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Thesis summary

Thesis Summary

Individuals both within and between populations can vaaykedly in a number of traits,

including behaviour, life-history patterns and morphologiese differences do not simply
reflect noise around a mean, but reflect real and irapbsariability that can have a number
of important implications. Such individual variability especially prevalent among larval
fish, which undergo significant changes in size, anafghysiology and morphology as they
develop into adults.

The potential for fish to develop differing behavioursd amorphologies has important
implications in the aquaculture environment. For examptane fish may be aggressive
and/or cannibalistic while others are not, or somsl may have a propensity to take risks
while others shy away from risk. Elucidation of thectrenisms underlying these differences
could enable the farmer to mitigate the developmeneb&tours and morphologies that are
not conducive with welfare and production. Such infornmatiould be especially useful in
the rearing of species such as Atlantic cod, whichhagbly cannibalistic in the larval and

early juvenile period of development.

The purpose of the work outlined in this thesis was tciddte certain aspects of individual
variability in predominantly larval cod that relate the culture of this species. An
introduction to the subject area is provided in Chaptéfish husbandry techniques followed
the standard procedure employed at the two study sites ardkseribed in detail in chapter
2. This chapter also describes the morphometric technigee to analyse morphology,
principal component analysis of linear measurements$,déstusses the reasons for adopting
this technique.

Chapters 3 and 4 examine morphological development inl laoghreared under standard
culture conditions and using common commercial feeds,tHer purpose of elucidating
developments in trophic morphology that could potentiadiiate to the development of
cannibalism in this species. Chapter 3 specificallyréxes patterns of change in head shape
in larval Atlantic cod and the extent to which headellgyment varies within a cohort, while

chapter 4 examines the effect of diet on the developofdrgad morphology in larval cod.
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The former of these studies identified clear and camgispatterns of growth in various
measures of head structure (and especially eye diaméhes)was with the exception of jaw
width, which developed in opposition to these measuresod2eof rapid change in head
morphology coincided with points at which the larval diehnged and may have been caused
by this change. Growth of the head and the post cramiasrhighly variable, especially in the
latter stages of larval development and investmentesd hgrowth relative to post-cranial
growth increased over the first two thirds of larvalvelepment, remaining constant
thereatfter.

The second of these studies found that fish fed diffggesyt types developed different head
morphology. Specifically, fish fed small prey developed enfagile heads and larger eyes
relative to jaw width than fish fed larger prey. Anaysf the head morphology of dead fish
indicated that at least some of these differencesteelsuhot from the death of certain
morphotypes, but from a phenotypically plastic responsethi® different diets. The
morphology of a small number of cannibalistic larvaalgsed during the study indicated that
fish fed the larger prey developed morphology comparabletiwtt of cannibalistic morphs.

In the study detailed in chapter 5, aggressive interaciionarval cod were quantified in
order to determine whether these interactions repies$em early form of cannibalism or a
battle for resources. Attacks where characterisedriby; lone-way, nips by an attacker to a
victim. Fish also commonly exhibited a pattern of buswimming (darts) that appeared to
reflect a generalised escape response. This dartingitbeharas not affected by the presence
of food, but was more common in fish fed the higher piewsities. Conversely, overall
levels of prey did not affect the incidence of aggressittacks, although analysis was
confounded by a decline in levels of aggression witheesing fish density. The frequency of
nips was highest when food was absent and nips wererqoraddly directed at the tail of
victims, to victims of a smaller or similar sizeaththe attacker and to victims that showed
abnormal body posture. These findings indicated that ast Isome attacks by larval cod
represented an early attempt at cannibalism.

Chapter 6 details a study in which differences in tHeteking behaviour of one-year old cod
of different stock and/or family origin were examinedshFof North-eastern Arctic stock
origin were found to be more prone to take risks thamdfsNorwegian coastal stock origin.
Furthermore, although there were no significant diffeesnn risk-taking between families of

Vi
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North-eastern Arctic stock origin, a weakly significalifference existed between families of
fish originating from coastal stock. The weight and coowliof fish was significantly smaller
in fish that emerged to escape than in fish that adoitkk and these factors may have
contributed to the observed behavioural differences detwstocks and families. Cortisol
levels did not vary between risk avoiders or risk takérd, were significantly higher in
control fish of North-eastern Arctic stock origin goaned to control fish of coastal origin.
These results provided evidence for a heritable compaoeisk-taking in cod.

The results of the aforementioned studies have impomapitcations, particularly for the
culture of cod and these implications are discussed in @h@ptogether with a summary of
the objectives and findings of each study. The future suiiat are prompted by these

findings are also considered.
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Chapter 1 General Introtioe

1.1 Larval development of fish

Many teleost fish adopt high-risk life histories thatamce a high reproductive output with a
high mortality of the young (Wieser 1991). Atlantic casa@us morhua), for example, can
produce around 5-6 million eggs each year (Kjesbu 1989), butlasag 3 % of these eggs
will produce larvae that survive beyond three weeks of(Zpao et al. 2001). Such a high
mortality rate results primarily from the small sipé the larvae, which are extremely
vulnerable to predation (Bailey and Houde 1989) and consequapitylarval growth is vital
to young fish if they are to survive beyond the earlyettgomental stages (Wieser 1991). A
newly hatched cod larva, for example, can undergo a 200roiddase in weight in just 40
days (Folkvord 2005).

In addition to this increase in size, many fish specdiadergo extreme anatomical,
physiological and morphological changes during the larvabgerf development (Hunt von

Herbing 2001). Cichlids, for example, can develop from &-gat larva to a pelagic juvenile
form in as little as 2 weeks (Otten 1982). Such rapid changssential for the development
of those structures required for such functions as exti®ding, swimming and respiration
(Osse and van den Boogaart 1995) and for the developmentiphimrphology suited to the
increasing ratio of viscous to inertial forces thatcwrs with increasing size (Hunt von
Herbing et al. 1996a). Frequently such changes do not degelogtrically but result from

differential relative growth or what is commonly tenallometry (Fuiman 1983).

1.2 Individual variability in development

Until recently, much classic ecological theory wassdoh on the premise that
populations/species contained identical individuals thateréff only in sex and age
(Kingsland 1995). However, it is now widely accepted thdilviduals within populations can

differ in a number of traits, including behaviour (Wilseh al. 1994), life history patterns

(Vallestad and Lillehammer 2000), physiology (Cutts et al. 1888)morphology (Bourke et

al. 1997). For example, zebrafisBgnio rerio) exhibit consistent individual differences in
their propensity to inspect a predator (Dugatkin et al. 20085is case, the authors forward
inherited differences as a potential underlying causejnbather cases, variabilty may be a
manifestation of maternal effects (Lindholm et al. 20@8) represent a response to
environmental differences (Wright et al. 2003). For exaimgifferences in temperature have
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been shown to influence the age at which yellowtailirfder Pleuronectes ferrugineus)

larvae undergo metamorphosis (Benoit and Pepin 1999).

The potential for individuals to differ both between anihin populations of the same
species can have a number of important implications.eikample, variability in life history
traits may affect recruitment variability (BenoitdaRepin 1999) and consequently individual
differences should be considered when modelling populatiorandga (Grimm and
Uchmanski 2002). Individual variability may also have impottevolutionary implications.
For example, individuals that develop differences in phgreotas a result of a plastic
response to features of the environment may eventdarge to such an extent that they
form new species (West-Eberhard 1989). Moreover, the patéor individuals to develop
differing phenotypes can have important implications fioe culture of species if, for
example, certain phenotypes are more or less suitetietaearing process. This topic is

discussed in greater detail in subsequent sections.

1.21 Trophic polymorphisms

One aspect of individual variability that has been weltumented is that of varying feeding
morphology (trophic polymorphism) (Skulason and Smith 1995jfer@ent populations of
red-backed salamanderBl¢thodon cinereus) (Maerz et al. 2006), Arctic char&dlvelinus
alpinus) (Skulason et al. 1989; Adams et al. 1998a), Eurasian p&aica(fluviatilis)
(Svanbéack and EkIov 2002), cichlids (Meyer 1990; Streelman €0@7) and three-spined
sticklebacks Gasterosteus aculeatus) (Schluter and McPhail 1992), for example, have been
shown to differ in trophic morphology, apparently as sulteof adaptations to local prey
types. In a large number of these studies, littoraltfii®nmorphs feeding predominantly on
macroinvertebrates have been shown to possess a dmgpeand a larger head and mouth
compared to limnetic (pelagic) morphs feeding predominamtlyzooplankton (Ehlinger and
Wilson 1988; Skulason et al. 1989; Schiluter and McPhail 1992; Selardand Eklov 2002).
Such trophic polymorphisms are particularly interestings¢@nce because they have the
potential to result in genetic divergence between mogstis eventually speciation (West-
Eberhard 1989).

While many of these polymorphisms appear to result fsatective processes acting over
many generations (Skulason and Smith 1995), there is $mge&vidence that trophic
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variation can also occur within the same population anthin an animal's lifetime
(Thompson 1992; Wimberger 1992; Walls et al. 1993; Mittelbackl #099; Robinson and
Wilson 1996; Hegrenes 2001; Hjelm et al. 2001). Long-toed salamgpaabystoma
macrodactylum columbianum), for example, have been shown to develop broadeyetoand
deeper heads when fed tadpoles and brine shrimp overshrringp alone (Walls et al. 1993)
while Meyer (1987) found that the cichli@jchlasoma managuense, developed more pointed
heads when reared on brine shrimp than those fed ftadk@ &nd nematode worms. The
mechanisms underlying these rapid changes in morphologynatrealways clear, but
frequently appear to involve a type of developmental plastin which individuals respond
to variations in the texture or nutritional contemtpoey (Wimberger 1992). The phenotypic
differences that result from this plasticity are oftdistinguished from genetically induced
polymorphisms by the term ‘polyphenism’ (West-Eberhard 1989)

1.22 Cannibalism

In the same way that fish can exhibit marked diffeesno prey preference (Bryan and Larkin
1972), fish can also exhibit marked differences in thesrgxto which they consume
conspecifics. Different stocks of Arctic charr, fotaenple, have been shown to vary in the
extent to which they will feed cannibalistically, puenably as a result of some heritable
cannibalistic tendency (Amundsen et al. 1999). Howevedgensie individual variations in
cannibalism may also result from varying environmeotanditions, such as the relative size
differences of predator and prey and the density of coffispeand alternative prey
(Svenning and Borgstrom 2005). Moreover, in some speciemircefeatures of the
environment may encourage the development of a distammibalistic morph, such as has
been observed in the plains spadefoot toad tadfpéa bombifrons) (Frankino and Pfennig,
2001).

During periods of low prey availability, cannibalism cha viewed as a form of optimal
foraging (Dong and Polis 1992), since it provides the cahwilbl highly appropriate food,

while minimising the risks associated with foraginghF®r example, have a high content of
digestible nutrients (Meffe and Crump 1987; Kubitza and Lov4l®89), so fish feeding

totally or partly on conspecifics generally grow fadtean those feeding exclusively on other
types of prey such as plankton (Baras et al. 2003). Vargwgjsl of cannibalism can also
have marked effects on recruitment (Neuenfeldt and K@@0) and play an important role
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in regulating population densities (Persson et al. 2000). émantire, some modelling studies
(e.g. Kohlmeier and Ebenhdh 1995; Nishimura and Hoshino, 198ff)est that cannibalism
can be considered an evolutionary stable strategye darge animals sustain growth by
eating smaller conspecifics that in turn feed on diffelevels of the trophic system.

Cleary there are many benefits to consuming conspecifiowever, many species do not
cannibalise and this most likely reflects the numbeérdisadvantages that relate to this
behaviour. For example, Pfennig et al. (1998) showed thamilzalistic tiger salamanders
(Ambystoma tigrinum) fed diseased conspecifics were less likely to sundavenétamorphosis
than those that ate diseased heterospecifics. Thisased risk of pathogen transfer may at
least partly explain why this species will preferetytigbrey on heterospecifics over
conspecifics (Pfennig et al. 1998). Eating conspecificsaterelated to you, such as siblings,
also confers a genetic disadvantage since genes shdhethevconsumed prey are lost from
the gene pool (Pfennig 1997). Consequently, some speciepreférentially choose to
consume non-kin over kin conspecifics (e.g. plains spatédao tadpoless. bombifrons and

S multiplicata, Pfennig 1999).

Despite these disadvantages, cannibalism appears to timilpdy common in fishes and
especially prevalent in those species that exhibiiaanry or piscivory (Hunter and Kimbrell
1980). In the wild, inter-cohort cannibalism tends to preidate, especially in the larval and
juvenile stages of fish. For example, up to 40% of thex@nmortality of O-group cod can
result from inter-cohort cannibalism at around theetiof settling (Daan 1975). In cultured
fish, losses to intra-cohort cannibalism can beilaily high and, as in the natural
environment, especially so during the larval and eaxgnile stages of rearing (Baras 1998).
Unfortunately, the primary objective of aquaculture, ice maximise production, appears to
create features of the rearing environment that trigget/or increase the potential for
individuals to consume conspecifics (see Baras and go®li62 for review). These features
can include high stocking densities (walley®izostedion vitreum: Li and Mathias 1982;
dorada,Brycon moorei: Baras et al. 2000), high temperatures (Atlantic cod:rBjad et al.
1999) or temporal variations in food availability (EuropemabassDicentrarchus labrax:
Katavich et al. 1989).
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1.23 Behavioural variation

It is widely recognised that, as in humans, animals eahibit consistent individual
differences in behaviour (Wilson 1998; Sih et al. 2004). &@mple, some individuals are
consistently aggressive while others are consistawothyaggressive (McLaughlin et al. 1999).
Such differing behaviours reflect differing personaligits and where a suite of behaviours is
consistently expressed across different situations fezquently termed “behavioural
syndromes” (Gosling 2001). Behavioural variation is pam@ityl interesting, since a
propensity to exhibit one type of behaviour, e.g. aggressnay be appropriate in some
situations but not in others and thus can limit behamiboplasticity and result in non-optimal
behaviour (Sih et al. 2004).

One aspect of behavioural variation that is well doeuse in many fish species is that of
risk taking (Huntingford and Coyle 2007). Fish that are ridlertstend to explore a novel
environment more readilyB(achyraphis episcopi, Brown and Braithwaite 2004), to spend
longer out of cover (rainbow trou©ncorhynchus mykiss, Sneddon 2003) or to inspect a
model predator more readiljN&nnacara anomala, Brick and Jakobsson 2002), than those
that avoid risk. Consequently, risk taking individuals arenmonly referred to as ‘bold’ and
their non risk-taking counterparts as ‘shy’ or ‘timid’ {§@n et al. 1994).

Many studies of variable risk taking in fish describeeripbpulation differences in this
behaviour. For example, Fraser and Gilliam (1987) found Haat's rivulus Rivulus harti)
and guppiesHoecilia reticulata) from high predation sites foraged proportionately mare i
the presence of a predator than fish from low predaitas. It is not always clear what
underpins these differences in risk taking. However, studiesconsistent population
differences in the behaviour of both wild-caught and fatmyy-reared three-spined
sticklebacks (Bell and Stamps 2004; Bell 2005) and zebrafisigiftMet al. 2003) indicate
that genetics may play an important role.

1.3 The Atlantic cod

A fish species of enormous importance, both ecologieadd culturally, is the Atlantic cod.

This species has been the dominant piscivore in maamynen ecosystems and supported

significant fisheries for many centuries (Kurlansky 19929d are a temperate species and



Chapter 1 General Introtioe

distributed throughout the northern Atlantic, the Baiga and the Barents Sea (Cohen et al.
1990). Although predominantly demersal in nature, they occwyayiety of habitats, from the
shoreline down to the continental shelf (Cohen .e1@®0). Typically, cod mature at 2-4 years
old and thereafter spawn once a year. The larval Spgeds approximately three weeks in
the upper ocean and then descends to the sea bottomthehgoung fish begin their life in
the demersal zone. Cod feed predominantly on crustaceanh, as copepods, mysids,
shrimps, amphipods and crabs and increasingly as theyode¥ish (Palsson 1994; Link and
Garrison 2002).

Over-fishing since the 1950s, and particularly over-fislmhgnmature individuals, has led to
a dramatic decline in cod stocks and presently the Atlaod is classed as endangered (FAO
2007). As a consequence of the reduced availability ofsiexies and the resulting high
marker price (Tilseth 1990), there has been an increaseckst in the aquaculture of this
species and presently cod farms exist in Norway, Swhtl@anada and the U.S.A (Brown et
al. 2003). Worldwide farmed cod production is expected to iseré@m 8000 tonnes per
annum in 2005 (FAO 2007) to 400,000 tons per annum in 2020 (Solsletten ROGAl)y
protocols for the intensive culture of cod were dependentborrowing’ techniques from
those developed for other species. However, this apptueimot always been effective and
there is now a move towards the research and develbpofiecod-specific production
protocols.

One of the greatest challenges facing cod aquaculture igthuction of levels of mortality in
the early rearing stages. Of the initial yolk-sac darvonly 5-7% may survive to day 72
(Howell 1984). In the early larval stages the greatesstel® occur due to the failure of many
larvae to commence feeding. However, during the midat larval and early juvenile stages,
cannibalism is frequently cited as the main cause atalty (e.g. Howell 1984; Folkvord
1989), with attacks subsiding once juveniles grow beyond 40ntngjO(Folkvord 1993 in
Ottera 1994; Rosenlund et al. 1993; Ottera and Lie 1991). Conslgguaitigation of
cannibalistic behaviour during these developmental stagesnsidered paramount to the

successful culture of cod.
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1.4 The objectives of the thesis

The objectives of the work described in this thedisbfaadly into two categories: firstly, to
examine aspects of the morphological and behaviouralagewent of larval cod, particularly
in relation to the feeding regimes used in aquaculture andi¢kielopment of cannibalism,
and secondly, to examine differences in risk-taking betwaifferent stocks and families of
one-year old cod.

The now well-documented existence of trophic polymorphignmsome species of fish raises
the possibility that head shape in cultured species rsaydavelop in response feed type and
so may result in the development of head morphologyishahdesirable. For example, the
prey offered may enhance a fish’'s ability to feed datistically, by promoting the
development of large jaws early in ontogeny. Giveniti@rtance of mitigating cannibalism
during larval cod rearing, it would therefore be useful tovkmore about ontogenetic trends
and variability in the development of larval cod morplgyl and whether the development of
trophic morphology is influenced by prey type. With tinismind, the aim of chapter 3 was to
describe patterns of change in larval cod head shapehanektent to which these patterns
varied within a cohort reared on standard culture feeldapt@r 4 follows on from this study
and examines the effect of varying prey type and sizéherdevelopment of larval cod head

shape.

