length.
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The lanval sunvival in the fat snook experiment was some of the highest ever
arained with this species. It is possible that the use of'a flow through system may be in

part responsible for thi

success. However. future studies are needed to investigate this

possibility. and also to investi; further potential reductions in the prey

for fat snook lanae.

For the cod experi much more information was available regarding the

optimal culture conditions. Previous

periments. had already detined the optimal

lighting as bein

reater than 1000 lux (Puvanendran 1999). and the optimal prey density

at around 4000 prey litre (Puyanendran and Brown 1999). An investigation into the

ability of lanval cod 1o tolerate a mi h (sub-optimal foraging conditions) early in
development had also been carried out (Goteeitas, ef al. 1996). Furthermore.
Puranendran’s (1999) work had extensisely looked at the ontogeny of foraging

behaviours. and the existens

¢ of a functional response in relation to prey density.

Therefore. much of the foundation for the cod work already existed unlike the fat snook

rescarch. For this reason it was possible to begin directly investigating the possibility of

fine-tuning the lan iculture protocol to maximize growth and survival and minimize live
tood requirements.

The lanal cod experiments looked at two ways of modifying the foraging
conditions. The first experiment followed the “match mismatch™ design and looked at the
role of three different prey densities at different stages in larval development. The results

can be summarized as follows:

lower prey density (300 prey litre) resulted in the

highest survival over the first 3 days. and thereafter a high prey density (4000 prey litre)



resulted in the highest survival. The best zrowth (standard length) and larval condition

were achieved at a prey density of 4000 prey litre all the way through. However. at the

Tow flow rates used. 2000 prey litre did not result in significantly lower growth or
sunvival. In contrast to previous behavioural studies with larval cod at our lab
(Puvanendran and Brown 1998: Puvanendran 1999: Puvanendran and Brown 1999)
orient frequency was not tound to increase with prey density. in fact the opposite trend
was obsenned. Comparison to the previous works tound that flow rates ditfered. Thus an
investigation of the effect of flow rate was undertaken.

The

ccond i d foraging conditions by reducing the duration

or'time that prey was available in the tank between feedi

. This was accomplished by

The results of

increasing the flow rate (which also had consequences on water quality
the second experiment show that lanal survival and growth are increased at lower flow
rates. because lanvae have longer to forage. The behavioural observations supported
these findings and led 10 the discovery that orient frequency was most influenced by
hunger state. It was also observed that hungry larval cod were able to dramatically
increase their orient rate (and capture rate) to increase consumption when food is first
introduced to the tank. and that their orient rate decreases as the prey density decreases (is
evacuated tfrom the @nk).

A relationship was found between the frequency ot orient and the duration of’

pause in the second experiment. The relationship is defined by the equation:

Orient trequenc;

=37.07 - -0.66 * pause duration (3.0




and accounted for 70°6 of the variation in these behaviours. When all cod experimental

data was combined which included 2975 observations. the equation varied only slightly

from that found in Experiment [I:

Orient frequency .45 - -0.64 * pause duration

and still accounted for 60°4 of the variation in the data (Fig. 3.1). Given the saltatory

search behaviour of lan al cod. this equation has ecological significance. Lanvae increase

their trequency of orient in relation to hunger: as the orient frequency increases they
spend more time searching and less time in pause. From the experimenter’s point of view
orient frequency is much more difficult to observe than duration of pause. therefore.
Knowing that there exists a strong relationship between these behaviours could facilitate
future behavioural studies of this species.

One of the puzzles of larval research is the extremely high monality that occurs
around the time of first teeding. Researchers auribute the bulk of this monaliny 0

stanation and predation (Dekhnik. e a/. 1970: Hunter 1972: Cushing 1976: Houde and

Schehter 1978: Buckley. ¢f a/. 1987). However. Nellen (1986) has an interesting

interpretation of the predation theory. He st sts that the advantage of high fecundity

tor r-selected bony fish. is that they have adapted 10 nourish themselves through their
ottspring. In laboratory settings the effects of predation are eliminated and vet the

morality is high. To gain a better understanding of this mortality requires being able to
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quantify it. so that effects of treatments can be observed. This poses a problem due to

e extremely small size of r-selected fish larvae. The tank-coring device used in the first
cod experiment was an attempt 1o overcome this problem. and provided a fairly good
picture of the morality curve for the first 12 days tor larval cod. Unfortunately. after
approximately 14 days post-hatch the larvae became too fast and were able to avoid the
coring device. .\ solution to the problem of counting tiny larvae in the water column of
small and large tanks may not be far away. While performing these studies a sonar
system was tound that is able to ditferentiate particles of 0.3 mm. Although they have
not yet been tested on lanal fish a larger version of the Dynamically Responding

Ultrasonic Ma

tem™ (DRUMS) produced by Guigné Inc. have been used to

enumerate and size fish kept in floating cage pens. and the smaller version may be a

usetul technology for larval tish research.

The us

of behavioural observations in the experiments described in this thesis

provided an underlying mechanism to explain the growth and survival results. Although

at first it was not clear why larvae in higher pres densities were orienting less trequently
towards prey. it became apparent after a series of hourly obsenvation. that frequency of’

orient is governed by hunger as well as the density of prey items around the lanae. This
was the first time that such a long series of hourly obsen ations has been made on larval

cod. and it documents the sudden change in foraging rate as lanval cod adapt to novel

prey conditions when they encounter a patch of prey in the temporally and spatially

heterogencous environment in which they have evolved.



Literature Cited

Altman. J. (1974). Obsenational study of behaviour: Sampling methods. Behaviour 91,
449-430.

Arthur. D. K. (1977). Distributi size. and of mi ds in the
California current system and their possible influence on survival of marine
teleost lanvae. Fishery Bulletin 75, 601-611.

Barlow. G. W\ (1977). Modal action patterns. [n How Animals Communcate (ed. T. AL
Sebeok). pp. 98-134. Bloomington: [ndiana University Press.

Baskerville Bridges. B. (1999). Studies on Rearing and Early Weaning of Atlantic Cod
(Cictdus morhuar. In Dissertation Abstracts International Part B: Science and. pp.
162. Ann Arbor. Maine: University of Maine.

. 12000). Larval culture of Atlantic cod (Gadus

morhua) at high stocking densities. dquaculture Jan. 1. 2000: 181, 61-69.

Blaxter. J. H. 5. and Staines. M. (1970). Pure-cone retinae and retinomotor responses in
lanal teleosts. Journal of the Marine Biological Association of the U nited
Kingdom 50, 339-360.

Bochlert. G. W, and Yoklavich. M. ML (1984). Carbon Assimilation as a tunction of
ingestion rate in larval pacific herring. Culpea harengus pallasi valenciennes.
Journal ot Experimental Maine Biology and Ecology. 79, 251-262.

Bnu;..u‘d T.. Pascal. M. Meunier. F.. Le Bail. P. Y. and Galle. J. (1997). Fishes of the

| guide of the Approuague River and of the
Nouragues Nature Resenve. In Coll. Hydrobiologie Er Aquaculture. Inra Editions.
Paris. Paris: Institut National de la Recherche Agronomique.

Braum. E. (1966). The survival of fish larvae with reference to their feeding behaviour
and the tood supply. In The Biological Basis of Freshwater Fish Production (ed.
S. D. Gerking). pp. 113-131. Reading. England: John Wiley & Sons Inc.

Browman. H. I and O'Brien. W. J. 0. (1992a). Foraging and prey search behaviour of
zolden shiner (Notemigonus crvsoleucas) larvae. Canadian Journal of Fisheries
and Aquatic Sciences 49, 813-819.

Browman. H. L. and O'Brien. W. J. (1992b). The ontogeny of search behaviour in white
crappie ( Poxomis annularis). Environmental Biology of Fishes 34, 1-15.