Cannibalism is now well-documented in larval cod (HowW6B4; Folkvord 1989) but little is
known about the aggressive behaviour of cod prior to tisetaof cannibalism and the extent
to which such behaviour is indicative of cannibalistel in development. This is despite the
fact that non-cannibalistic aggressive behaviour e lshown to slow growth in both the
attackers (African catfisiClarias gariepinus. Hecht and Uys 1997) and the victims of attacks
(cichlid, Tilapia zllii: Koebele 1985) and result in significant losses as fishirgured and
subsequently diseased (African catfish: Kaiser et al. 198%.aim of the study outlined in
chapter 5 was therefore to describe aggressive int@nac larval cod and to establish the
extent to which aggressive attacks were representatiga early form of cannibalism and/or
the result of a battle for resources. Since variationprey density are known to influence
predatory and competitive aggression in different wayssthdy also aimed to establish the

effect of prey availability on the incidence of aggnesattacks.
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The potential for different populations of fish to bekam contrasting ways could have
important implications for commercial aquaculture. Foaregle, timid fish appear not to
respond to the process of domestication as favourabltheis more bold counterparts
(Huntingford 2004) and consequently, understanding how boldneies wa farmed species
could have implications for the welfare of these fisluntingford and Adams 2005). This is
particularly the case for new, as yet undomesticated aljuge species, such as cod. During
the course of this research, the opportunity arosenduct a behavioural study of individual
cod of different stock and different family origin, produ@dpart of the breeding programme
at the Norwegian Institute of Fisheries and AquacultureeReh. The objectives of the study
outlined in chapter 6 were to characterise variatiothénrisk taking behaviour of these cod,
as reflected by exploration of a novel, potentially gl&aous environment and to determine
whether the propensity to risk take varied between codiffefent stock and family origin.
Since individual differences in risk-taking are frequentgaiated with differences in stress
physiology (Korte et al. 2005), an additional aim was tateeany observed behavioural
differences to plasma cortisol levels.
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Chapter 2 Fish husbandry and morphometric analysis

2.1 Fish husbandry

The following provides a generalised summary of the codllaearing practices employed in
the studies described in this thesis. Experimental matipos such as those relating to feed
type and quantity are described in greater detail in thgamt chapters. The rearing practices
described reflect the standard techniques employed at #me study site, the Scottish
Association for Marine Science Ardtoe Ltd., Ardtoe Mar Laboratory, Argyll and are
largely based on the work of Cutts and Shields (2001). A tascription of the rearing
practices employed at the Tromsg Aquaculture ResearcbrSimtlso provided at the end of
this section.

2.11 Broodstock

The cod broodstock employed in the following experimentsew8 years old and therefore
most likely had been sexually mature for one year. &stack employed in the studies
described in chapter 3 and chapter 4, were reared at Aadtberiginated from fish local to
the area. Broodstock employed in the study described pteth& were of wild Shetland
Islands origin and their eggs obtained directly from tbhésN hatchery, Shetland Islands.

Cod raised at ambient temperatures and under a naturahdigi@gime spawn between
February and April of each year, for a period of approteiya? weeks, with 2 to 3 days
between each batch. However, since maturation ggered by the seasonal light regime,
spawning can be delayed in any given year by providingwitih continuous light from their
first summer solstice. Two of the four experimentsriedr out as part of this research
employed eggs from broodstock for whom spawning had beeyedelaehapter 3 and chapter
4, experiment 1), while two experiments employed eggs lmuadstock reared under normal
ambient conditions (chapter 4, experiment 2 and chapter 5).

2.12 Egg collection and incubation

Cod spawn naturally in captivity and eggs were easilyectt from the outflow of the
holding tank using a plankton net suspended in water. The eggs then carefully
transferred to a bucket and allowed to stand for sewairaltes, during which viable eggs

floated to the surface. A sample of these floating egas then placed under a microscope
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Chapter 2 Fish husbandry and morphometric analysis

and fertilisation and developmental stage assessed. Agsunoust eggs were successfully
fertilised, they were jugged into a fine mesh and placed solution of the disinfectant
‘Kickstart’ for approximately 45 seconds. This disinfentjgrocedure was carried out in order
to remove pathogens such as bacteria. Following disimfe the mesh and eggs were rinsed
with UV-sterilised seawater (hereafter referred tovwaster’) and weighed (the mesh weight
having been already recorded). An estimate of the nuofoeggs in each batch was based on
previous work that found that each gram contains approaiyna00 eggs (Gara and Shields
1997).

Eggs were then transferred to 70 L cylindro-conical intabaanks at a density of 1 million

eggs per tank. These tanks contain a central standpipeistde by a nylon mesh with an air
collar situated at the base of the mesh for the purpofspsoviding gentle aeration. Water

flow rates were maintained at 2ml/min and water tentpegavas maintained at 8 to 10 °C by
means of air chiling units. Air was supplied to eachktaia an air collar situated at the

bottom of the tank. Lighting was continuous but very danmaround 5 to 10 lux. One day
following egg incubation and every other day after that,and water supplies were briefly
cut off in order to allow dead eggs to sink to the bottdrthe tank. These eggs were then
removed using a siphon and weighed in order to give anatstiofi numbers lost. In addition,

eggs were regularly sampled and placed under the microscofmatsdevelopmental stage

could be assessed. Upon reaching the final stage of fwieirita development, eggs were
transferred to rearing tanks.

2.13 Stocking of rearing tanks

Prior to transferring eggs to rearing tanks, air and msupplies were again switched off in
order to permit live eggs to float the surface and dead tegg®k to the bottom. Live eggs
were then transferred to a fine mesh net immersed\Visterilised seawater. In order to Kill

any prematurely hatched eggs, disinfection was againedaout by briefly immersing the

eggs in a 4% solution of ‘Kickstart’. The eggs were thieeed, transferred to a container
containing water and the dead larvae removed with arsighoorder to estimate the number
of eggs in any given volume, a known sample volume wasitakd further diluted to ease
counting. The numbers of eggs in three sub samples ajrigisal sample were then counted
by placing the eggs over a rigid mesh. It was then pessibkstimate the total number of

12
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eggs in the original volume of water, by taking the ayeraf these three samples and back

calculating.

The eggs were then moved to the rearing rooms and a eofifmvater containing the
appropriate number of eggs placed in each rearing tank. ars in to which eggs were
stocked varied between experiments but were identicalinvieach experiment. They
consisted of black 1300 L production tanks, black 100 L productiokstor clear 10 L
aquaria. The largest tanks contained a longitudinal cestimatpipe surrounded by a nylon
mesh that permitted debris to escape but retained th@elafhe 100 L tanks contained a
transverse wire mesh centrally located at the bottdnthe tank and connected to an
externally located standpipe. The 10 L aquaria containedfargied plastic tube, centrally
located on the bottom of one end of the tank, condettean externally located standpipe.
Gentle aeration was supplied to all tanks by means airlime. Each tank had been cleaned
and filled with water on the day prior to stocking andewaémperature checked to make sure
it was comparable with that in the incubation tanks.

2.14 Larval rearing

Newly stocked eggs were kept in static water and under darkmel hatching was
complete, this absence of light promoting synchronotshimg (Cutts and Shields 2001). At
approximately 100-degree days (daily temperatureimber of days), eggs hatched (0 days
post hatch or O dph). At this point, lights were switclued and thereafter periodically
increased in intensity. Water temperature was maedaat 10 to 12 °C through the use of air
chilling units. Water salinity was checked each day anded from 33 to 34 ppt.

Tank hygiene was maintained by periodically increasiog ftates and siphoning debris and
dead fish from the bottom of tanks. However, siphoniag wot possible before 25 dph, due
to the danger of removing live fish. In addition, ‘skinmsiavere fitted from 5 dph in order to
remove the oily surface film associated with livedfébat, if left, could prohibit larvae from
inflating their swimbladder. These skimmers were comgaxesynthetic scouring pads and
were partially suspended in the tank water. A larger skinwmas used in the 1300 L tanks,
composed of a rectangular floating polystyrene trap aantpian airline into which surface
water was drawn. Around 35 dph, the mesh surrounding the standpghe 1300 L tank was
replaced with mesh of a larger pore size in order togotethe build up of debris.

13
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During the rotifer-feeding period (from approximately O dpl32odph, see below) microalgae
were added to tanks each day. One, or a combinatiomogftypes of algae was used, either
Nannochloris sp. or Paviova sp. The addition of algae appears to benefit larvalngéary
continuing to enrich rotifers that are not eaten,levhiso altering aspects of the physical
environment such as light attenuation and dissolved oxygetent (Cutts et al. 2003). Algae
may also aid the development of the larval digestivéesysaand thus promote first feeding
(Cutts et al. 2003).

2.15 Feed

Two types of live prey were used in experiments: rcif@rachionus plicatilis) and brine
shrimp @rtemia salina, hereafter referred to artemia). Rotifers are microscopic aquatic
animals of the phylum Rotifera, whilrtemia are small branchiopod crustaceans. Both these
species are widely used in aquaculture due to their nuttitcmment, small body size and
relatively slow motility, making them easy to captufdey are also easily reared due to a
high reproduction rate in the case of rotifers and ¢hendtion of dormant embryos or ‘cysts’

in the case ofrtemia (Lavens and Sorgeloos 1996).

Larvae were fed rotifers from 1 dph for a period of appnaxely 4-5 weeks andrtemia
from around 27 dph for a period of approximately 4-5 weeks. Bettis were either offered
once in the morning or the feed split between a mgraind afternoon feed. A one-week
period of cofeeding both rotifers adtemia was required in order to prevent starvation of
those individuals that did not switch #rtemia immediately. During the period of feeding
live prey, a small sample of water was removed eachirday each tank and the number of
prey items recorded. When prey were found to be abseptesent in only low numbers,
feeding levels were increased. Where more than okewas used, increases (or % increases,
chapter 5) in the level of feed were uniform for afiks receiving that prey type. Gradually
increasing sizes of the inert feed, AgloNorse (EWO@$)Ltwere then offered from
approximately 50 dph to the end of the experiment, at feasttimes each day. This diet is
an agglomerated microbound feed composed of a high dietamirpemntent (60%) and a
low carbohydrate content. It is highly palatable, vatitractants added to stimulate feeding
and is readily digested and absorbed by the larval in&éstystem. It is currently used to rear
cod, halibut, sole, sea bass and sea bream, among (tlver.ewos.com/uk).
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Neither rotifers nor Artemia contain sufficient nutrients to sustain cod larvae and
consequently they are enriched with commercially allgl supplements. In the following
experiments, the enrichments employed were those us#tk atudy site at the time for
commercial production. This is with the exception & Brolon-enrichedrtemia in Chapter

4, which were prepared specifically for that study. Of ¢heichments used, Algamac 2000
(Aquafauna Biomarine) is a spray-dried single cell protigtije Selco (self-emulsified liquid
concentrate), DHA (Docosahexaenoic) Acid Proteic&eahd DC (disinfecting continuously)
Selco (INVE Aquaculture) are lipid emulsions containing ingar oils, antioxidants,
emulsifiers and vitamins (Cutts et al. 2006). Prolon (IN¥Buaculture) is also a lipid
emulsion, but is administered fotemia following enrichment with any standard enrichment,
such as those described above. The purpose of Prolahreant is to increase the size, and
thus the nutritional content of th&rtemia. All these enrichments are adsorbed and ingested
by the prey and result in an increase the levels sérgml fatty acids, particularly the highly
unsaturated fatty acids (Sorgeloos et al. 1991). More detimfermation on the biology,
production and enrichment of rotifers addtemia is provided in Lavens and Sorgeloos
(1996).

2.16 Ongrowing

At the end of each experiment, cod that were not killece returned to production tanks or,
if older, moved to the nursery for ongrowing. Under stahghmactices, cod are transferred to
the nursery at 75 dph (0.5 g or 50 mm standard length), whgnatkerobust enough to
survive the move. They are counted, graded either swglyctiith the eye or with grading
bars and placed in nursery tanks with similar sized Aslapproximately 12 to 18 months old
or a weight of 500-1000 g, cod are transferred to broodsto&k t@nalternatively sold for
harvesting.

2.17 Fish health
Cod are susceptible to bacterial diseases, most comdoiosis, and parasites, including
some species of ciliate. Consequently, throughout eapkriment, fish were frequently

checked for any signs of disease and water was checkedefqresence of pathogens. On

occasion, ciliates were found to be present in thenvand if present in large numbers, were

15



Chapter 2 Fish husbandry and morphometric analysis

kiled by administering tanks with formalin at a concation of 100 ppm. Small numbers of

ciliates did not appear to affect larval health.

2.18 Fish husbandry at Tromsg

The rearing of cod at the other study site, Tromsg AquaeulResearch Station, Karvik,
Tromsg, Norway, followed a protocol similar to thatpboged at Ardtoe. The fish used were
from a large group of age 0+, first-generation offspringvitdd-caught Northeast Arctic cod
and Norwegian coastal cod produced at the Norwegian Nht@wth Breeding Programme.
Parental cod had been reared under natural temperaturglandoinditions until breeding.
Offspring were fed rotifersBrachionus plicatilis) from 2 — 25 dph and brine shrimpr{emia
salina) from 25 — 45 dph. Fish were subsequently weaned on to AgleNatr 45 dph and
Dana feed at 80 dph. During start-feeding, lighting was comtis and water temperature was
maintained at 8 °C. From the point of weaning onwardas, fish were subjected to natural
water temperatures (unheated, filtered seawater fronfidted and natural light conditions
(transparent roof, 70 ° northern latitude).

2.2 Morphometric analysis of head morphology

Two of the studies undertaken as part of this reseautived assessment of differences in
the morphology of cod and thus the selection of appropnathods to achieve this. A
variety of techniques can be used both for the measateshanimal morphology and for the
subsequent analysis of those measurements, includingficiiatn of the major patterns of
variation in morphology. The method used in this thesfiects a traditional, but still widely
used, method in which linear measurements (sometimasede “trusses”, Strauss and
Bookstein 1982) of morphology features are recorded and titened into a multivariate
analysis, in this case, principal component analy3GA). The PCA identifies those aspects
of the dataset that account for the greatest amowatriation in the dataset (Pearson 1901).

A more recent method of analysing morphology, frequentfierred to as geometric
morphometrics, involves analysis of the relative gewim positions of body parts (Rohlf and
Marcus 1993). For each individual, corresponding body landmakslaced on a two-

dimensional Cartesian grid and variations in shape detednby analysis of differences in
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the coordinates of corresponding landmarks among indiviqBalskstein 1991). Although
such analysis is especially useful when attempting taifgeand visualise overall changes in
body shape, traditional truss methods have been shoba @s accurate as geometric analysis
at interpreting differences in morphology (Parson et2803). It is for this reason, and
because of the essential simplicity of the method, lth@ar morphometrics are employed in
this thesis.
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Chapter 3

Head morphology in larval cod: ontogenetic trends and

individual variability

This chapter has been submitted for publication in Jbofriash Biology
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3.1Summary

We examined patterns of change in head shape in latladtid cod and the extent to which
head development varied within a cohort. Cod were rearedtandard aquaculture feeds
(rotifers, then brine shrimp, then formulated feed)rfrtb to 78 days post hatch. They were
periodically sampled and photographed for analysis of hegukestnvestment in head growth
relative to post-cranial growth increased over thst fivo thirds of the study period and
remained constant thereafter. Most of the measurdsead structure (and especially eye
diameter) exhibited comparable patterns of growth, amng in relative size from week 4
onwards and then falling from week 9. However, jaw wittiftowed an opposite trend,

decreasing In relative size from week 4 and increasing dgan week 9. Periods of rapid

change in head morphology coincided with points at whieh larval diet was changed.

Whatever processes are involved in determining theserpatof development, they influence
individual larvae differentially and, as a consequenceskedk individual variation in head

morphology is apparent by the end of the larval/earlgnie period.
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3.2 Introduction

Studies of the morphological and functional developmentaaf larvae have increased in
recent years, partly due to the realisation that sofolnnation is required for the successful
culture of this species. Attention has focused primamiythe anatomical development of
individual structures (Kjarsvik et al. 1991; Pedersen and Fale$st 1992; Morrison 1993),

with particular emphasis on the development of the headfeeding apparatus (Hunt von
Herbing et al. 1996a, b; Hunt von Herbing 2001).

Frequently, studies relate cod larval development to sizeage and to the functional
requirements of the growing larvae (e.g. Hunt von Herl#0§1). In this respect, the
developmental sequence is assumed to be fixed, havingedvoirer many generations and
genetically controlled. Increasingly, however, studiéther fish species have highlighted
that development, especially morphological developmeny, ats® be influenced by features
of the rearing environment, such as habitat or prpg \Meyer 1990, Mittelbach et al. 1999;
Andersson et al. 2005). For example, Arctic charr reamestructurally-complex habitats,
where macroinvertebrates predominate, develop deepersbaaieblunter snouts than charr
reared in structurally simple habitats, where zooplanktcedominate (Andersson et al.
2005). The mechanisms underlying such differences are waysaklear, but probably result
either from variations in the nutritional content pfey or reflect bone remodelling in
response to different sizes of prey (Wimberger 1992). #dhshape in larval cod also
develops in response to prey type or features of theaxgeanvironment, farmed fish may be
rapidly forced to develop undesirable head morphology. Fample, the prey offered may
enhance a fish’s ability to cannibalise, by pronwtihe development of large jaws early in
ontogeny.

One of the greatest challenges facing cod aquaculture igthuction of levels of mortality in
the early rearing stages. Of the initial yolk-sac darvonly 5-7 % may survive to day 72
(Howell 1984) and cannibalism is frequently cited as th& rnause of mortality (Howell
1984; Folkvord 1989). Given the importance of mitigating thisa®ur during larval cod
rearing, it would be useful to know more about ontogerteginds in the development of
larval cod morphology, especially trophic morphology. &ima of this study was to describe
patterns of change in larval cod head shape and toisistdi® extent to which these patterns

of change varied within a cohort. | used hatchery-eeval cod and employed the standard
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larval feeding regime in cod culture, namely rotiferdjofeed by brine shrimp Artemia

salina) and formulated feed, due to the relevance of resultthéculture of this species.

3.3 Materials and Methods

3.31 Rearing of fish

The study was carried out at the Scottish Associatomfarine Science Ardtoe Ltd., Ardtoe
Marine Laboratory, Argyll, Scotland in May to July 2004arval rearing during the study
followed the standard procedure employed at this sitel{iSre¢ al. 2003). Fertilised cod eggs
were obtained from broodstock reared at the study siter umuhient temperature and
photoperiod conditions and originating from fish locathe area. One day prior to hatching,
65,000 eggs were transferred to a standard 1300 L production talle@tnmh static water

and under darkness until hatching was complete. Only athewwas available at the site for

use in this experiment.