108



Brown. . A and Colgan. P. W. (1984). The ontogeny of feeding behavior in four species
of centrarchid fish. Behuvioural Processes 9, 395-412.

Brown. R. W and Taylor. W. W (1992). Effects of egg composition and prey det
the lanal growth and survival of lake whitefish (Coregonus clupeatormis
Aitchilli. Journal of Fish Biolog: 40. 381-394.

L.J.. Halavik. T. A.. Smigielski. A. S. and Laurence. G. C. (1987). Growth and
Survival of the Lanvae of Three Species of Temperate Marine Fishes Reared at
Discrete Prey Densities. American Fisheries Socien: Symposium 2, 82-92.

Buckle

Cerqueira. V. R.. Macchiavello. J. A. G. and Brugger. A. M. (1992). Produgao de
alevinos de robalo. Centropomus parellelus Poey. 1860. atreves de lanvicultura
intensiva em laboratorio. [n SIVMBRAQ ~ ENBRAPOA 2. pp. 191-197.

i

Cerqueira. V. R.. Bernardini 19931, The weaning of fat snook Centropomus
purallelus larae with experimental and commercial antificial diets. Larvi 3 Fish
and Shellfish Larviculture Syposium 24, 272275,

Cushing. D.H. (19721, The production cexcle and the number of marine fish. Symposia of
the Zoological Soctery of London 2

In The Ecology ot the

Cushing. D. H. (1976). Biology of fishes in the pelagic
40. Philadelphia: W B.

Seas ted. D. H. Cushing and J. J. Walsh). pp. 31
Saunders.

Cushing. D. H. (1983). Are fish lan ae too dilute to affect the density of their food

organisms? Journal of Plankion Rescarch. 5, 847-854.

Cushing. D. H. (1990). Plankton production and year-class strength in fish I 2
An update of the match mismatch hy pothesis. ddvances in Marine Biology 26,
249-203.

Dekhnik. T. V. Duka. L. A. and Sinyukova. V' L (1970, Food supply and the causes of
morality among the lan ae of some common Balck Sea fishes. Journal of
Ichthvology 10, 304-310,

Densen. M. R. and Smith. T. [. J. 11996). Lanal rearing and weaning techniques for
white bass Morone chrysops. Journal or the World Aquaculture Sociery 27, 194-
201.

Dhert. P.. Divanach. P.. Kentouri. M. and Sorgeloos. P (1998). Rearing techniques for
difficult fish larvae. World Aquaculture 29, 48-35.

109



Drost. M. R. (1987). Relation between aiming and catch success in larval fishes.
Canadian Journal of Fisheries und dquatic Sciences 44, 304-313.

Duffy. J.. Epitanio. C. and Cope. J. (1996). Effects of prey density on the growth and
mortality of weakfish Cynoscion regalis (Bloch and Schnider) larvae:

Experiments in field enclosures. Journal of Experimental Marine Biology and
Ecology 202, 191-203.

Ellertsen. B.. Fossum. P.. Solemdal. P.. Sundby. S. and Tilseth. S. (1984). A case study
on the distribution of cod lanae and availability of. The Propagarion Of Cod
Guadus Morhua L. An International Symposium Arendal. Norway. 14-17 June
1983. Floedevigen Rapp.. no. 1. pp. 433477,

Ellentsen. B.. Fossum. P.. Solemdal. P. and Sundby. S. (1988). Relation between
temperature and sun ival of eggs and first-feeding lan ae of northeast Arctic cod
(Gadus morhua L. In 3. ICES Symp. on the Eurly Lite History of Fish.vol. 191
ted. J. Blaster. J. Gamble and H. \memh.‘w) PP. 209-219. Bergen (Norway )

| Counc. for the Expl (Denmark).

Fossum. P. (1988).
larval stay

A tentative method to estimate mortality in the egg and carly fish
. with special reference to cod (Gaddus morhua L.).
Fiskeridircktoratets Skrifter Serie Havundersokelser 18, 329.

Frank. K. T.and L
and sunvival

. W. C. (1986). Effect on prey abundance and size on the growth
anval fish: An experimental study employing large yolume
enclosures. Marine Ecology Progress Series. 34, 11-22

Froese. R. and Pauly. D. E. (2000). Fishbase World Wide Web electronic publication
[Online] Available:

hitp: www._fishbase.ore summary <fm?10=1014& 2
entropomusd:specicsname=paraliclus [2000. Dec 7]. .

Fukuhara. O. (1990). Effects of temperature on yolk utilization. initial growth. and
behavior of unfed marine fish lanae. Marine Biology 106, 169-174.

Gallego. A. (1994). Changes in the swimming behav iour of larval herring in response to
o different prey densities. Journal of the Marine Biological Association of the
I 'nited Kingdom 74, 9. 58.

(mu:xm: ¥ Pu\nnendn.\n o Leader L. and Brown. J. A. (1996). An experimental

of'the ‘match hypothesis using larval Atlantic cod.
Marine Ecology Progress Series 130, 29-3




Gronkjaer. P. and Wieland. K. (1997). Ontogenetic and envi
distribution of cod larvae in the Bomholm Basin. Bal
Progress Series 154, 91-105.

nmental effects on vertical
sea. Marine Ecology

Hart. T. F. J. and Werner. R. G. (1987). Effects of prey density on growth and survival of
sucker. Catostomus commersoni. and pumpkinseed. Lepomis gibbosus.
lanae. Environmental Biology of Fishes 18, 41-30.

Heath. M. R. (1992). Field investigations of the early life stages of marine fish. Advances
in Marine Biology 28, 1-174.

Hollin;

. (1963). The tunctional response of predators to prey density and its role in
mimicny and population regulation. Memoirs of the Entomological Sociery ot
Canada 45, 1-60.

Houde. E. D. (1973), Effects of stocking density and food density on survival. growth
and vield of laboratory-reared larvae of sea bream Archosargus rhomboidalis (L.)
(Sparidae). Jowrnal of Fish. Biology. 7, 115-127.

Houde. E. D. (1978). Critical food concentrations for larvae ot three species ot
subtropical marine fishes. Bulletine of Marine Science 28, 393-411.

Houde. E. D. and Palko. B. J. (1970). Laboratory rearing of clupeid fish Harengus
pensacolae trom tertilized eggs. Marine Biology S, 334-338.

Houde. E. D. and Schekter. R. C. (1978). Simulated food patches and sunvival of larval
bay anchovy. nchoa. Fishery Bulletin. 76: 483-387.

Houde. E. D. and Schekter. R. C. (1980). Feeding by marine fish Iar\::e Je\clupmem
and tunctional responses. Environmental Biology of Fishes.

Hunter. R. J. (1972). Swimming and feeding behaviour of larval anchovy Engraulis
mordux. Fishery Bulletin. 70, 821-838.

Hutchings. J. A. (1997). Lite history responses to environmental variability in early life.
In Early lite history and recruitment in fish populations (d. R. C. Chambers and
E. A. Trippel). pp. 139-168. London: Chapman & Hall.

Karamushko. O. \'. and Reshetnikos Yu. S. (1994). Daily food rations of the capelin
Mallotus villosus villosus and cod Gadus morhua morhua larvae in the Barents
and Norwegian Seas. Foprosy Ikhtiologii 34, 48-37.

Kennedy. S. B.. Tucker. J. W_ Jr.. Neidig. C. L.. Vermeer. G. K.. Cooper. V. R.. Jarrell.
J. L. and Sennett. D. G. (1998). Bacterial management strategies for stock

"



enhancement of warmwater marine fish: A case study with common snook
(Centropomus undecimalis). In William R. and Lenore Mote Int. Symposium. vol.
62 (ed. C. Coleman. J. Travis and A. Thistle). pp. 8. Sarasota. Florida
USA: Rosenstiel School of Marine and Atmospheric Science.