From 1-day post hatch (dph) to 32 dph, larvae were fed Algam&ocosahexaenoic Acid
Protein Selco (DHAPS) enriched rotiferBréchionus plicatilis) at a density sufficient to
provide approximately 5 rotiferanL™ (based on residual counts). Algamac or Disinfecting
continuously self-emulsified liquid concentrate (DC Seleajiched brine shrimpAftemia)
were offered from 27-60 dph at a density sufficient to proeigproximately 0.2%Artemia
mL?. Gradually increasing sizes of the formulated feed, Agis (EWOS), were offered
from 51-78 dph at a density sufficient to create a thinedng over the water surface.
Microalgae Nannochloris sp. andPaviova sp.) were added to tanks from 0-32 dph at a
density of 500,000 cells miLday* as a feed for the rotifers. Water temperature was
maintained at between 10-12 °C. Lighting was continuous amgked from 50 lux at O dph to
500 lux at the end of the experiment (78 dph). Tank hygienemeastained by gradually
increasing water flow rates from 500 thimin® at 0 dph to 3 £ min® at 78 dph and by
frequently siphoning debris from the bottom of the tarikksaddition, rectangular floating
polystyrene ‘skimmers’ were fitted from 1 dph to improwsing bladder formation by
removing the oily surface film associated with livede
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3.32 Morphological analysis

Each week, 20 larvae were randomly removed from the tanknorphometric analysis,
kiled using an overdose of anaesthetic (MS222) and photogtapdieg a Nikon Coolpix
4500 digital camera fitted to a dissecting microscope. Phapbgrconsisted of a lateral view
of the whole larva and lateral, dorsal and ventralvsi®f the head. The larvae were then
measured using the image analysis programme, Image Pros&xiiMedia Cybernetics).
From the lateral view (Fig. 3.1a), the following featureere recorded: total length (measured
from the lateral view of the whole larva); horizaheye diameter, length of the premaxilla
(once formed, therefore only in larvae older than 28 dpEngth of the jaw (Meckel's
cartilage), head depth at the posterior edge of the eygthl of the snout (from the anterior
tip of the snout to the intersect with the line definhead depth) and angle of the snout. A
large snout angle reflected a pointed (acutorostral) sadule a small snout angle reflected a
blunt (obtusorostral) snout. From the dorsal view (Bigb), the following additional features
were measured: medulla width, jaw width (maximum distaretevden maxillae) and head
length (from the anterior tip of the snout to the peomdway between the operculae). The
maximum distance between the gills was measured fromethieal view of the head from 35
dph onwards, when it became possible to manipulate theelso that the ventral side was
uppermost (Fig. 3.1c). Total length (distance from the ftiih@ snout to the tip of the longest
lobe of the caudal fin) rather than standard lengthgaest from the tip of the snout to the
caudal peduncle) was measured since the caudal fin wasciearly defined in images than
the caudal peduncle. When a larva was too large to begtaphed in its entirety, callipers
were used to measure total length. The caudal fin wagrnse badly nipped that
measurements were inaccurate. Post-cranial lengtlarfdestirom the edge of the operculum
to the end of the caudal fin) was determined by subhgadhie length of the head from the

total length of the larvae.
At the end of the experiment, all larvae were killethvdan overdose of anaesthetic and total

length recorded. Survival and growth rates did not diffgnificantly between this rearing

tank and any other tank used to rear cod during this period.
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Fig. 3.1. Photographs of a 36 dph cod larva showwogphometric head features recorded:
(a) lateral view, ED = eye diameter, PL = premaxi#ngth, JL = jaw length, HD = head
depth, SL = snout length, SA = snout angle; (bdbview, JW = jaw width, MW = medulla
width, HL = head length; (c) ventral view, GW =l giidth.

3.33 Statistical analysis

To summarise patterns of head growth in relatiopdst-cranial growth, | used the ratio of
head length to post-cranial length. In order taecrhead morphometric data for an effect of
size, residual scores were obtained from regressmalysis of each head measure against
head length. These residual scores are referrad tioe following text as length-corrected
measures. To investigate the relationships amoegethength-corrected measures and to
identify the aspects of morphology that accountadtiie greatest amount of variation in the
dataset, Principal Component Analysis (PCA) wasieduwout on some of the length-corrected
measures. Premaxilla length and gill width were ttadi since these features were not
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recorded in all weeks of the experiment. Snout anglealsasomitted since there was a large
degree of variation of this measure in all weeks ofdtugly. Measures were not normally
distributed, so were ranked prior to PCA. Table 3.1 sumesati®e results of the PCA. There
were two PCs accounting for 63.8 % of variance. The tgadior the first PC were all
positive and thus this PC reflected the size of allheaasures relative to head length and is
hereafter referred to as head ‘robustness’ (as oppodaeatb ‘fragility’: see chapter 4). The
second PC opposed eye diameter to jaw width, medulla widtrsout length. In order to
summarise this aspect of head shape in an intuitivelglsiway, rather than using the PC2
scores, | created an index reflecting the developmeay@iameter relative to jaw width by
dividing eye diameter by jaw width. Changes with time/afmorphological features and the
two derived indices were examined using Kruskal-Wallis wag- analysis of variance.
Changes with time/age in the variabilty of morphometmeasures were examined by
regression analysis of the coefficient of variatddreach measure across weeks.

Table 3.1. PC1 and 2 loadings for PCA of 6 length-correctad measurements.

Measure PC1 PC2

Eye diameter 0.553 0.226

Jaw length 0.486 0.025
Head depth 0.542 0.005
Snout length 0.386 -0.372
Jaw width -0.091 -0.609

Medulla width 0.078 -0.662

Eigenvalue 2.392 1.437

% of variance 39.9 23.9

3.4 Results

3.41 Head growth in relation to post-cranial growth

There was a significant increase in total lengthdheagth and post-cranial length over the
duration of the study (Fig. 3.2a, b and c). From week 1 tekwethis increase was very
gradual, with median increases of 29.58, 54.79 and 24.15 % per wsgctreely. From

week 7 to the end of the study, total length and postatranigth, increased more sharply; in
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this period increases were of the order of 42.50, 42.68 and 42088 ¥eek. The coefficients
of variation for each of these measures were highesteeks 8 and 9 (Fig. 3.2a, b and c:
Total length: Rag= 0.520, o= 6.96, P = 0.015, Head lengti’.R= 0.643, o= 10.91, P =
0.004, Post-cranial length?,= 0.439, ko= 5.31, P = 0.030).

The index of head length relative to post-cranial lereydo changed significantly over the
period of the study (Fig. 3.2d). In the first 8 weeks, tliEinincreased from 0.20 to 0.34.
Thus, fish were increasing investment in head growttr @ost-cranial growth during this
period. From week 8 to week 12, the index remained conatamt0.34. The coefficient of
variation for this index did not change significantlyeo¥ime (Fig. 3.2d: f%dj: 0.062, F10=
1.73, P =0.218).
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Fig. 3.2. Box plots showing the total length (a), headtlerfb), post-cranial length (c) and
index of head length to post-cranial length (d) of lacead in weeks 1 (1-2 dph), 2 (8-9 dph),

3 (15-16 dph), 4 (22-23 dph), 5 (29 dph), 6 (36-37 dph), 7 (43-44 dph), 8 (50-51 dph), 9 (57-

58 dph), 10 (65 dph), 11 (71-72 dph) and 12 (78 dph) of the study. Each doex Hie
median, 25 (Q1) and 75 (Q3) percentiles; upper whisker = Q3 €)B.5 Q1), lower whisker

= Q1 - 1.5 (Q3 - Q1). The coefficient of variation fach week is shown above each box.
Each measure varied significantly with week (total langt = 232.88, DF = 11, P < 0.001,
head length: H = 234.36, DF = 11, P < 0.001; post-cranial lergth231.84, DF = 11, P <
0.001; head/post-cranial length: H = 195.10, DF = 11, P < 0.001).
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3.42 Development of head shape

Analysis of length-corrected head measurements idehsfgnificant changes in patterns of
growth during the study period (Fig. 3.3). In the first 4 weékggth-corrected eye diameter,
jaw length, head depth and snout length were slightly negati showed negative allometric
growth (Fig. 3.3a, ¢, d and e). At week 4 or 5, this trend reaersed and these length-
corrected measures, with the addition of premaxilla kerigggan to increase, reaching zero at
week 6 or 7 and continuing to rise until week 9 (Fig. 3.384a)s, from weeks 6-7 to week 9
there was positive allometric growth of these featufeslly, from week 9 to week 12, these
length-corrected measures again decreased, reaching tzeseela 11, beyond which point
relative growth once again was negative. With the gbae of length-corrected jaw length
and length-corrected snout length, there was a general for coefficients of variation to
increase for these head measures over the duratide ctudy (Eye diameter:Zﬁ,: 0.360,
F.o= 4.09, P = 0.054, Premaxilla Iengthz.ag]l: 0.739, 5= 10.91, P = 0.015, Jaw length:
R%qj= 0.170, Bo= 2.13, P = 0.175, Head depthfaff= 0.342, o= 3.86, P = 0.062, Snout
length: F?adj= 0.0, o= 0.06, P = 0.943). Periods of negative allometric growthesponded
with periods when the snout was more pointed (acutoipstkhile periods of positive
allometric growth corresponded with periods when the sm@st more blunt (obtusorostral)
(Fig. 3.3f). The coefficient of variation for lengthfcected snout angle decreased between
weeks 1 to 9, before increasing slightly between weeks12 I(F?adj: 0.775, F9=19.98, P <
0.001).
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Fig. 3.3. Boxplots showing length-corrected scores foe hisad measures (a-i) in larval cod

for weeks 1 (1-2 dph), 2 (8-9 dph), 3 (15-16 dph), 4 (22-23 dph), 5 (29 dph}3F @th), 7

(43-44 dph), 8 (50-51 dph), 9 (57-58 dph), 10 (65 dph), 11 (71-72 dph) and 12 (78 dph). Each
box shows the median, 25 (Q1) and 75 (Q3) percentiles; uppekervk Q3 + 1.5 (Q3 - Q1),

lower whisker = Q1 - 1.5 (Q3 - Q1). Each measure variedfisattly with week (P<0.001).

Length-corrected jaw width also changed significantly rottee duration of the study,
following a pattern of growth almost diametrically oppbgde that of the aforementioned
measures (Fig. 3.3g). From week 1 to week 4, length-corrgatedwidth increased,
indicating increasing positive allometric growth. Froneek 4 to week 8, this trend was
reversed and increasingly negative allometric growttk jolace. Between week 8 and week
10, length-corrected jaw width increased sharply, suchpbsitive allometric growth took
place from week 9 onwards. Finally, from week 9 to weektlig, measure fell once more,
reaching just below zero in week 12. Length-corrected naeeadth and gill width did not
exhibit any consistent pattern of growth (Fig. 3.3h andThe coefficients of variation
significantly increased for length-corrected jaw widthd dength-corrected medulla width
over the duration of the study, but not for length-cae@agill width (Jaw width: f%dj =
0.485, Ro= 6.18, P = 0.020, Medulla width?Rg,= 0.522, F¢= 7.02, P = 0.015, Gill width:
R%j= 0.420, k4= 3.17, P = 0.150).
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Chapter 3 Ontogenetic trends in head morphology

Analysis of the ratio of eye diameter to jaw widthntiied a significant change in this index
over the 12 weeks of the study (Fig. 3.4). In the first 4ksethe index fell from 1.01 to c.
0.8, indicating that jaw width became larger in relatoreye width during this period; it also
became more uniform. From week 4 to weeks 7-8, this tvesml reversed and the index
increased from c. —0.8 to c. 1.35; it also became moteablar Thus between week 5 and
week 8, eye diameter was increasing in size relativawowidth. Finally, between week 8
and week 10 the index fell back to, and stayed at, a mefliansuch that by the end of the
study period, eye diameter and jaw width were in balam@@nathe eye-jaw ratio also
became more uniform during this period. The ratio of égeneter to jaw width changed
significantly with total fish length (Rdj0.373, 236= 48.35, P<0.001), following a pattern of
development similar to that which existed betweenithisex and time (week of study). Since
week of study and length cannot be differentiated, it idean whether this relationship is
dependent on age or size.

1.6

1.4+

;
::Z%“ﬂ ******** b

0.6+

Median eye diameter/jaw width

1 2 3 4 5 6 7 8 9 10 11 12
Week

Fig. 3.4. Boxplot showing the eye diameter to jaw widteinof larval cod for weeks 1 (1-2
dph), 2 (8-9 dph), 3 (15-16 dph), 4 (22-23 dph), 5 (29 dph), 6 (36-37 dph), 7 (43-48 dph),
(50-51 dph), 9 (57-58 dph), 10 (65 dph), 11 (71-72 dph) and 12 (78 dph). Eaclobexish
median, 25 (Q1) and 75 (Q3) percentiles; upper whisker = Q3 €)B.5 Q1), lower whisker
=Q1-15(Q3 - Q1). This index varied significantly witleek (H = 201.13, DF = 11, P <
0.001).
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3. 5 Discussion

Results of this study identified clear patterns of chamg@rious measures of larval cod head
morphology. In most cases, these patterns were cemsis¢étween measures, although some
morphological features were shown to develop in oppositioreach other, such as eye
diameter and jaw width. Growth of the head and the pomtiion was highly variable,
especially in the latter stages of larval developmedtiavestment in head growth relative to
post-cranial growth increased over the first two thiafslarval development, remaining
constant thereafter. As described in the Methodsosedbr logistical reasons this experiment
was unreplicated and this raises the possibility thasetlpatterns of morphological change
may have been due to tank effects. This is unlikelyesimoth the rearing conditions and
survival levels of fish in this tank were identical tbose in other tanks. However, the

possibility of tank effects must be borne in mind wimterpreting the results

The observed changes in cod morphology could result froenodriwo mechanisms, or a
combination of both. Firstly, allometric growth m&éave occurred within the lifetime of
individual fish as a consequence of environmental factuch as feeding or a genetically
predetermined ontogenetic pathway. Alternatively, sekecmortality may have removed
certain morphotypes, with the remaining fish possedbiagnorphotypes most adapted to the
environment. Unfortunately, | could not identify whiochthese two processes were operating,
since it was not possible to follow individual fish ftie duration of the study. In this
discussion, the data are explored as if observed chamgeseasures resulted as a
consequence of developmental growth. However, it is itapbrto emphasise that these
changes may have resulted from/been additionally infectby selective mortality.

Many fish larvae have been shown to exhibit a Gotmadiee growth pattern, with a period of
slow growth followed by a period of growth at an expoiamate (Bolz and Lough 1988).
Results from this study suggest that larval cod may alse gr this way and that the period
of exponential growth occurs around the commencememetdmorphosis, approximately 43
dph (week 7), when larvae undergo a number of rapid changesrphology, physiology
and anatomy (Pederson and Falk-Petersen, 1992). Thesgdiage in accordance with other
studies of growth in larval cod (Bolz and Lough 1988; Puvanendna Brown 1999; Hunt
von Herbing 2001; Puvanendran and Brown 2002). In cod, the exngrowth phase

occurs at a point in development when cod switch fromgusisimple hyoid coupling to open
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the mouth to a more complex secondary mouth opening meohéHunt von Herbing et al.
1996b). This mechanism, faciltated by the differentratiof new structures, involves
contraction of the muscles in the operculum, resultingransmission of a force along the
interoperculomandibular ligament to the lower jaw, whglhen opened (Hunt von Herbing
et al. 1996b). This switch most likely facilitates tlmsumption of larger prey items and may

occur around the time that larval cod switch their mtayice (Hunt von Herbing 2001).

Investment in head growth relative to post-cranial ghoincreased over the 8 weeks of the
study, after which head growth remained at around ong dfipost-cranial growth. Fuiman

(1983) showed that nine different fish species exhibitedshaped growth profile during the

larval stage, with the head and caudal regions growingrfélsan the middle regions. | did

not measure the caudal region individually and therefoneatarule out the possibility that

such a U-shaped growth profile also existed in my fidte priority given to development of

the head in larval fish most likely reflects the regoient for early completion of the feeding
and respiratory apparatus that facilitate consumptionastkpbnic food (Fuiman 1983; Osse
and van den Boogaart 1995). Upon entering the juvenile statmselopment, cod appear to

develop isometrically (Bolz and Lough 1988) as do many disteispecies (e.gCatostomus

commersoni, Couesius plumbeus, Osmerus mordax, Fuiman 1983).

Variations in total length, head length and post-crderith were highest in weeks 8 and 9,
when cod increased their rate of growth. Since the loewent of larvae varies within a
cohort, there is a differential onset of the expoiaégrowth phase, resulting in an increase in
size variation (Folkvord et al. 1994). Beyond weeks 8 ant® heterogeneity declined once
more, perhaps as smaller fish succumbed to cannibajidarder conspecifics (Folkvord and
Ottera 1993). Cod exhibit high levels of predatory aggressioring this period of
development (see chapter 5) when gape height relativedy length is at its greatest (Ottera
and Folkvord 1993; Folkvord 1997).

Analysis of length-corrected measurements revealed ttietpattern of growth for most
morphological measures (excluding medulla width and gill widtignged on two occasions,
week 3 to 4 and week 9 to 10 (with an additional switch orgum jaw width growth at
week 8). These changes in patterns of allometric graethurred at the same time as feed
changed, and it its possible that fish were exhibitimh@notypically plastic response to new
prey. For example, several species of cichlid fish lmen shown to exhibit a phenotypically
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plastic response to different prey types, developing adismnout when fed on worms than
when fed omArtemia (Meyer 1987; Wimberger 1992; Hegrenes 2001). Moreover, resudts of
companion study (see chapter 4) provide evidence that thelogeent of trophic
morphology in larval cod may also be influenced by psget The mechanisms underlying
this plasticity, if its exists, may relate to thenadelling that occurs when different prey sizes

and textures produce different stresses and strains tlagzor bone (Wimberger 1992).

Providing fish with different feed types may also affenbrphological development by
altering levels of nutrition. Most studies of feedingfish have highlighted the improved
growth or reduction in deformities that occur when copepads provided as feed over
Artemia, rotifers or a formulated diet (Hamre et al. 2002; Cutts 2008fand et al. 2006).
However, differences in the development of fish fed-atifers, Artemia or inert feed are less
clear. Larval fish require higher levels of vitamin t@an adults (Merchie et al. 1997).
However, Hamre (2006) showed that Rotimac enriched rst{fan algal enrichment similar
to the Algamac and DHAPS enrichments used here) cedtd@ss than half the vitamin C
contained inArtemia and around one third that contained in copepods. In addiitamin A
concentrations were below detection levels in tmeséers, which, unlikeArtemia, have only
low levels of carotenoids to convert to vitamin Ative event of a shortage (Hamre 2006). |
cannot rule out the possibility that the observed dedfirthe growth of most head measures
during the rotifer feeding period and subsequent increaseowmtiyrthat occurred upon the
introduction ofArtemia, was at least partly attributable to these or ottediciencies of a

rotifer diet.

Upon the introduction of formulated feed, the relativewdlo of length-corrected head
measurements (including jaw width) decreased and agaimbtaue out an effect of diet on
this change in the pattern of head growth. Problents farmulated feeds can include protein
leakage, poor palatability and digestibility and inappropriatgritional content for the
species/age of larvae (Hamre 2006). With regard to AgloN@seaszewska et al. (2005)
showed that AgloNorse-fed pike-perclsaiider lucioperca) larvae survived in similar
numbers, grew at similar rates and developed similar digestacts to those larvae fed
Artemia. Similarly, in this experiment, the increase inatdength of fish remained constant
through theArtemia and formulated feed stages, suggesting that growth wasmpremised
by the introduction of AgloNorse. Nevertheless, th&eotf of formulated feeds on the
development of larval and juvenile cod morphology requughér analysis.
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Length-corrected jaw width varied in the opposite directm length-corrected eye diameter.
This observation could be interpreted as a trade offvdmt the need for visual acuity
(perhaps necessary for locating small prey) on thehamel and large gape on the other
(necessary for eating large prey, Ottera and Folkvord, 1988rnatively, since other
measures of head length (including premaxilla length and l@wgth) also varied in
opposition to jaw width, the relationship between jawdtiv and eye diameter may be a
consequence of a general trend for fast growth in letaytie incompatible with fast growth
in width.

This study has shown that the larval and juvenile cod rgodeomplex patterns of
development, both with respect to the development cdrdift areas of the head and of the
head relative to the post cranium. The processes ewalv determining these patterns of
development (either differential mortality or differahtgrowth of body parts), influence
individual larvae differentially and generate marked indiMiduiziation in head morphology
by the end of the larval/early juvenile period. Furthemmn since periods of change in the
direction of head development coincided with periods wked thanged, development may
be influenced by changes in the diet. This latter piigsibhas been tested and will be

reported in chapter 4.
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Chapter 4

The effect of diet on the development of head morphagy in larval

cod: possible implications for the development of caripals

This chapter has been submitted for publication in Canalburnal of Fisheries and

Aquatic Sciences

33



Chapter 4 The effect of diet or tthevelopment of head morphology

4.1 Summary

Two related experiments were carried out to examine effiect of prey size on the
development of head morphology in larval cod. In the &speriment, larval cod were fed on
either rotifers or one of three different types aférshrimp Artemia) from 26 to 51- 52 days
post hatch; head morphology was analysed at the end qietiod. In the second experiment,
larval cod were fed either rotifers or enrichedemia from 27 to 55-57 days post hatch. Head
morphology of both live and dead fish was analysed atkiywaptervals, using Principal
Components Analysis to characterise patterns of ti@mialn both experiments, fish fed on
smaller prey had more fragile heads, although this difterewas not significant for
experiment 2. In both experiments, eye diameter wadicagntly larger relative to jaw width
in fish fed smaller prey sizes. Analysis of the heaorphology of dead fish ruled out
differential mortality by head morphology as an explamafor these results and suggested
that some of observed differences in morphology betwisanfed the different prey types
was a result of developmental plasticity. Developmentleér diet-induced differences in
morphology in less than 30 days represents an extreaslyrdte of change compared to
other studies of changes in trophic morphology in fish.
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4.2 Introduction

Trophic polymorphism has been identified in a numberishf §pecies, most notably Arctic
charr (Skulason et al. 1989; Adams et al. 1998a; Jonsson @esbdd2001), perch (Svanback
and Eklov 2002), cichlids (Meyer 1990; Streelman et al. 2007) taskdebacks (Schluter and
McPhail 1992). Typically such studies have focused on fisthennatural environment and
compared littoral (benthic) morphs with limnetic (petdgmorphs, the former having a
deeper body, and larger head and mouth (Ehlinger and Wilson $88&son et al. 1989;
Schluter and McPhail 1992; Schluter 1993, 1995; Hjelm et al. 2000, 20@hb&k and
Eklov 2002). While intraspecific differences in morphologgncresult from genetic
differences between morphotypes (McPhail 1984; Skulasoh &089), there is increasing
evidence that morphology can vary as a result of a pyaginally plastic response to a feature
of the environment, most commonly habitat or abditg of prey. For example, several
species of cichlid fish have been shown to exhibiphenotypically plastic response to
different prey types, developing a blunter snout when fev@mms than when fed on brine
shrimp (Meyer, 1987; Wimberger 1992; Hegrenes 2001).

The potential for fish to develop morphotypes best suibethe available prey could have
important implications for aquaculture. For example, they mffered may enhance a fish’'s
ability to act as a cannibal, by promoting the develempnof large jaws early in ontogeny.
Cannibalism is a particularly prevalent problem in théture of several fish species and in
none more so than the Atlantic cod. Of the initalkysac larvae, only 5-7 % may survive to
day 72 (Howell 1984) and cannibalism is frequently cited esrtain cause of deaths (Howell
1984; Folkvord 1989). Given the importance of mitigating thisab®ur during larval cod

rearing, it would be useful to explore the relationshipvben prey type and the development

of larval cod head morphology, and particularly trophicphofogy.

The purpose of this study was to examine the effectfieeafing different prey types (and
therefore different prey sizes) commonly used in culmethe development of larval cod
head morphology and to examine the potential for feedadiace morphology comparable
with that of cannibalistic morphs. The developmentaofal cod head and feeding structures
has been described in several studies (e.g. Kjgrsvik. ét98ll; Morrison 1993; Hunt von

Herbing et al. 1996a, b; Hunt von Herbing 2001) but no studiesdesessed the influence of

prey type on this development. Two experiments are descrin the first one | assessed the
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morphology of fish at the end of a period in which tiegre fed four different prey types.
However, during this experiment, survival rates were kwd | was unable to establish
whether variations in morphology resulted from selecthortality of certain morphotypes or
developmental plasticity in response to the prey typeredi Therefore, in a second
experiment | increased prey density (in an attempt ¢cease survival rates) and | examined
the morphology of both live and dead fish. In this sdcexperiment | offered only two prey
types but analysed morphology at regular time periods, $0 psovide an indication of the
rate of any observed changes in shape.

4.3 Material and Methods

Both studies were carried out at the Scottish Assoacidor Marine Science Ardtoe Ltd,

Ardtoe Marine Laboratory, Argyll, Scotland in June tdy 22004 (Experiment 1) and again in
April to May 2006 (Experiment 2). Larval rearing followeck tbtandard procedure employed
at this site (Shields et al. 2003). The methodologies smglin each experiment were as

follows:
4.3.1 Experiment 1

Fertilised cod eggs were obtained from broodstock rearde atudy site under photoperiod
conditions that delayed spawning. One day prior to hajcleggs were stocked in twenty
black 100 L tanks at a density of 3000 eggs tamhd kept in static water and under darkness
until hatching was complete. From one-day post hatch (tdp)1 dph, larvae were fed
Algamac or Docosahexaenoic Acid Protein Selco (DHAB&)ched rotifers Erachionus
plicatilis) at a density of 400,000 rotifers dagank®, increasing to 600,000 rotifers day
tank® from 22-31 dph. MicroalgaeNannochloris sp. andPaviova sp.) were added to tanks
from 0-31 dph at a density of 500,000 cellsvs a feed for the rotifers. Water temperature
was maintained between 10-12 °C. Lighting was continuousaged from 50 lux at O dph
to 500 lux at the end of the experiment (52 dph). Tank hygi@semaintained by gradually
increasing water flow rates from 70 ml mimt O dph to 140 ml mihat 52 dph and by
frequently siphoning debris from the bottom of the tahksaddition, synthetic scouring pads
or ‘skimmers’ were partly suspended in the water of ¢ack from 1 dph in order to improve

swim bladder formation by removing the oily surface fdssociated with live feed.
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From 26 dph to 52dph, larvae were fed one of four differens,diith four replicates per
diet. These diets consisted of Algamac enriched ratifeesh-hatch brine shrimpAftemia
salinus), Algamac enrichedArtemia or Prolon enrichedArtemia. The enrichments are
proprietary emulsions designed to improve the fatty acidilgrof live feed. Algamac is
widely used throughout marine fish culture, Prolon is spatlff designed to increase the
biomass of prey, and fresh-hatch is yolk-gatemia which have not undergone enrichment.
Dry weight analysis of the different prey types conéidnthat Prolon enrichedrtemia
weighed, on average, 43% more than Algamac enriéntathia; Algamac enriched\rtemia
weighed, on average, 20% more than fresh-hAttémia; fresh-hatchArtemia weighed, on

average, 400% more than Algamac or DHAPS enriched matifer

All prey items were offered to larvae in gradually irgieg amounts and at densities that
ensured prey biomass was consistent between treatrRatifers were fed to four tanks at a
density ranging between 6-20 rotifers Tiith no other prey item offered to larvae in these
tanks; Algamac enriche@lrtemia were offered to four tanks at a density ranging from (45-3.
Artemia mL™; four tanks received fresh-hatofrtemia at a density ranging from 0.6-4
Artemia mL™ and another four tanks received Prolon enrichgemia at a density ranging
from 0.35-2.4Artemia- mL™. Under standard rearing conditions, a new prey speciasfés
with rotifers for a period of one week. Consequentlpsthlarvae fed fresh-hatértemia,
Algamac enrichedArtemia or Prolon enrichedirtemia were also cofed three rotifensiL™
from 26-31 dph.

At the end of the experiment, over a two-day period (5l S#hdph), ten larvae from each
tank were photographed for morphometric analysis. Tha tengths of 20 different larvae
from each tank were also measured. All remaining lanvare removed from the tanks and

counted in order to obtain an estimate of survival.
4.3.2 Experiment 2

Fertilised eggs were obtained from broodstock reared atsthdy site under ambient
temperature and photoperiod conditions. One day prior tehingt these eggs were
transferred to a standard 1300 L production tank and kept io atater and under darkness
until hatching was complete. From 0-26 dph the resulting daware reared and fed in
exactly the same way as described for the larvaeeiffirst experiment.
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Upon reaching 27 dph, larvae were stocked in eight black 1GhKstat a density of 400
larvae per tank. Larvae were thereafter fed one ofdiets, with four replicates per diet until
the end of the experiment (55-57 dph). Larvae in the fimst tanks were fed Algamac or
DHAPS enriched rotifers at densities ranging from 6-2Gferst mL!. Larvae in the
remaining four tanks were fed equal quantities of both Adgawlnd self-emulsified liquid
concentrate (Selco) enricheittemia at total densities ranging from 0.5-9 Artemia ‘L
Larvae in these four tanks were also cofed AlgamacHARS enriched rotifers from 28-32
dph at densities ranging from 1.5-3 rotifers ‘mlPrey biomass was consistent between
treatments (Selco enrichedrtemia equal in weight to Algamac enrichedrtemia).
Microalgae Nannochloris sp.) were added to tanks from 27-32 dph at a density of 500,000
cels mL*. Flow rates, water temperature, lighting and tank hygieere maintained as in

experiment 1.

Throughout this experiment mortalities were removed usgisgphon, counted and, if intact,
photographed for subsequent morphometric analysis (Week Art@tia-fed, 20 rotifer-fed
Week 6: 19Artemia-fed, 20 rotifer-fed; Week 7: Artemia-fed, 20 rotifer-fed; Week 8: 12
Artemia-fed, 20 rotifer-fed). Each week, five live larvae watso sampled from each tank
and photographed. At the end of the experiment, overea-thay period (55-57 dph), 20 live
larvae from each tank were photographed for morphomatradysis. All remaining larvae
were removed from the tanks and counted. Unfortunatedypictures of two live larvae in an
Artemia-fed tank in week 7 and afwrtemia-fed tank in week 8 were not of a good enough

quality to permit analysis.

During both experiments, cannibalism was occasiomdderved in rearing tanks other than
those used in this study. In such instances (n = 6)aheiwal was removed from the tank and
photographed for morphometric analysis. The cannibaddysed were all reared following

similar protocols to those described above and aged éetveand 64 dph.

4.3.3 Morphological Analysis

Larvae randomly sampled for morphometric analysis walled using an overdose of
anaesthetic (MS222) and photographed using a Nikon Coolpix 4508l daibera fitted to a
dissecting microscope. Photographs consisted of a lateralof the whole larva and lateral
and dorsal views of the head. The larvae were thersure@ using the image analysis
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programme, Image Pro Express (Media Cybernetics). Fhemateral view (Fig. 4.1a), the
following variables were recorded: total length (measurem the lateral view of the whole
larva); horizontal eye diameter, length of the jawe(iel's cartilage), head depth at the
posterior edge of the eye and length of the snout (flteemanterior tip of the snout to the
intersect with the line defining head depth). Initiallye angle of the snout was also recorded.
However, this dimension was difficult to measure cdestyy and consequently was not
included in subsequent analyses. From the dorsal view 4Fit¢p) the following additional
variables were measured: medulla width, jaw width (maxindistance between maxillae)
and head length (from the anterior tip of the snouthe point midway between the

operculae).

(b)

Fig. 4.1. Photographs of a 36 dph cod larva showing morphanhetaid measures recorded:
lateral view (a) ED = eye diameter, JL = jaw lengd) = head depth, SL = snout length;
dorsal view (b) JW = jaw width, MW = medulla width, HLhead length.
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Total length, rather than standard length, was measunesl the caudal fin was more clearly
defined in images than the caudal peduncle. When a larwdowmdarge to be photographed in
its entirety callipers were used to measure total lengtle caudal fin was never so badly
nipped that measurements were inaccurate. Post-cramihl (distance from the edge of the
operculum to the end of the caudal fin) was determinediblyacting the length of the head

from the total length of the larvae.

4.3.4 Statistical analysis

In order to correct head morphometric data for an effésize, residual scores were obtained
from regression analysis of each head variable ag&eat length. These variables are
referred to in the following text as length-correctegasures. To investigate the relationships
among the features measured and to identify those featirdeead morphology that
accounted for the greatest amount of variation in thaség Principal Component Analysis
(PCA) was carried out on these length-corrected measlinesresults of the PCA informed
subsequent analysis, the nature of which is describeldefui the Results section. A one-
way ANOVA was used to examine changes in survival angtltein both experiments, and
differences in various features of head morphology ama@hgféd different prey items in
experiment 1. A two-way ANOVA was used to examine wéetlfeatures of head
morphology varied among feeding treatments or weeks andtéractive effects of week and
feeding regime in Experiment 2. A two-way ANOVA was alsed to examine whether head
morphology varied among live/dead fish or weeks and tlexaictive effects of week and
live/dead in Experiment 2. In this latter analysispiider to increase sample size, weeks 5 and
6 were grouped together, as were weeks 7 and 8. When acamnifesult was obtained
Tukey's pairwise comparison was used to identify whichneetifered.
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4.4 Results

4.4.1 Survival and overall growth

Estimated survival from egg to 51-52 dph was significantlgctdéfd by diet in Experiment 1
(Table 4.1), with fish fed rotifers surviving in signdiatly greater numbers than fish fed
Algamac enrichedrtemia or Prolon enrichedrtemia. There was no effect of feeding regime
on survival from 27 to 55-57 dph in Experiment 2 (Table 4.2)tall¢ength varied
significantly between fish fed different prey typesta end of both experiment 1 (Table 4.1)
and experiment 2 (Table 4.2). In experiment 1, fish fedParlon enrichedArtemia were
significantly longer than fish fed fresh-hatéintemia or Algamac enrichedrtemia. Rotifer-
fed fish were also significantly longer than fish felgjgdmac enrichedvrtemia. In Experiment

2, fish fedArtemia were significantly longer than fish fed rotifers.

Table 4.1. Mean estimated % survival from egg to 51-52 dph @adh tength of larval cod
fed rotifers, fresh-hatchrtemia (Fr.-hatchArtemia), Algamac enrichedirtemia or Prolon
enrichedArtemia at the end of Experiment 1.

Prey type Results of statistical analysis
Rotifers  Fr.-hatch Algamac Prolon F DF P
Artemia  Artemia Artemia
Mean % survival 27.32 20.00 9.40 2.44 18.55 3,12 <0.001
from egg
Mean length (mm) 14.21 13.50 12.47 15.45 13.30 3,156 <0.001

Table 4.2. Mean % survival from 27 to 55-57 dph and mean lexigduval cod fed rotifers
or Algamac and Selco enrich@dtemia (Alg./SelcoArtemia) at the end of Experiment 2.

Prey type Results of statistical analysis
Rotifers Alg./Selco T DF P
Artemia
Mean % survival 67.50 71.50 0.67 4 0.541
from 27 dph
Mean length (mm) 16.37 20.60 -8.90 1 <0.001
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4.4.2 ldentifying patterns of head shape

The first two principal components (PCs) resulting frB@A of the seven head measures
accounted for 61.3 % of the total variance in experirhesntd 63.7 % of the total variance in
experiment 2 (Table 4.3). In both experiments, the lggdiar the first PC were all negative
and thus this PC loaded the size of all head measurasstapaad length and is hereafter
referred to as head ‘fragility’ (as opposed to head ‘rotmsst: see chapter 3). Consequently,
subsequent analyses of head fragility were carried othe®C1 scores obtained from PCA
of head measures, excluding snout angle. The second PC dppeseliameter and snout
length to jaw length and jaw width in experiment 1 and digneter to jaw width in
experiment 2. In order to summarise this aspect of heagesin an intuitively simple way,
rather than using the PC2 scores, | analysed eye diamedejaw width individually and
created an index reflecting the development of eye dametative to jaw width by dividing

eye diameter by jaw width.

Table 4.3. PC1, 2 and 3 loadings for PCA of 6 length-comldmt@d measurements in larval
cod.