Kestemont. P. and Awai (1989). Larval rearing of the Gudgeon. Gobio gobio L..
under optimal conditions of feeding with the rotifer. Brachionus plicatilis O.F.
Muller. Aquaculture 83, 305-318.

Koslow. J. A.. Brault. S.. Dugas. J.. Fournier. R. O. and Hughes. P. (1983). Condition of
larval cod (Gudus morhua) off southwest Nova Scotia (Canada) in 1983 in
relation to plankton abundance and temperature. Marine Biology 86, 113-122.

Kuenseth. P. G. and O scale rearing of cod fry on the natural
food production in. In The Propagation Of Cod Gadus Morhua L. An
International Symposium (ed. E. Dahl. D. Danielssen. E. Moksness and P.
Solemdal). pp. 643-635. Arendal. Norway.

Lajoncher (2001). Fat snook breakthrough in Brazil. World Aquaculture
(March). 23-23

Laurence. G. C. (1974). Growth and survival of haddock (Melunogrammus aegletinus)
larvae in realtion to planktonic prey concetration. .. Fish. Res. Bd. Cun. 31, 1415-
1419

Lubzens. E.. Tandler. A. and MinkotT. G.
Hydrobiologia 187, 387-400.

(1989). Rotiters as food in aquaculture.

Melard. C.. Kestemont. P. and Grignard. C. (1996). Intensive culture of juvenile and
adult Eurasian perch (2. Auviarilis): Effect of major biotic and abiotic factors on
wrowth. Journal of Applied Ichthvology 12, 175-180.

Miller. T.

- Crowder. L. B.. Rice. J. A. and Binkowski. F. P. (1992). Body size and the
geny of the functional response in fishes. Cun. J. Fish. Aquat. 49, 805-

Miranda. A.. Cal. R. M. and Iglesias. J. (1990). Effect of temperature on the development
of eggs and lanae of sardine Sardina pilchardus Walbaum in captivity. Journal
of Experimental Marine Biology and Ecology 140, 69-78.

Morrison. C. M. (1993 ). Histology of the Atlantic cod. Gadus morhua: An adas: Part
four. Eleutheroembryo and larva. Canadian Special Publication of Fisheries and
Aquatic Sciences 119, 1499,




Nellen. W. (1986). A hypothesis on the fecundity of bony fish. Meerestorschung 31, 75-

O'Connell. C. P. and Raymond. L. P. (1970). The effect of tood density on survival and
growth of eariy post yolk-sac larvae of the northern anchovy (Engraulis mordax
Girard) in the laboratory. Journal of Experimental Marine Biology und Ecology S,
187-197.

Owen. R. W (1989). Microscale and finescale variations of small plankton in coastal and
pelagic environments. Journal of Marine Research 47, 187-240.

Puvanendran. V. (1999). Eftect of prey concentration and light on the toraging
behaviour. growth and survival of Atlantic cod larvae (Gadius morhua) under
laboratory conditions. St. John's: Memorial University of Newfoundland. pp. 177.

Purvanendran. V. and Brown. J. (1998). Effect of light intensity in the foraging and
growth of Atlantic cod larvae: interpopulation ditference? Marine Ecology
Progress Series 167, 207-214.

owth and survival of Atlantic cod
Aquaculture - April 30, 1999: 175,

Puvanendran. V. and Brown. J. A. (1999). Foragil
lar e reared in different prey concentration:
7792,

Rabe. J. (1999). The behaviour. growth. and survival of witch flounder and yellowtail
flounder larvae in relation to prey availability. pp. 134. St. John's: Memorial
University of Newtoundland.

Rabe. J. and Brown. J. A. (2000). A pulse feeding strategy for rearing larval fish: an
i with yellowtail lounder. . i 191, 289-302.

Ringo. E.. Johansen. L. and Raa. J. (1991). Feeding of cod. Gadus morhua (L.). lanae on
an antificial diet: Preliminany results. Fisheries Research 11, 191-193.