Measure Experiment 1 Experiment 2

PC1 PC2 PC1 PC2

Eye diameter -0.312 0.612 -0.354 0.603
Jaw length -0.314 -0.310 -0.323 -0.149
Head depth -0.559 -0.191 -0.496 -0.316
Snout length  -0.451  0.447 -0.440 0.290
Jaw width -0.252 -0.529 -0.265 -0.652
Medulla width  -0.474 -0.116 -0.510 0.071

Eigenvalue 2.121 1.557 2.415 1.412

% of variance 35.4 25.9 40.2 23.5

4.4.3 The effect of prey type/size on head shape: Experimeit

Head fragility decreased significantly with increasingypsee (Fig. 4.2a: f156= 21.97, P <
0.001). Fish fed rotifers had significantly more fragileade than fish fed fresh-hatch or
Algamac enrichedArtemia which, in turn, had significantly more fragile headartHish fed
Prolon enricheddrtemia. Length-corrected eye diameter also varied signifigdy@tween fish
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fed the different prey types, with fish fed fresh-ha#ekemia having significantly larger eyes
than fish fed Algamac or Prolon enrichédtemia (Fig. 4.2b: G156 = 6.68, P < 0.001).
Length-corrected jaw width increased significantly witbreasing prey size (Fig. 4.2¢; #56

= 18.82, P < 0.001). Rotifer-fed fish had significantly smglevs than fish fed fresh-hatch
Artemia which, in turn, had significantly smaller jaws thaehffed Algamac or Prolon
enrichedArtemia. As a consequence of these differences in eye diametejaw width, the
eye diameter/jaw width index decreased significantly vinkreasing prey size (Fig. 4.2d:
Fs156= 17.64, P<0.001). Fish fed rotifers or fresh-hactemia had a significantly larger eye
diameter/jaw width index than fish fed Algamac or ProdémichedArtemia. The head/post
cranial length index also varied significantly betwefesh fed the different prey types,
although the significant difference existed only betwestifer and Prolon enrichedrtemia
fed fish (Fig. 4.2e: f156= 3.04, P < 0.001).
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Fig. 4.2: Changes in head fragility (a), length-correctgdddameter (b), length-corrected jaw
width (c), eye diameter/jaw width index (d), and head/poshial length index (e) of 51-52
dph larval cod fed rotifers, fresh-hatchrtemia, Algamac enrichedArtemia or Prolon

enrichedArtemia in Experiment 1. Error bars até SE.
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4.4.4 The effect of prey type/size on head shape: Experimeht

Two-way ANOVA indicated a significant effect of week bead fragility, although pairwise
comparisons failed to identify the nature of specifidedinces (Table 4.4 and Fig. 4.3a).
Head fragility did not vary significantly between fisadf the different prey items. Length-
corrected eye diameter increased significantly acrasksvin rotifer-fed but noArtemia-fed
fish (Table 4.4 and Fig. 4.3b). Consequently, by weeks 7 aleth@h-corrected eye diameter
was significantly greater in rotifer-fed thakrtemia-fed fish. Length-corrected jaw width
decreased significantly across weeks in rotifer-feddishnotArtemia-fed fish (Table 4.4 and
Fig. 4.3). Consequently, by week 8, length-corrected jawhwigds significantly smaller in
rotifer-fed thanArtemia-fed fish. The eye diameter/jaw width index increasedifgigntly
across weeks in rotifer-fed fish but not Artemia-fed fish (Table 4.4 and Fig. 4.3d).
Consequently, by weeks 7 and 8, this index was significagrgater in rotifer-fed than
Artemia-fed fish. The head/post-cranial length index increasgguifisantly across weeks in
both rotifer-fed andArtemia-fed fish (Table 4.4 and Fig. 4.3e). There were no significa
differences in the head/post-cranial length index betweéfer-fed andArtemia-fed fish in
any corresponding week. Cannibals were found to haveenaibbust nor fragile heads, but
an intermediate overall head type, small length-cogtketye diameter, large length corrected
jaw width and small eye diameter to jaw width index.

Table 4.4. Results of two-way ANOVA testing the effeofsweek, feeding regime or the
interaction between week and feeding regime on variaisrfes of larval cod morphology in
Experiment 2 (eye diameter and jaw width are length-cted.

Morphological feature ~ Week Feeding regime Week*Feeding regime

F DF P F DF P F DF P
Fragility 293 3,270 0.034 0.00 1,270 0.979 1.74 3,270 0.158
Eye diameter 1755 3,270 <0.001 21.17 1,270 <0.001 1140 3,270 <0.001
Jaw width 5.94 3,270 0.001 26.95 1,270 <0.001 456 3,270 0.004
Eye/jaw width index 34.18 3,270 <0.001 57.27 1,270 <0.001 14.79 3,270 <0.001

Head/post-cranial length  51.77 3,270 <0.001 055 1,270 0.458 4.12 3,270 0.007
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Fig. 4.3: Changes in head fragility (a), length-correctgddameter (b), length-corrected jaw
width (c), eye diameter/jaw width index (d), and head/poatial length index (e) of larval
cod fed rotifers (black circles) or Algamac and Selcackad Artemia (white circles) over
the four weeks of Experiment 2 (week 5: 33-35 dph, week 6: 40-42 ek W 48-50 dph,
week 8: 55-57 dph). The mean values for the first four cfethmeasures in 6 cannibalistic

larval cod are indicated on the y-axis as ‘Cb’. Ebvars aretl SE.

4.4.5 Differences in the morphology of live and dead fish

For both rotifer-fed andArtemia-fed fish, length-corrected eye diameter was signifigant
smaller in live than in dead fish in both weeks 5 anad weeks 7 and 8 (Table 4.5 and Fig.
4.4a). Length-corrected jaw width did not differ signifitum rotifer-fed fish in weeks 5 and
6, but in weeks 7 and 8 this measure was significantlyleamallive than in dead fish (Table
4.5 and Fig. 4b). There were no significant differencethénlength-corrected jaw width of
live and deadArtemia-fed fish in either two-week period (Table 4.5 and Fig. 4.4lhere
were no significant differences in the eye diameterijadth index in either two-week period
for rotifer-fed fish, but inArtemia-fed fish a significant difference did emerge in weeksd an
8, with a smaller index in live than in dead fish (Ea#l5 and Fig. 4.4c). Consequently, live
Artemia-fed live fish possessed relatively larger jaws redativ eye size than deddtemia-
fed fish in these two weeks. The head/post cranial eimgiex did not differ significantly in
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Artemia-fed fish in either 2-week period, but this index did dif@nificantly in weeks 5 and
6 in rotifer-fed fish, with a larger head relative twe tpost-cranium in live fish compared to
dead fish (Table 4.5 and Fig. 4.4d).
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Fig. 4.4: Length-corrected eye diameter (a), length-ctedefaw width (b) eye diameter/jaw
width index (c), total length (d) of live (white diamohds dead (black diamonds) larval cod
in weeks 5 and 6 (33-42 dph) and weeks 7 and 8 (48-57 dph) in Expe2intembr bars are
+1 SE.
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Table 4.5. Results of two-way ANOVA testing the effecfs week, alive/dead or the
interaction between week and alive/dead on various feataf larval cod morphology in
Experiment 2 (eye diameter and jaw width are length ctedg.

Morphological feature Week Alive/dead Week*Alive/dead
F DF P F DF P F DF P
Rotifer-fed fish
Eye diameter 161.22 1,188 <0.001 40.16 1,188 <0.001 1.26 1,188 0.262
Jaw width 17.20 1,188 <0.001 16.61 1,188 <0.001 1.12 1,188 0.292
Eye/jaw width index 143.21 1,188 <0.001 3.50 1,188 0.063 0.70 1,188 0.404

Head/post-cranial length 125.89 1,188 <0.001 13.25 1,188 <0.001 17.14 1,188 <0.001

Artemia-fed fish

Eye diameter 3859 1,188 <0.001 71.32 1,188 <0.001 16.47 1,188 <0.001
Jaw width 0.10 1,188 0.751 1.24 1,188 0.268 212 1,188 0.147
Eye/jaw width index 42.27 1,188 <0.001 39.45 1,188 <0.001 18.24 1,188 <0.001

Head/post-cranial length 7.80 1,188 0.006 0.37 1,188 0.543 1.06 1,085

4.5. Discussion

The results of both studies identified clear and comdispatterns of variation in larval
morphology. In both experiments a large amount of vanatentered around head fragility,
or in other words, the overall size of morphologieattires relative to the length of the head,
while a second component opposed eye diameter to jaw. Widtharying degrees, both these
measures varied among fish fed the different diets ansge tlifferences were broadly
consistent between the two experiments. The obsatWedences in morphology occurred
very quickly: under 30 days in both experiments. As far asmlaware, this is one of the
fastest morphological changes documented in fish and cabipawith the Arctic charr
studied by Andersson et al. (2005) that underwent morpholazfieabes in just 30 days.

In Experiment 1 fragility of the head increased with dasing prey size, while by the end of
Experiment 2 head fragility was also greatest in fishtfee smallest prey item, although this
difference was not significant. Furthermore, in botpeziments eye diameter relative to jaw
width was greater in fish fed smaller prey sizes. Furdmalysis of the patterns of change of
both eye diameter and jaw width in Experiment 2 indith&e this difference is attributable to

both an increase in eye diameter and a decrease inigkitv over time in rotifer-fed fish, with
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Artemia-fed fish exhibiting no changes in these features acn@®ks. It is possible, therefore,
that rotifer-fed fish developed the larger eyes suitedetrching for small prey and that this
compromised growth of the jaws. Alternatively, it iscapossible that such an increase in eye
size relative to jaw size reflects a predetermine@dganetic pathway in larval codrtemia-

fed fish, conversely, must and did maintain a relatvetge jaw size in order to consume
larger prey. Regardless of the ontogenetic pathway tkistsen the wild, each pathway
demonstrates a diet-mediated physical adaptation.

While a large number of studies have identified trophigrpofphisms within species located
at different sites, the mechanisms underlying the paighisms frequently relate to genetic
differences and/or reflect many generations of adaskection (Lavin and McPhail 1986;
Mittlebach et al. 1992; Robinson et al. 1993; Skulason efl396; Hjelm et al. 2000).
However, an increasing number of studies have confirthedpotential for differing prey
types to produce differing morphologies within a fish’'gtiihe (Meyer 1987; Thompson
1992; Wimberger 1992; Mittelbach et al. 1999; Robinson and Wi€@6; Hegrenes 2001,
Hjelm et al. 2001). For example, in a study of the cictdicthlasoma managuense, Meyer
(1987) found that fish reared ddrtemia developed more pointed heads than fish fed flake
food and nematode worms. In many of these studies theapeedifferent in both texture and
size (Mittelbach et al. 1999; Wainwright et al. 1991) andéxuire different methods of
acquisition (Robinson and Wilson 1995; Hegrenes 2001; Wintoer Motta 2005).
Consequently, differences in morphology are frequentgdcis resulting from the differing
stresses and strains that act on the bone (Wimbdr@@?). In this study, all the prey
employed were planktonic, soft-bodied and acquired via a aypgeam feeding’ (Hegrenes
2001) in which the predator simultaneously moved the headafdr while opening the
mouth to ingest static prey. Consequently, these resugfgest that differing prey sizes alone
may be sufficient to induce differences in morphologthezias a result of the adaptive bone
remodeling that develops for macrophagy or the increaselvacuity that develops to
locate smaller prey items.

Providing fish with different feed types alters levefsnatrition, and thus growth rates, and
these factors may also contribute to differencesanpimlogical development. Meyer (1987),
for example, attributed the phenotypic changes in th@hatwgy ofCichlasoma managuense

to heterochrony resulting from the retarded developmefisloin one prey group. However,
although | observed some differences in the growth m@ftdéish fed the different prey types,
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in Experiment 1, rotifer-fed fish and Prolon enrich&demia-fed fish did not differ in final
total length, yet exhibited differing morphologies. Thisding suggests that mechanisms
other than heterochrony contributed to the observadtse

With regard to nutrition, although much is known aboutitmgroved growth or reduction in
deformities that occur when copepods are provided as feeel thanArtemia, rotifers or an
inert diet (Hamre et al. 2002; Cutts 2003; Imsland et al. 20@@remces in the development
of fish fed on rotifers or differently enrichetrtemia are less well documented. However,
Hamre (2006) showed that Rotimac enriched rotifers amedaless than half the vitamin C
contained inArtemia and undetectable amounts of vitamin A, unlikgemia that have
sufficient levels of carotenoids to convert to vitami in the event of a shortage. In addition
to micronutrients, studies of nutrition in farmed fiskvé also highlighted the importance of
providing larvae with the optimal fatty acid and lipid centations (Koven 2003). For
example, Hamre et al. (2002) showed that Atlantic hal{lippoglossus hippoglossus)
larvae fed DHA Selco enrichefirtemia were significantly more prone to malpigmentation
and impaired eye migration compared with those fed copepodbiese experiments fatty
acid and lipid compositions varied on account of both pypg and the enrichment method
used. Consequently, | cannot rule out the possibility t@atobserved differences in eye size
and jaw size observed in these fish were at leastypattributable to these or other
differences in the nutritional content of the diffardets.

The poor survival rates of many fish in Experiment i$eh the possibility that the observed
variations in morphology may have resulted, at leagtart, from the selective mortality of
certain morphotypes. In Experiment 1 the survival radbenfegg to 51-52 dph was highly
variable between fish fed the different prey types. ki, these figures were derived from
an estimate of egg numbers stocked and it is highly prelbhat many of these eggs did not
hatch and/or that a large number of larvae were tose first few days and not during the
period that prey type was manipulated. This conclusionppated by the high survival rates
of fish after 27 dph in Experiment 2.

Comparison of head morphology in live and dead fish in Exeat 2 provides some insight
into the question of selective mortality. Since eatified fish were found to have larger eyes
than theirArtemia-fed counterparts, an effect of selective mortalitytb@ observed results
would involve the death of small-eyed morphotypes. Howewe rotifer-fed fish, length-
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corrected eye diameter was larger in dead fish comparddliwe fish and there was no
difference in length-corrected jaw width between livedeadArtemia-fed fish. This rules out
simple selective morphology as the cause of the dif@em head morphology in surviving
fish. However, evidence to suggest an effect of seeatnortality is provided by the
significantly greater eye size Artemia-fed mortalities and the significantly greater jaw width
in rotifer-fed mortalities. Therefore, these resueem to indicate that trophic plasticity
definitely underpinned some of the differing effects ofyprge on morphology, while the
evidence for selective mortality of morphotypes notteslito the available prey is

inconclusive.

An effect of prey type on the trophic development oimid cod, irrespective of the
underlying mechanism, raises the possibility that riisty be offered prey that encourages the
development of morphology suited to cannibalism. Thigaicularly relevant to the culture
of cod, since this species are known to be highly baifisiic in the early stages of rearing
(Howell 1984). In the six cannibals that | encounteredhis study, eye diameter was
relatively small and jaw width was relatively largedacomparable with the morphology of
fish fed the standard feeding protocol, i.e. enrichetbmia. Although based on a small
sample size this larger jaw size presumably aids consumpfi conspecifics in what are
known to be gape-limited predators (Ottera and Folkvord 199B& development of
morphology in newly cannibalistic cod merits study.

This study has clearly shown that providing larval cothwiiffering prey types can induce
significant differences in head morphology over a végrisperiod of time. These differences
are, at least in part, attributable to a plastic respaa the size of prey. Furthermore, there is
some indication that larvae fed the enrichademia so commonly used in aquaculture,
develop morphology comparable with that of cannibalisticae. Current culture techniques
may therefore encourage the development of cannibalstrphs.
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Chapter 5

Aggression in larval cod: competition or cannibalism?

This chapter has been submitted for publication in Canalburnal of Fisheries and
Aquatic Sciences
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5.1 Summary

Aggressive interactions in larval cod were quantifiedorder to determine whether these
might represent an early form of cannibalism rathantsimply a battle for resources. We fed
larvae one of four prey densities from 27 to 62 days pdshtend recorded the number of
attacks that occurred in the absence of food and duridg.féost attacks took the form of
brief, one-way, nips by an attacker to a victim. Tisk also commonly showed a pattern of
burst swimming (darts) that appeared to reflect a gepedattscape response. Darting was
not affected by the presence of food, but was more @ymim fish fed the higher prey
densities, possibly as a result of increased fish donddr size. Varying overall levels of
prey did not affect levels of aggression, although amalsis confounded by a decline in
levels of aggression with increasing fish density. Tieguency of nips was highest when
food was absent and nips were preferentially directettheatail of victims, to victims of a
smaller or similar size than the attacker and toimgtthat showed abnormal body posture.
These findings are consistent with the suggestion thd¢ast some attacks by larval cod
represent early attempts at cannibalism.
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5.2 Introduction

Aggression can be defined as behaviour that has thetbteninflict non-accidental injury
on other animals (Huntingford and Turner 1987). It can ot®iween different species
(interspecific), or between conspecifics (intraspec#ind may occur as individuals attempt to
protect offspring (Colgan and Gross 1977), obtain ferglisopportunities (Colgan et al.
1981), compete for food (Adams et al. 1998b) or protect tee#to(Keenleyside and
Yamamoto 1962). In such cases, aggression represents aff@aaial interaction resulting
from competition with other individuals. However, aggi@ssnay also be predatory in origin
and arise as an animal attempts to consume part, ,oofainother animal. A lion, for
example, attempting to kill an antelope for food is ethilp a form of predatory aggression,
whereas a lion that attacks a conspecific for actesa carcass is exhibiting a form of
competitive aggression. Clearly, these behaviours atencti in function and causation, but
they are not mutually exclusive, and this is espedallg with regard to cannibalistic species
that eat smaller conspecifics. For example, Sakakuralankamoto (1996) concluded that
cannibalistic behaviour in yellow tailSfriola quinqueradiata) resulted from aggressive
tendencies towards victims and not because cannilgasded victims as food.

One possible way to examine the nature of conspeaggression in fish would be to
examine the extent to which the availability of reamnibalistic prey influences aggression.
For example, aggression that is predatory/cannibalstiature increases with a decline in an
alternative food source, as has been seen in castibalapanese flounder juveniles
(Paralichthys olivaceus) (Dou et al. 2000), cannibalistic larval and juvenilerpt@oth catfish
(Clarias gariepinus) (Hecht and Appelbaum 1988) and cannibalistic juvenile smakeh
(Channa striatus) (Qin and Fast 1996). Ultimately, the relationship betwprey availability
and aggression depends on the motivation behind aggressaasaand various aspects
related to the provision of food. Greaves and Tuene (2@f¥1¢xample, showed that Atlantic
halibut initiated aggressive attacks during feeding but nahwybther time. In this study, food
acts as a stimulus for resource competition. Howeeseld of feeding, and thus levels of
hunger, may also influence aggression. Davis and Olla (188¥)d that levels of aggression
were highest in juvenile chum salmo@ngorhynchus keta) fed the largest prey rations. In
addition, the synchronicity and frequency of feeding mag afluence levels of aggression
as a result of variations in resource defensibilityy@dt and Grant 1995). Japanese medaka
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(Oryzas latipes) for example, fed food only once every minute havents®wn to exhibit

higher levels of aggression than medaka fed once evegdhds (Bryant and Grant 1995).

Aggressive behaviour is a significant problem in aquacylttesulting in significant losses,
as fish are injured and subsequently diseased or cargmib@iisiser et al. 1995). Moreover,
aggressive activity can result in slow growth in bdté attackers (Hecht and Uys 1997) and
the victims of attacks (Koebele 1985). A particularly aggvesculture species is the Atlantic
cod. In the early rearing stages, only 5-7 % of initialk-sac larval cod may reach
metamorphosis (Howell 1984) and cannibalism is frequentgdcas the main cause of
mortality during the mid- to late larval and early julenstages (Howell 1984; Folkvord
1989). Although starvation and type of prey have been showaffect the incidence of
cannibalistic attacks in juvenile cod (Folkvord 1991), | raoh aware of any studies that have
explicitly examined early forms of aggressive behavinucod, including the nature of that
aggression (i.e. competitive and/or predatory). This gpitke the fact that non-cannibalistic
attacks can result in large numbers of mortalitie®oh (olkvord 1989).

The purpose of this study was therefore to describe aggrasteractions in larval cod,
including the relative size of victim and attacker ane tlondition of the chosen victims. |
hoped to establish the extent to which aggressivekatiaere representative of an early form
of cannibalism and/or the result of a battle for tgses. In light of the above studies, | tested
the hypothesis that predatory aggression would be infreglugimy feeding. Since cod direct
cannibalistic attacks at the tails of victims (Farhgersonal observation) and the ability to
cannibalise is governed by the predator to prey lengith (ffolkvord and Ottera 1993), | also
predicted that predatory attacks would be directed at tHeotasmaller individuals.
Conversely, | expected competitive aggression to be prenalent during periods of feeding
and directed randomly at the body of individuals that daviedely in relative size to the
attacker. Since prey availability is known to influere&ch type of aggression in different
ways, | also examined how the overall density of faffdcted the incidence of aggressive
attacks.
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5.3 Materials and Methods

5.3.1 Rearing of fish and morphological screening

The study was carried out at the Scottish Associatofarine Science Ardtoe Ltd., Ardtoe
Marine Laboratory, Argyll, Scotland in February and daR005. Larval rearing prior to and
during the study followed the standard procedure employedsasithi (Shields et al. 2003).
Fertilised Atlantic cod eggs were obtained from broodst@ared in the Shetland Islands
under ambient temperature. One day prior to hatchingggfe were transferred to three 1300
L production tanks and kept in static water and under darkmggdatching was complete.
Following hatch (0O days post hatch or O dph), fish wedeAlgamac or Docosahexaenoic
Acid Protein Selco (DHAPS) enriched rotiferBréchionus plicatilis) from 1-32 dph and
Algamac or Disinfecting continuously self-emulsified liqudncentrate (DC Selco) enriched
brine shrimp nauplii Artemia) from 27-35 dph. MicroalgaeN@nnochloris sp. andPaviova
sp.) were also added to tanks from 0-32 dph at a density of 50€e090nL™ day* as feed
for the rotifers. Water temperature was maintainedwéen 10-12C. Lighting was
continuous and ranged from 50 lux at O dph to 500 lux from 10 dphrdewBank hygiene
was maintained by gradually increasing water flow ratesging from 500mL™ min™ at 0
dph to 3 L™ min*at 35 dph and by frequently siphoning debris from the bottbthe tanks.
In addition, rectangular floating polystyrene ‘skimmer®re fitted from 1 dph to improve
swim bladder formation by removing the oily surface fdssociated with live feed.

Upon reaching 35 dph, fish were randomly sampled from produttioks and placed in

twelve 10 L aquaria at a density of 225 fish tAnRue to the high number of mortalities that
occurred during the transfer period, fish numbers per aquetia maintained at 225 for a
period of eight days by replacing the number of mortaliéh a corresponding number of
live fish from the production tank. At 36 dph, Algamac dre@tArtemia were fed to fish at

four different densities: 5, 10, 15 and 20 % of fish biomags, three replicates per density.
Fish biomass was estimated by sampling and weighing 100 figheof the same age from
the same production tanks. Feeds were thereafter ieckr@asan attempt to maintain prey
density within each regime at the same proportionsbfifiomass, although the weight of fish
and prey density were only directly compared at 36 dph. &tstady site, fish are normally
offered prey at a density of 10 % fish biomass. Conselyu¢né decision to offer prey at a

density of 5 % was first discussed and approved by a govetnnspector. Daily feeds were
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split into two andArtemia offered once in the morning and once in the afternodithe end

of the experiment (61-62 dph). Water temperature was maaakat 9-10.5 °C. Lighting was
continuous and maintained at 300 lux. Tank hygiene was nmadtdy gradually increasing
water flow rates from 2mL™* min® at 35 dph to 3mL™ min® from 53 dph onwards and by
frequently siphoning debris from the bottom of the aquddiead fish were removed from

each tank every day and counted.

At the end of the experiment, all fish were killed wéh overdose of anaesthetic (MS222),
standard length recorded and weight recorded for 10 of tlsbsdm each tank. Condition
of fish was defined as:

Condition factor (K) = W / £,

where W is the weight (g) and L is the standard lengtt).(c

5.3.2 Experimental set-up, data collection and video recording

Tanks were observed daily until 45 dph, when aggressive emesutargely comprising of

nipping conspecifics) increased from zero or one incigentl0 min observation period, to 3
or more incidents in each 10 min period. Video recordingmeenced five days later at 50
dph for a period of 11 days. Each day, one tank from eauth density was recorded for a
period of 1 h, resulting in a total recording time of 4aleleday. Prey were introduced into
each tank exactly halfway through this 1 h period of mdiog, using a pipette. This process
took no longer than a few seconds and permitted obsemgatif the behaviour of fish that
had not been fed for several hours (pre-feed) as wéfleabehaviour of fish during the half-
hour immediately following the introduction of feed (péestd). Prey were available to fish
throughout the post feed recording period at all prey demisiRecordings always took place
in the morning and prior to the afternoon feed in otdemaximise the time since the fish
were last offered food.

5.3.3 Behavioural analysis

Since it was impossible to record accurately all isbvements, one quarter of the video
screen was viewed, to the left of centre but velyicagntral. The rest of the screen was
blocked from view using black cardboard. The first fivawutes of filming were ignored in

order to allow the fish to settle, as was the fins¢ minutes post feed, when the addition of
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prey often blurred the screen. For the remainder df &dcrecording, | analysed the first two
minutes of every five minutes of footage. Previous y@malhad shown that this gave a
representative picture of behaviour during the wholerfuautes. The number of fish in view
at the start and end of each two-minute observatioiogevas noted, followed by the
incidence of nips in each 2 min period and the locatibeazh nip on the victim's body
(head, post cranial region excluding caudal tail or caudpl Aanip was characterised by a
sudden movement of the head towards a victim, resultiran iattempt to bite that victim.
Both a successful and unsuccessful attack would elicit & b@irsapid swimming by the
victim away from the attacker. When possible (225 ou848 nips) the relative on-screen
length of both attacker and victim were noted. In addlittbe orientation of 121 victims was
recorded, plus the orientation of 100 randomly selectedradofish. Three orientation
positions were recorded: horizontal, head downwards abrdbéad downwards vertical.

Preliminary observations showed that a lot of buddtdast swimming were taking place,
hereafter defined as ‘darts’. Analysis of such movemaniL10 randomly selected fish (48-58
dph) identified a bimodal frequency distribution of swimmsmeeds, with darts constituting
the second peak and ranging from 2-3.Bady lengtH (Mean = 2.87, IQR = 0.78). | also
counted the number of darts that took place in each 2bservation period that were not
associated with any obvious nip.

5.3.4 Statistical Analysis

There was no significant effect of aquarium on thedewce of nips (Prey density: 5 % fish
biomass: H= 2.67, D= 2, P = 0.263; 10% fish biomass: H = 0.02, DF = 2, P = 0.988; 15 %
fish biomass: H 0.09, D= 2, P = 0.956; 20 % fish biomass=2.39, D= 2, P = 0.303) or
darts (Prey density: 5 % fish biomass=H.31, DF= 2, P = 0.519; 10 % fish biomass:=H
0.49, DF= 2, P = 0.784; 15% fish biomass: H = 0.56, DF = 2, P = 0.755; #gh%iomass:
H=0.73, D= 2, P = 0.694). In order to derive a single figure for #ie of nips or darts for
pre- and post-feed periods in each 1 h record, the numlmgp<06r darts recorded in each 2
min period was divided by the average of the number lofafighe start and end of the period
and halved to give the number of nips or darts per fishnpeute. The median of these
figures was used to assess temporal changes in the teidénipping or darting during the
half-hour period prior to or post feeds.
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There were no temporal changes in the incidence ofngpguring the half-hour prior to
(Table 5.2c) or during the half-hour following a feed ay arey density (Table 5.2d) so a
single score was derived for all subsequent analysesevrwsince there was an effect of
pre/post feed (Table 5.2a), analyses of nips were castie@dn pre- or post-feed scores. In
most cases the frequency of darts was stable acregseh or post-feed periods (Table 5.3c,
d) so again a single score was derived for all subseqnalyisas. However, since there was
no effect of pre/post feed (Table 5.3a), analyses ot daere carried out on 1 h records,
combining pre- and post-feeds together. For every haif-bo hourly record, the median of
the nips, or mean of the darts, per fish per minuteséfmr referred to as the ‘nip score’ or
‘dart score’) was used to analyse the relationship d&twhe number of nips or darts and
prey density or fish density. (It is important to ntitat | did not initially set out to analyse the
effect of fish density, but were prompted to do this assalt of differential survival between
tanks.) The median of all the nip or dart scores was tised to assess the relationship

between the number of nips or darts and pre/post feegkeor a

| used ANOVA to assess the relationship between lengéhcoefficient of variation (CV) of
length, weight, condition factor, survival and feeding megi Univariate nonparametric
statistical analyses (Kruskal-Wallis or Mann-Whitnay appropriate) were used to assess
differences between the pre- and post-feed nip or daresdsee above) and between the
number of nips or darts and age. Significant results wdloaved by a parametric (Tukey) or
nonparametric post-hoc multiple comparison test to ifyedifferences among treatments.
The relationship between the number of nips or darts fsh density was identified by
regression analysis of these variables within eaelifig regime. The relationship between
the number of nips, darts or fish density and prey demsty also identified by regression
analysis of these variables. A €hest was used to assess if attackers favoured victims
orientated in a specific direction, relative to therdisition of orientations of all fish during
the study. The same test was used to determine whétheelative lengths of attackers to
victims were non random. This was achieved by compasgsults with the relative lengths of
80 randomly paired cod larvae (51-52 dph) from a separate steanedr under similar
conditions. CHitests were also used to assess any bias in theoloaxthips on the body of
victims, relative to fish body proportions (assesse@Grrandomly selected fish of the same
age) or relative to the size differential betweeracker and victim, or relative to the

orientation of victims.
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5.4 Results

5.4.1 Growth and survival

Fish density declined throughout the period of the studyllipray density treatments,
although the decline was much steeper in fish fed theerloprey densities (Fig 5.1).
Consequently, by the end of the experiment there wagndicant difference in the survival
rate of fish fed the different prey densities (Fig 5.2+9.93, P = 0.005). Fish fed the two
highest prey densities survived in significantly greataniers than fish fed the lowest prey
density and consequently, there was a positive rel@iprizetween fish density and prey
density (Fgadj: 53.2 %, k4= 47.53, P < 0.001). The length and weight of fish also varied
significantly between prey densities (Fig 5.2b: Lengthi; &= 10.41, P < 0.001; Fig 5.2c:
Weight: F116= 10.10, P < 0.001). Fish fed the lowest prey density werdicintly shorter
and lighter than fish fed any of the other prey demsitiEhere was a general trend for
variation in length (CV) to increase with increaspigy density (Fig. 5.2d:3g= 4.43, P =
0.041), although pairwise comparisons did not identify thatior of specific differences.
There was no significant difference in the conditiactér of fish fed the different prey
densities (E116= 2.52, P = 0.062).
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Fig. 5.1 Fish density versus age at each prey densityk(blede: 5 % fish biomass; red
square: 10 % fish biomass; green diamond: 15 % fish bionbass;triangle: 20 % fish
biomass). Error bars atd SE.
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Fig. 5.2 Survival (a), length (b), weight (c) and coedfti of variation of length (d), of fish
fed each prey density. Different letters indicate dSicpnittly different pairwise comparisons.
Error bars arel SE.

5.4.2 A general description of aggressive encounters: characteits of attackers and
victims

A total of 42 hours were studied, in which time a tofaB43 nips were observed. The nip
score ranged from 0-0.145 nips flsmin™ (Fig. 5.3: Median = 0.013 nips fisimin™, IQR =
0.045). Nips were absent in 36 of the 84 half-hour periods fwriand following a feed. More
nips were directed at a victim that was smaller tloargf the same size as, the attacker, than
was to be expected relative to the size distributioth@fpopulation (Table 5.1). Furthermore,
more nips were directed at fish that were orientateticedly, and less at fish that were
horizontal, than was to be expected relative to tlammdistribution of fish orientations
(Table 5.1). Attackers also directed more nips to tHeotaiictims, and less to the body and
head than was to be expected if attacks were randoralgtelit at the body of prey, taking
into account fish body proportions (Table 5.1). The predanae of attacks towards the tail
was seen regardless of the size of the attacker, isueftct was weaker in cases where the
attacker was smaller than the victim (78.38 % as oppos&0.81-94.74 %) (Chi 7.991,
DF = 2, P = 0.018). Similarly, the predominance of attaickgards the tail was seen
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regardless of the orientation of the victim, but teffect was weaker in cases where the
victim was orientated horizontally (82.61 % as opposed t80987.92 %) (CHi= 8.231, DF
=2, P =0.016).
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Fig. 5.3 Frequency distribution of nip score (nips fishinute®).

Table 5.1 Features of victims during attacks (nips): ststive to attacker (a), orientation
when attacked (b) and the bodily location of nips (®@feRto Material and Methods for

further information on the derivation of control figare

Victim feature Study (%) Control (%) Chi DF P

a) Size relative to attacker
Smaller than attacker 59.11 43.75 18.78 2 <0.001
Similar size to attacker 24.44 16.25
Larger than attacker 16.44 40.00

b) Orientation
Horizontal 38.02 66.00 25.33 2 <0.001
Head downwards at 45° 22.31 23.00
Head downwards vertical  39.67 11.00

¢) Location of nip
Tall 90.38 20.64 338.99 2 <0.001
Body 5.25 53.49
Head 4.37 25.87

A total of 3961 darts were observed in the absence obaious nip during the 42 hours of
the study. Darts were observed in every one of thehbak observation periods prior to and
following a feed. The dart score ranged from 0.06-0.58 dartdigeper minute (Fig. 5.4:
Median = 0.23 darts per fish per minute, IQR = 0.17). Of tldests, 82.6 % could not be
attributed to any obvious cause, 8.9 % occurred when ilkeofawo fish touched, 4.7 %
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occurred when a fish met another fish face on and 308 &arred when a fish was tracked by

another fish.
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Fig. 5.4 Frequency distribution of dart score (darts*fisin™)

5.4.3 Factors that affected rates of nipping

Significantly more nips occurred pre-feed than post-feablél'5.2a and Fig. 5.5). In total,
only 27 nips were recorded post-feed throughout the studydifteieence in the incidence of
nipping behaviour pre- and post-feed was consistent betieeeing regimes (Table 5.2a).
There was no temporal changes in the incidence of gipghiming the half-hour prior to, or
the half-hour following, a feed (Table 5.2c, d). This emta® of an effect of time was
consistent within feeding regimes (Table 5.2c, d). Dueh® small number of nips that
occurred post feed, all subsequent analyses of nipping behawiclude only nips that

occurred prior to a feed.
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Table 5.2 Median number of nips fishmin™ at each prey density (represented as % fish

biomass) pre- and post-feed (a), at each age (b) andh@véalf-hour period prior to (c) and
since a feed (d).

Prey density Median number of nips fishmin™ Results of statistical analyses

(*pre-feed only) H DF W NN N P
a) Effect of feeding

Pre- Post-

feed feed

5 0.035 <0.001 144 10 10 0.0036
10 0.051 <0.001 181 11 11 0.0004
15 0.039 <0.001 144 10 10 0.0036
20 0.042 <0.001 163 11 11 0.0181
Overall 0.043 <0.001 2464 42 42 <0.0001

b) Effect of age

Age (dph)*

50-51 52-53 54-55 56-57 58+
5 <0.001 0.092 0.035 0.023 0.045 6.68 0.154
10 0.012 0.048 0.042 0.090 0.069 7.82 0.111
15 0.020 0.037 <0.001 0.039 0.059 4.40 0.331
20 0.048 0.045 0.021 0.017 0.047 2.1 0.607
Overall 0.012 0.057 0.033 0.034 0.054 8.89 0.069

c) Effect of time prior to feed

Time prior to feed (min)

25 20 15 10 5
5 0.036 0.032 0.031 0.028 0.039 0.24 0.993
10 0.067 0.050 0.045 0.077  0.049 2.30 0.680
15 0.048 0.039 0.037 0.039 0.034 0.49 0.940
20 0.036 0.045 0.047 0.029  0.023 2.88 0.579
Overall 0.040 0.042 0.037 0.039 0.030 0.47 0.943

d) Effect of time since feed

Time since feed (min)

5 10 15 20 25
5 <0.001 <0.001 <0.001 <0.001 <0.001 3.38 0.504
10 <0.001 <0.001 <0.001 <0.001 <0.001 3.9D 0.408
15 <0.001 <0.001 <0.001 <0.001 <0.001 6.51 0.164
20 <0.001 <0.001 <0.001 <0.001 <0.001 5.8b 0.226
Overall <0.001 <0.001 <0.001 <0.001 <0.001 4.78 0.310
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Fig. 5.5 Median number of nips fiSimin™® pre- and post-feed. Each box shows the median,
25 (Q1) and 75 (Q3) percentiles; upper whisker = Q3 + 1.5 (Q3 -l@Qigr whisker = Q1 -
1.5 (Q3 - Q1).

The age of the fish had no effect on the number of regsrded over the 11 days that
behaviour was recorded (Table 5.2b). The absence ofaudifect was consistent within

feeding regimes (Table 5.2b).

With regard to the effect of varying fish density otlee duration of the study, for fish fed the
second lowest prey density (10 % fish biomass) thereangsignificant negative correlation
between the incidence of nipping behaviour and fish de(isiy 5.6: Fgadj: 53.3 %, ko=
12.39, P = 0.007). Such a negative relationship between ¢lterice of nipping and fish
density also existed for fish fed the other prey dessitalthough the relationship was not
significant (Fig 5.6: Prey density: 5 % fish biomas%;de% 14.1%, kg= 2.48, P = 0.154, 15
% fish biomass: Rg = 5.8%, Fg= 1.55, P = 0.248; 20 % fish biomas$ak= 5.0 %, o=
1.53, P = 0.248). No significant relationship existed betwéennumber of nips and prey
density (R.g= 0.0 %, F40= 0.52, P = 0.476).
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Fig. 5.6 Nip score (nips fishper min') (pre-feed) versus fish density at each prey density
(black circle: 5 % fish biomass; red square: 10 % fisimb&s; green diamond: 15 % fish

biomass; blue triangle: 20 % fish biomass).