Roberts. D. E... Jr. (1989). Snook (C and grouper ( id el
in the. In Advances In Tropical Aquaculture (ed. J. Barreu). pp. 485. Tahiti.
French Polynesia: IFREMER SDP.

Rosenthal. H. and Hempel. G. (1970). Experimental studies in teeding requirements of’
herring lanvae (Clupea harengus). In Marine food chains (ed. J. H. S. Steele). pp.
344-364, Berkeley: University of California Press.

Ruzzante. D. E.. Taggart. C. T. and Cook. D. (1996). Spatial and temporal variation in
the genetic composition of larval cod (Gadus morhua) aggregations: cohort
contribution and genetic stability. Can. J. Fish. Aquat. S




. 2001. Effect of dietary (n-3)
\uh and sunvival of fat snook
(e s idae) larvae during first feeding.
Br.ulll.m loumal of \chu.al :md Biological Research. Ribeirdo Preto 34, 643-

651,

Siddiqui. A. Q.. Howlader. M. S. and Adam. A. E. (1991). Effects of water exchange on
Oreochromis niloticus (L.) growth and water quality in outdoor concrete tanks.
Aquaculture 95, 67-74.

Sokal. R. R. and Rohit. F. J. (1969). Biometry. San Francisco: W. H. Freeman and
Company.

SPSS. 1. (1999). SPSS Base 9.0 Applications Guide. Chi PSS Inc.

Stepien. W P. J. (1976). Feeding of laboratony-reared lanac of the sea bream
Archosargus rhomboidalis (Sparidae). Marine Biology 38, 1-16.

Thompson. A. B. and Harrop. R. T (1991). Feeding dynamics of fish larvac on
Copepoda in the wester Irish Sea. with particular reference to cod Gudius
morhua. Marine Ecology Progress Series 68,213

Tilseth. $. and Ellertsen. B. (1984, Food ion rate and gut
of first feeding cod lanvae (Guadus morhua L), In The Propagation of Cod Gades
morhua .. vol. | ted. E. Dahl. D. S. Danielssen. E. Moksness and P. Solemdal).
pp. 167-182.

van Der Meeren. T and Naess. T. (1993). How does cod (Gadus morhua) cope with
variability in feeding conditions during early larval stages? Marine Biology Berlin
116, 637-647.

Wemer. R. G. and Blaxter. J. H. S. (1980). Growth and survival of lanal herring (Clupeu
harengus ) in relation. Can. J. Fish. Aquat. Sci. 37, 1063-1069.

Whatt. T. (1972). Some effects of tood density on the growth and behaviour of plaice
lanvae. Marine Biology 14, 210-216.

ni



Appendix A
Implications for Atlantic cod aquaculture

The results of the lanval cod experiments provide valuable intormation for
improvements to the larviculture protocols for this species and possibly for other species
as well. The discovery that decreased prey density during the endogenous teeding stage
actually increased sunvival means that not only can a reduction in live tood be made
during this stage but also it will result in improved production.

Secondly. that increased duration of prey availability results in increased growth
and survival. This means that prey density and tlow rate should not be considered
independently. Larviculturists should be aware of the length of time that prey are

remaining in the culture tanks at densities that are suitable for larval foragin

Plotting a

simple prey clearance curve for ditterent tlow rates for each tank and outtlow design will

Uy improve the understanding of prey dynamics in culture tanks.

The recommendations that come trom this research are that a low prey density
(300 prey litre) should be applied for the first tive days. and then rapidly increased to a
higher prey density (4000 prey litre) until the switch to Arfemia naupli. A moderate tlow
rate should be employed. such that ammonia levels are kept low. and approximately 50-

73% of prey is removed between feeding

Most importantly. however. is that the

duration of prey lability is idered when ds ining the flow. If necessary.

increased I

ding frequency as opposed to increased prey density is recommended to

compensate it increased flow is required to improve water quality.
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