5.4.4 Factors that affected rates of darting

In contrast to the marked difference in the incidentenipping behaviour prior to and
following a feed, the number of darts did not differ betwe¢he pre- and post-feed periods
(Table 5.3a). The absence of an effect was consigtiémh feeding regimes (Table 5.3a). In
the half-hour prior to a feed, at both low (5 and 10 % lfimmass) and high prey densities
(15 and 20 % fish biomass), the number of darts did not signyficantly with time (Low
prey densities: H = 1.34, DF = 4, P = 0.854; High prey densiles 1.63, DF = 4, P =
0.804). Similarly, during the post-feed period, at high preyitesnsthe number of darts did
not vary significantly with time (H = 4.83, DF = 4, PG=305). However, fish fed the low
densities of prey showed a significant increase inrgatiehaviour as the time since the feed
increased (Fig. 5.7: H = 12.05, DF =4, P = 0.017).

65



Chapter 5 Aggression: competition or cannibalism?

Table 5.3 Median number of darts fisimin® at each prey density (represented as % fish

biomass) pre- and post-feed (a), at each age (b) andh@véalf-hour period prior to (c) and
since a feed (d).

Prey density Median number of darts fismin™ Results of statistical analyses
*pre- and post-feed H DF W NN N P
a) Effect of feeding
Pre- Post-
feed feed
5 0.147 0.139 106 10 10 0.970
10 0.328 0.193 143 11 11 0.293
15 0.283 0.214 121 10 10 0.241
20 0.258 0.233 139 11 11 0.431
Overall 0.242 0.180 1953 42 42 0.134

b) Effect of age

Age (dph)*

50-51 52-53 54-55 56-57 58+
5 0.095 0.117 0.118 0.219 0.300 6.98 4 0.137
10 0.146 0.212 0.166 0.290 0.361 9.00 4 0.061
15 0.120 0.241 0.168 0.284 0.429 7.89 4 0.096
20 0.139 0.215 0.190 0.365 0.489 9.03 4 0.060
Overall 0.129 0.215 0.168 0.289 0.364 3269 4 <0.001

c) Effect of time prior to feed

Time prior to feed (min)

25 20 15 10 5
5 0.175 0.163 0.145 0.137 0.141 152 4 0.823
10 0.290 0.211 0.282 0.303 0.241 1.69 4 0.792
15 0.181 0.218 0.302 0.252 0.316 3.35 4 0.501
20 0.250 0.261 0.276 0.269 0.308 0.05 4 1.000
Overall 0.233 0.226 0.265 0.266 0.242 0.14 4 0.998

d) Effect of time since feed

Time since feed (min)

5 10 15 20 25
5 0.107 0.183 0.120 0.156 0.244 6.50 4 0.165
10 0.138 0.162 0.158 0.265 0.206 8.64 4 0.071
15 0.184 0.145 0.232 0.225 0.241 1.64 4 0.801
20 0.117 0.182 0.233 0.273 0.282 341 4 0.492
Overall 0.124 0.161 0.172 0.229 0.241 13.84 4 0.008
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Fig. 5.7 Median number of darts fistmin™ for fish fed the two lowest prey densities in the
half-hour following a feed. Each box shows the medit,(Q1) and 75 (Q3) percentiles;
upper whisker = Q3 + 1.5 (Q3 - Q1), lower whisker = Q1 - 1.5-(Q3).

The number of darts increased with the age of the (figlble 5.3b and Fig. 5.8). This
relationship was consistent within each feeding rediradle 5.3Db).
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Fig. 5.8 Median number of darts fisSimin™® versus age. Each box shows the median, 25 (Q1)
and 75 (Q3) percentiles; upper whisker = Q3 + 1.5 (Q3 - Q1) rlawhisker = Q1 - 1.5 (Q3 -
Q1).

With regard to the effect of varying fish density otlee duration of the study, a significant
negative correlation existed between the number of dard fish density for fish fed each of
the prey densities (Fig. 5.9: Prey density: 5 % fish méadj: 39.1 %, kg=6.79, P =
0.031; 10 % fish biomass:’Rg;= 34.8 %, ko= 6.35, P = 0.033; 15 % fish biomasSaR
59.5 %, Fg= 14.20, P = 0.005; 20 % fish biomasSad= 29.9 %, k = 5.27, P = 0.047).

Darting behaviour therefore increased as the total aummbfish decreased. The number of
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darts increased significantly as prey density increaSigd $.10: R.q= 8.0 %, F40= 4.55, P

= 0.039).
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Fig. 5.9 Dart score (darts fisSmin™) versus fish density at each prey density
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Fig. 5.10 Dart score (darts fiSmin™) versus prey density.

5.5 Discussion

20

| examined aggression in larval cod because it wasestieg as a behaviour in its own right,

but also because | was interested to know whether sabhAviour was indicative of

cannibalism later in development and | discuss the sewuih the latter question particularly

in mind. Due to the relevance of feed for the diffeegimn of predatory aggression from

competitive aggression, we manipulated the amount of dfesed to cod in the hope that |

could relate this variable to levels of aggression. elex, during the study a number of
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factors arose that | had not anticipated, primarilyat@ns in survival and consequently fish

density and | discuss this first.

Within all prey densities, there was a general dedtinevels of aggression (number of nips)
with increasing fish density. Although this finding is line with cost/benefit models of
resource competition (Grant 1993), aggression declined watieasing fish density during
the pre-feed period, when no food was present. An dffeitsh density on aggression, in the
absence of food, suggests that fish were not motivatedebcosts/benefits of competing for
resources, but instead may have been exhibiting agrg sf cannibalism. This conclusion is
supported by the large number of studies that also repoeciease in cannibalism at high
stocking densities in older fish (Baras and Jobling 2002).

One possible explanation for such a relationship i¢ gvay selection by attackers is
hampered at high fish densities. For example, MagurranSagthers (1991) in a study of
guppies, and Hecht and Uys (1997) in a study of sharptooteh;atiributed a reduction in
levels of aggression at high densities to the formatibschools above a certain threshold
density. However, although cod will school in the widethven et al. 2003) and in large
production tanks (Forbes personal observation.), | didbhsérve the formation of schools in
the small aquaria. Nevertheless, cod are visually tatied predators and consequently a
perceptual confusion effect may have occurred at high desfisities and hampered prey
selection by attackers. Baras (1999) and Kucharczyk e{1888) forwarded this as an
explanation for decreases in cannibalism in juvendedu (Heterobranchus longifilis) at
higher fish densities. It is also possible that, alfothe number of encounters between fish
increased as fish density increased, the proportiomodunters that resulted in an attack
declined. Jones (1983) reported the existence of sucht@mshap in a study of juvenile
Pseudolabrus celidotus. In this study the number of darts declined as fish temgreased,
suggesting that the proportion of encounters resulting iateatk may also have declined
with increasing fish density, and thus contributed to twerall decrease in levels of

aggression.

Analysis of total fish density throughout the period tfdy identified a positive correlation
between this variable and prey density. Furthermonegtie weight and the extent of
variation in length (CV) differed between prey densit@ensequently, it was not possible to
interpret the effects of overall prey density on Isvel nipping or darting independently of
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these other parameters. While | briefly discuss tleeded relationship between prey density
and levels of nipping and darting, | focus primarily on &hossults for which there were no
confounding factors and which could be interpreted moeelgle

5.5.1 Darting

Darting was very prevalent among cod. Irrespective efcduse of these darts, they are not
desirable in aguaculture since they use up large amountseajyethat could otherwise be
used for growth (Krohn & Boisclair 1994). Analysis of th&.4 % of darts that were
attributable to an obvious cause clearly suggests that ttharts reflected a response to a real
or perceived threat from a conspecific. That at lesshe darts represented an escape
response was supported by the fact that | also obseavge humbers of darts upon the
introduction of an adverse stimulus such as a cleaningrsiphis also likely that darting is
closely linked to the vigilance behaviour observed muaber of bird and mammal species
and, if so, may explain why darting decreased at highbrdensities, since vigilance is well
documented to decline with increasing group size (Elgar 1988%inD was never observed
as an attacking behaviour and hence was quite differahttehort bursts of rapid swimming
that propel fish forward in an attack (e.g. turb&tpphthalmus maximus and sole,Solea
solea, larvae, Knutsen 1992).

Burst swimming as part of an escape response has bpertegk in many fish species
including northern anchovyE(graulis mordax) larvae (Webb and Corolla 1981), herring
(Clupea harengus) and plaice Peuronectes platessa) larvae (Batty and Blaxter 1992) and
more recently in larval cod (Wiliams et al. 1996). Thesudies describe three stages to the
escape response: contraction of the musculature onidmeofsthe body so that the larva
forms a C shape, a strong beat of the tail in the ofgpdisection resulting in rapid propulsion
forward and finally, a period of continuous high speed svimgni hypothesise that some of
the darts observed in this study represented the latge of such an escape response.
However, many of the darts that | observed were ne¢qated by the C shape formation and
in this regard were more comparable with some ofstatle’ responses reported in larval red
drum Sciaenops ocellatus) by Fuiman et al. (1999). For those fish for which ¢heras no
obvious reason for the dart to occur, the stimulus naae fbeen off screen at the time.
However, startle or escape responses can be triggeraddnge of stimuli, including visual
(Fuiman et al. 1999), acoustic (Fuiman et al. 1999), tadBlax{er and Batty 1985) and
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mechanical (Blaxter and Fuiman 1990) stimuli and any onehede may have been present

but not apparent to the observer.

In this study, | assessed two features of feed provisioraggression in cod, namely the
presence or absence of food (i.e. food as a stimulus)owaarall levels of food (i.e. ration
level). Despite the increase in the incidence of ngppm the presence of feed, levels of
darting were not affected by the presence or absendeedf This observation raises the
possibility that fish were constantly avoiding predatoraspective of the threat of attack.
Conversely, while levels of nipping were not affected dverall prey density, levels of
darting were higher in larvae fed higher prey densitidsckCand Van den Avyle (2000)
found that larval striped bas$/1¢rone saxatilis) reared at a low prey density, were less
responsive to simulated predator attacks than thosedrearevo higher prey densities and
attributed this finding to a decline in the conditiontbé low ration fish. In this study,
condition factor did not vary between fish fed differgmey densities, but both length and
weight were lowest at the lowest prey densities. Gpresatly it is possible that size may have
contributed to a reduction in the responsiveness oftdisteal or perceived threats and thus
the number of observed darts.

5.5.2 Nipping

Rosenlund et al. (1993) observed high levels of aggresshaviber in juvenile cod (reared
at similar temperatures) from 35 dph onwards and attribdtsdetrly occurrence to the
initiation of weaning on to inert feed. The resultstlug study suggest that in cod fed only
live feed in the early juvenile stages, aggressive hetabecomes prevalent slightly later, at
around 45 dph. The initiation and incidence of aggressiorn lkety reflect the increase in
growth that occurs around this time (see chapter 3)nibabnly increases appetite, but also
results in an increase in size variation withingébbort (see chapter 3; Folkvord et al. 1994).

This study clearly demonstrates that juvenile cod ageifsiantly less motivated to attack
conspecifics during periods of feeding than prior to feedmgspective of the levels of prey
offered. Similar, but less marked, results have beenrtegpan sharptooth catfish juveniles
(Kaiser et al. 1995; Almazan-Rueda et al. 2004) and chum salmeniles fed at high and
intermediate rations (Davis and Olla 1987). Converselpgiison (1962) observed an

increase in aggressive activity in juvenile medaka wioexd was presented in food-limited
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treatments (although not in excess food treatmentsie Wreaves and Tuene (2001) only
observed aggressive interactions in adult halibut durindirfge Furthermore, Grant et al.
(2002) observed a dome shaped relationship between leadgassion and prey abundance
in the juvenile convict cichlidArchocentrus nigrofasciatum, in line with optimality models of

aggression which highlight the defensibility of a resewtdifferent prey densities.

Given the comparable pre feed levels of aggressionvatalad high prey densities and the
near absence of aggression during feeding, the presermdxsence of feed is most likely the
main determinant of aggression in juvenile cod. Higheelde of aggression in sharptooth
catfish prior to, than following, a feed have beemitaited to increases in activity resulting
from the expectation of that feed (Kaiser et al. 199ma&ian-Rueda et al. 2004). However, it
is unlikely that the marked differences in aggressive\betaobserved in this study could be
attributed solely to such an effect. Instead, it seamse plausible that most fish were
exhibiting early signs of cannibalistic behaviour asiice larval cod are known to increase
their search for prey and become less selective wrenare scarce (MacKenzie and Kigrboe
1995), were most motivated to attack conspecifics in biserece of food. This conclusion is
supported by the predominance of attacks to the tailictuing and of attackers of a similar
or larger size than the victim. Cod are gape-limited goeddOtterd and Folkvord 1993) and
therefore predatory cod would be expected to target snradlierduals. Similarly, attacks to
the tail would facilitate easier consumption of individuddan attacks to the body or head and
cannibalistic cod are known to direct attacks in tray \\Forbes personal observation).

Further support for aggression of a predatory nature is ggdvby the predominance of
attacks to vertically orientated and thus poor condifish. Most larval cod inflate the
swimbladder at around 7 dph (Cutts and Shields 2001), but ingwiane will fail to do so
(Shields et al. 2003). Individuals that do not inflate thembladder may still live long
enough to reach metamorphosis (Shields et al. 2003), bwxtess weight renders the fish
unable to swim in the normal horizontal position gasn in perch, Elgloff 1996; cod, Shields
et al. 2003). These and other diseased or damaged fish pagseasy target for attackers
since they are presumably unable to make a quick escape.

While the aforementioned observations provide strong stupgpoaggression of a predatory
nature, it is likely that some aggressive attacks wertvated by competition for resources.
Since larger fish tend to be more dominant and exhigher rates of aggression when
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competing for food, competitive aggression is also fredpdatused at individuals of a

smaller, or comparable size (Beeching 1992). In additioeeems likely that the 16 % of

attacks that were directed at victims larger than ttecler, represented competitive rather
than predatory aggression. This conclusion is supportedéyntrease in the number of
attacks directed at the head and body when the victintanges than the attacker.

While the presence of prey clearly reduced the incideh@ggressive attacks, varying levels
of prey had no overall effects on levels of pre-feed esgion, when a food stimulus was
absent in all treatments. Studies of cannibalism fretlueshow an increase in aggressive
behaviour as food density decreases and attribute tinelgmg$ to a concomitant increase in
growth depensation and hunger (e.g. European sedmtssjch et al. 1989). However, in

this study, size variation was lower at lower prey diess Analysis of the length frequency
distribution for fish fed the lower rations, confirmétht smaller fish were dying at the lower
rations, either as a result of increased cannibadisiimited resources. Interpretation of the
effect of prey density on levels of aggression is furtt@mplicated by the lower survival

rates at the lower ration levels, since lower fadinsities resulted in higher levels of
aggression. | hypothesise that in this study, an iner@gasnotivation to exhibit aggressive

behaviour at low prey densities as a result of incceésmger and a low fish density, may
have been offset by the concomitant decrease invamation, resulting in no net difference

in levels of aggression between treatments.

These results clearly demonstrate that aggressiomvial leod is largely predatory in nature.
The marked increase in the number of attacks in thenabsof feed, the predominance of
attacks to the tail of victims, to victims of a slaalor similar size and to victims in poor
condition, all suggest that most attacks represent ampttto consume part of the victim and
are thus indicative of cannibalism later in developmdnt addition, darting was very
prevalent and analysis of the darts for which the cauvse apparent suggested that this
behaviour represented an escape response to real oivgert@aeats. Irrespective of the
underlying causes, both aggression and darting must be aedsisignificant problems in
aquaculture. Given the near absence of aggression prekence of feed, it is possible that
frequent feeding may reduce levels of aggression and posaitybalism, and | forward this
as a potential subject for future studies.
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Chapter 6

Variable Risk Taking in Atlantic Cod: effects of stock am family
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6.1 Summary

| examined whether cod originating from different stoakd/ar family varied in their
propensity to take risks, as reflected by explorationaohovel, potentially dangerous
environment. One-year old cod derived from North-eastectic or Norwegian coastal stock
were placed in a covered area of an experimental dhahalso contained an open area into
which the fish were free to move. The movementshete fish were then recorded by the
digital recording and analysis system, Ethovision, f@edod of 25 minutes. After screening,
blood samples were taken from a sub-set of fish and plasontisol concentrations
determined. To provide an unstressed control, cortiseldevere measured in an additional
20 fish taken straight from their holding tanks. Using &raisnant function derived from
movement patterns of a sub-sample of directly obsengbd dod were characterised as risk
avoiders (those that failed to emerge from undercovemnmerged only to attempt to escape
from the arena) or as risk takers (those that ememgegore the open arena). Fish of North-
eastern Arctic stock origin were more prone to takisgsrithan fish of coastal stock origin.
Furthermore, although there were no significant diffeesnn risk-taking between families of
North-eastern Arctic stock origin, a weakly significdantnily effect on boldness was found in
fish originating from the coastal stock. The weight aaedition of fish was significantly
smaller in fish that emerged to escape than in figh #voided risk and these factors may
have contributed to the observed behavioural differebeéseen stocks and families. After
screening, plasma cortisol concentrations were sfhkielevated in all fish and there were no
stock effects. Base line plasma cortisol levels wegher in cod of migratory origin than
those of coastal origin. These results provide eviddoce heritable component to risk-
taking in cod.
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6.2 Introduction

Animals, including many fish species, frequently exhdonsistent individual differences in
behaviour. For example, some individuals will more rgadiplore a novel environment
(Brachyraphis episcopi, Brown and Braithwaite 2004), spend longer out of covem(®av
trout, Sneddon 2003) or more readily inspect a model preddéondcara anomala, Brick
and Jakobsson 2002). In such cases, individuals are varythgiinpropensity to take risks,
and reflecting the degree to which they are bold (rikkrs) or shy (risk avoiders) (Wilson et
al. 1994). In some such cases, individual differences ktaleang are associated with
differences in stress physiology (Korte et al. 2005).

A large number of the studies of behavioural variatior@g animals, including variation in
risk taking behaviour, describe interpopulation differenndsehaviour. For example, Brown
et al. (2005) showed that populations of the tropical pa@kddrachyraphis episcopi, from
high predation areas emerged from cover more quickly thasetfrom low predation areas.
Similarly, Fraser and Giliam (1987) found that guppies andt'$laivulus from high
predation sites foraged proportionately more in the poeseha predator than fish from low
predation sites. It is not always clear what underpirese differences in behaviour but
consistent population differences in the behaviour ¢l vald-caught and laboratory-reared
three-spined sticklebacks (Bell and Stamps 2004; Bell 2005) dmafizsh (Wright et al.
2003) indicate that genetics may play an important role.

The existence of inherited behavioural variation leetw populations of fish could have a
number of important implications for commercial aquaceltufor example, timid fish that
avoid risk may well have a hard time in intensive hodba especially if timidity is

associated with a tendency to avoid fights. Certaihly,process of domestication in fish held
in intensive husbandry systems favours bold over timgh f(Huntingford 2004).

Consequently, selection of bold individuals for use irensive systems could potentially
improve welfare and growth and reduce mortality (Huntirdyfand Adams 2005). This is

particularly the case for new, as yet undomesticated atjuscspecies, such as Atlantic cod.

Along the coast of Northern Norway, at least two ¢jealy distinct stocks of cod exist,
Northeast Arctic cod and Norwegian coastal cod. Thadoistock mature at 7-8 years of age,

migrate over long distances from feeding areas to spgvareas (Nordeide and Pettersen
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1998) and are subject to a short growing season (Svasahd 896). Conversely, coastal cod
mature at 3 to 5 years of age, remain largely in thee sea from settlement (Nordeide and
Pettersen 1998) and enjoy a relatively long growing sedSwaésand et al. 1996).
Consequently, coastal cod are subject to a far lesselafwn threat than their migratory
counterparts. Presently, a breeding programme at the éd@w Institute of Fisheries and
Aquaculture Research, Tromso, has established familiesdoderived from these two stocks
and reared under identical conditions. These cod presemteecellent opportunity to
examine the behavioural variations in this specigglation to the probable differences in the
predation regime to which they are adapted.

The objectives of this study were to characteriseelral variations in risk taking in cod,
as reflected by exploration of a novel, potentiallyglaous environment and to determine
whether the propensity to risk take varied between catiffefent stock or family origin. An

additional aim was to relate any observed behavioufateices to plasma cortisol levels.

6.3 Materials and Methods

6.3.1 Origin of fish and experimental set-up

This study was conducted at the Aquaculture Research Statmmso, Norway in July 2005.
The 162 cod used were bred at the station in Spring/Summer 2B@4eggs from wild
North-eastern Arctic (hereafter referred to as magsgt or coastal cod. Fish were raised
under identical conditions and held, mixed together, intickntanks for 8 months prior to
the experiment. Stock origin was determined by mearnsaonfophysin-analysis (Sarvas and
Fevolden 2005) while family relationships within eachcktavere based on the geographical
location of forefathers. All cod contained PIT tagstlsat their family and stock origin could
be identified.

Two adjacent experimental arenas (separated by a Wwakrgspex and a net) were used,
situated in isolation at the research station. Eaehaaconsisted of two equally-sized adjacent
chambers (79.5 x 103 x 30 cm), one with a removable cawkroae uncovered, with a
sliding door linking the two chambers. This door was deerdy a pulley system situated

outside the arena. A flow through system operated in elaaimber, with water (at ambient
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temperature, ranging from 7.8 to 8.7 °C) passing from thesideaof a chamber to the farside
(perpendicular to the door). Flow rate was regulated usiogn&rol valve fitted to each
chamber. Light levels were the same in the two arama varied between 70 and 100 lux. A
globe shaped tea strainer containing a single, defrosfaalic was suspended centrally at the
farside of each uncovered chamber (near the outflowyduide a scent cue. Two visual cues
were also suspended adjacent to each scent cue in theff@r red lure and a 5 kroner coin.
The coin created a small reflection in the watetha area around the lure, similar to that
which might be created by prey.

Two digital cameras (Panasonic CP230/G) were fitted abach arena and linked through
two VCRS to monitors and a PC that operated the E#Vi3.0 programme (Noldus
Information Technology). EthoVision is an integrategstem that permits automatic
detection, recording and analysis of animal behavioilsgdh et al. 1993). This system was
set to record simultaneously the movements of fishbath arenas, relative to four
predetermined ‘zones’. These zones were the undercower, the door zone (an area just
extending beyond the area occupied by the door, as viewedreen), the food zone (35 x 35
cm, with the capelin in the centre) and the open fiortte open but not in the food zone).

6.3.2 Experimental procedure

Prior to a trial commencing, water flow was set to2 min” in each chamber, EthoVision
was calibrated and pre-trial information was recordeuo Tish were then randomly sampled
from a holding tank, transferred to individual buckets andiethto the experimental arena.
Each fish was carefully released from the bucket ime of the two undercover chambers,
the cover replaced and curtains surrounding the arenasiclaier 5 mins, the doors in each
arena were opened remotely and fish movements thereadiorded digitally by EthoVision.

After 25 minutes, the door in each arena was closedenmiding ceased. Water flows were
increased to maximum in order to flush out scents poaroimmencement of the next set of
trials. Each fish was then removed and anaesthetisedmimersion in MS222 at a
concentration of 0.06 d-*. Once sedated, the fish were identified using a PITeader and
weight and fork length (distance from the tip of the srtouthe posterior end of the middle
caudal rays) recorded. The fish were then releasea@ ireoovery tank.
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To quantify physiological stress responses in the expetah fish, blood samples were
collected from below the second dorsal fin in 20 fisimediately following a trial and

plasma cortisol levels measured in diethyl-ether etdthqlasma by radioimmunoassay
(RIA) according to a standardised protocol (Shultz 1985; Jeegezisal. 2002). To provide a
control, cortisol levels were also measured in 10 nmogyadnd 10 coastal, non-experimental

fish contained in holding tanks.

6.3.3 Assessment of response to the novel environment

Preliminary observations of fish movements in tixpesimental arena identified three very
distinct patterns of exploratory behaviour. Fish eitfganained in the undercover area for the
duration of the experiment or emerged from cover inkattena. Those that emerged showed
one of two clearly distinct patterns of movementunits of behaviour’ (Martin and Bateson
1993). The first of these behaviours was characteriseghliyregular, often fast, swimming
speed and prolonged periods in the corner of the uncoveasdbeh jumping at the water
surface; fish showing this response were described tem@ing to ‘escape’. The second
behaviour was characterised by a regular, slow swimspegd and a meandering path using
most of the tank base. Fish showing this response weseribed as ‘exploring’. It is
important to note that | could not be sure what maognahis latter group of fish to swim in
the open arena, and that this definition is merelyninéa distinguish these fish from those
that attempted to exit the arena.

In order to confirm the distinctness of these two grag of movement, and to find
discriminators for them in the data generated by Efimvi 51 of the total of 140 fish that
emerged from undercover were also observed directly @i@tars and assessed as ‘escaping’
or ‘exploring’. Discriminant function analysis (DFA)as then carried out on the movements
of these 51 fish, relative to the behavioural groups hichweach fish had already been
assigned. This analysis assigns coefficients (loaditgshe movement variables, which are
then arranged together in specific combinations (digzaim functions or factors) so as to
maximally separate the groups from each other. Theirdisant functions identified in this
way were used on the Ethovision data for all unobsefisbdn order to assign each of these
fish to one of the behavioural groups. On this basi Were classified as exploring,
attempting to escape, or non-emergent. In order toasersample sizes and since both fish
that remained undercover and fish that attempted tdrexiarena were clearly not motivated

79



Chapter 6 Variabisk taking: effects of stock and family

to reside in the open arena, fish in these latterdategories were grouped together to from a

group defined as ‘avoidance’.

DFA accurately assigned 91.3 % of fish to the correcavaebral group. The variables mean
distance moved and velocity standard error most accyrdiggdriminated between the two
groups, based on DFA loadings. In accordance with prelignimaservations, mean distance
moved was markedly lower in fish that emerged to explwhde velocity standard error was
markedly higher in fish that emerged to escape, due toirtégular swimming speed

exhibited by these fish.

6.3.4 Other statistical analyses

Condition was calculated using the formula:

Condition factor (K) = W / £

where W is the weight (g) and L is the standard length).(€hi square tests were used to
assess the relationship between stock or family oagth behavioural category defined as
described above. Appropriate univariate parametric (ANQMAT test) or nonparametric
(Kruskal-Wallis or Mann-Whitney) statistical analyse®ere used to assess the relationship
between length, weight, condition factor or cortisedel and patterns of exploration or
stock/family origin. The same tests were also usedssess the relationship between various
features of exploratory behaviour (e.g. time of firseegence) and stock/family origin.

6.4 Results

6.4.1 Stock and family differences in exploratory behaviour

There was marked variation in the behaviour of fisbegplaced in the experimental arena. Of
all 162 fish, 56 (34.6 %) emerged to escape, 84 (51.9 %) emerggglaoee while 22 (13.6
%) fish did not exit the undercover chamber at all.r&heas a significant stock effect on the
degree to which fish were prepared to exit the coverea @i the arena and explore (Fig 6.1:
Ch? = 10.18, DF = 1, P = 0.001). Of the migratory fish, 65 % endergeleast once to
explore, while the comparable figure for the coasshl Was only 40 % (Table 6.1). All other
fish either remained undercover or only emerged to attémnescape from the arena. In total,
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only 8% of the migratory fish remained undercover, whie% of the coastal fish remained
undercover. Frequencies of exploratory and avoidance ibeinadid not vary between
families of migratory fish (Table 6.1: Chi 13.18, DF = 9, P = 0.154) or between families of
coastal fish (Table 6.1: Chi 15.5, DF = 9, P = 0.078).
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Fig. 6.1: Percentage of each stock that exhibited explgraiwhite bar) or
avoidance (grey bar) behaviour.
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Table 6.1. Mean condition factor and the number of fisht exhibited exploratory or

avoidance behaviour in coastal and migratory families.

Stock Family Exploring Avoidance Condition Factor

frequency frequency
(no. of fish) (no. of fish)

Mean SE

Coastal C1 3 4 1.07 0.03
C2 6 3 1.02 0.02
C3 4 3 0.99 0.03
C4 2 8 1.04 0.03
C5 3 6 1.05 0.01
C6 1 7 1.08 0.03
Cc7 2 8 1.09 0.03
C8 5 2 1.10 0.03
C9 2 6 0.97 0.02
C10 6 4 1.06 0.02

Total (% of stock) 34 (40) 51 (60)

Mean 1.05

Migratory M1 3 3 0.97 0.02
M2 3 5 0.96 0.04
M3 8 1 0.86 0.02
M4 6 1 0.88 0.04
M5 4 3 0.98 0.05
M6 7 3 0.89 0.02
M7 3 4 0.89 0.03
M8 4 4 0.94 0.02
M9 3 2 0.92 0.01
M10 9 1 0.93 0.03

Total (% of stock) 50 (65) 27 (35)

Mean 0.92

6.4.2 Behaviour during exploration

Of fish that did emerge to explore, 83.3 % emerged in tis¢ 5 mins, with all other
exploring fish taking between 5.84 to 24.73 mins before léesting the undercover chamber
(Fig 6.2a: Median = 0.94 mins, IQR = 2.33). The total timensp&ploring in both food and
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open zones ranged from 0.03 to 10.95 mins (Fig 6.2b: Median = 33IQR = 2.66). Only
3 fish spent more than 51 % of their time, since emereexploring (Fig 6.2c: Median =
3.78 %, IQR = 11.62). The total distance moved by explorgigriinged from 0.65 to 64.63
m (Fig 6.2d: Median = 7.16 m, IQR = 17.01).
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Fig. 6.2: Frequency distribution (numbers) of time of festergence (a), total time spent
exploring in food and open zones (b), percentage of 8inee emergence, spent exploring
in food and open zones food (c) and total distance mavéabd and open zones (d) for

cod that emerged to explore.

Behaviour during exploration did not vary significantly vieeen stocks for any of the

variables measured (e.g. mean time to emerge from un@ercmean total time spent

exploring, mean total time in the food zone). Howessyeral of these measures varied
significantly between families of coastal cod; thesdude the total time spent exploring (in

both open and food zones) (Fig. 6.3a: H = 20.40, DF = 9, B16)).mean length of each

visit to the open zone (H = 17.01, DF = 9, P = 0.049), meagth of each visit to the food

zone (H =17.98, DF = 9, P = 0.035) and number of visitsédabd zone (H = 20.83, DF =

9, P = 0.013). There were no significant family effeatstioe behaviour of migratory fish

while exploring for any of the variables measured (€ig. 6.3b: H = 9.82, DF = 9, P =

0.366).
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Fig. 6.3: Median total exploring time in food and open zdaegach coastal family (a) and
each migratory family (b). Each box shows the mediin(Q1) and 75 (Q3) percentiles;
upper whisker = Q3 + 1.5 (Q3 - Q1), lower whisker = Q1 - 1.5-(Q3).

6.4.3 Cortisol levels

Cortisol levels were significantly higher in fish thihad undergone a trial compared with
control fish (Table 6.2: Coastal fish: W = 45; N9, N, = 4, P = 0.007; Migratory fish: W =
55, Nn= 10, N = 16, P < 0.0001). Stock differences in cortisol levels aissted for control
fish, with higher levels observed in migratory fislathin coastal fish (Table 6.2: W = 45; N
=9, b= 10, P = 0.0003). Post trial cortisol levels did not diffetween stocks (Table 6.2: W
=174, N= 16, N=4, P = 0.633) or between the two behavioural categfviedian cortisol
level of exploring fish: 89.70 ngml™*, Median cortisol level of risk avoiding fish: 138.40 ng
mi*, W =103, N= 12, No=7, P = 0.163).

Table 6.2. Median cortisol levels in coastal and migsatcontrol and post-trial fish.

Coastal (ng/ml) Migratory (ng/ml) P-value
Control fish 1.09 9.07 0.0003
Post trial fish 89.63 97.67 0.603
P-value 0.007 <0.0001

6.4.4 Length, weight and condition factor

Condition factor varied significantly between stock#hwva higher mean condition factor in
coastal fish than in migratory fish (Table 6.1: Meaastal = 1.05, Mean migratory = 0.92, T
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= 9.85, DF = 156, P < 0.001). Condition factor also varied feigntly between families of
coastal fish (Table 6.1:9F5= 2.52, P = 0.014) and weakly between families of migratehy f
(Table 6.2: B,g7= 2.01, P = 0.051). There were no stock differences in lghgln length of
coastal fish = 29.48 cm, Mean length of migratory fisBG07 cm, T = -1.58, DF = 159, P =
0.116) and only a weak difference in weight (Median weightaafstal fish = 268 g, Median
weight of migratory fish = 254 g, W = 7455; N 85, N =77, P = 0.077). However, length
did vary significantly between families of coastahfidy7s= 2.79, P = 0.007) and between
families of migratory fish (§s7= 4.72, P < 0.001). Weight also varied significantly between
families of migratory fish (H = 22.36, DF = 9, P = 0.008), bat between families of coastal
fish (H = 15.92, DF = 9, P = 0.068).

The length of fish did not vary significantly betweeghlvioural categories (Mean length of
exploring fish = 29.58 cm, Mean length of risk avoiding #sB9.95 cm, T = 1.01, DF = 159,
P = 0.315). However, fish that exhibited exploratory beha weighed significantly less
than did fish that exhibited avoidance behaviour (Mediaight of exploring fish = 244.50 g,
Median weight of risk avoiding fish = 273.50 g, W = 6236:=N84, Nbo= 78, P = 0.041). Fish
that exhibited exploratory behaviour also had a loveedtion factor than fish that exhibited
avoidance behaviour (Mean condition factor of explofisly = 0.96, Mean condition factor
of risk avoiding fish = 1.01, T = 2.86, DF = 159, P = 0.005).

6.5 Discussion

The results of this study highlight the great individualiatan in the propensity of cod to
take risks once placed in an experimental arena. Fahrémained undercover were clearly
showing less risk-prone behaviour than were fish thatec the arena to explore.
Furthermore, within the group that emerged to exploreetiaere additional variations in
behaviour patterns that have been used as indicatdsldfess (for example, total foraging
time; Sneddon 2003), although such variation was small, metlexploring fish spending
more than 11 minutes in the open arena. In this studgssiag levels of risk-taking was
complicated by those fish that emerged not to explawe,td attempt to escape the arena.
Although these fish emerged from the shelter, theiraielr was clearly typical of fish
motivated to escape from a dangerous environment anttlasiso reflects risk avoidance.

85



Chapter 6 Variabisk taking: effects of stock and family

My results show that cod originating from migratory &@ere somewhat more prone to take
risks than cod from coastal stock. This result is sama¢wgurprising, since these migratory
fish travel long distances, presumably under high risk @&dgion compared to that
experienced by coastal fish. Several studies have stmatriish from populations exposed to
high predation risk tend to show risk averse behaviour ékample, in sticklebacks,
Huntingford et al. 1994, Bell and Stamps 2004; Bell 2005). Howenter studies have
documented high levels of risk-taking in fish that natyrakperience high levels of
predation. For example, in a study of the poecilBdachyraphis episcopi, Brown et al.
(2005) found that fish from high predation areas were bdlter those from low predation
areas. Similarly, guppies and Hart’s rivuliiem high predation sites were more tenacious
than fish from low predation sites (Fraser and Gillié®87). It is interesting to note that the
offspring of wild caught Northeast Arctic cod have bebowa to be more successful at
obtaining sequentially offered food than the offspringNofwegian coastal cod (Salvanes et
al. 2004) and the proposed mechanisms underlying this findigcalsa be relevant here. For
example, the authors suggest that migratory cod may be awtive in the pursuit of food as a
result of the limited growing period in which they hawe abtain prey, the increased
competition in Northern fjords and/or the uncertainggarding pelagic food availability
(Salvanes et al. 2004). It is possible that risk-takinth@se fish may also have reflected not
simply an adaptation related to predation threat, butdaptation related to prey availability
and features of life-history.

The numbers of fish in each family were small and tthesfinding that families of coastal
cod differed in their propensity to take risks must betéaavith caution. However, this
finding does provide further evidence that the observedréiites in behaviour were at least
partly attributable to genetic differences. Although ewide for a genetic component to
personality traits comes largely from a number of qtetnte genetic or selection studies of
great tits (van Oers et al. 2004a, b; Dingemanse et al. Z0@2t et al.; 2003) and mice
(Sluyter et al. 1995; Turri et al. 2001), there is increaswidence that there may also be a
genetic basis to personality in fish. For example,gWitriet al. (2003) found significant
differences in the levels of boldness (defined as eaptor of a novel object) exhibited by
the offspring of four wild-caught populations of zebrafishrthermore, Bell (2005) and Bell
and Stamps (2004) observed consistent population differencésldness under risk of
predation in both wild caught three-spined sticklebaais their laboratory-reared offspring.
The similarity of risk taking behaviour among familielsnagratory fish raises the possibility
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that these families may have been less geneticaitincti than families of coastal cod. Since
family origin was based on geographical location and tdgyacod travel over greater

distances than coastal cod, the likelihood of geneterlay arising between families of this
stock was probably greater.

Accurately interpreting the underlying mechanisms driviagiations in personality traits is
complicated by the large number of biological factorat tmay additionally influence
behaviour, such as gender (Brown et al. 2005; Johnssdn2€04), age (Brown et al. 2005),
reproductive state (Sinn and Moltschaniwsky] 2005) and dfzauée et al. 1998). For
example, Brown and Braithwaite (2004) in a study of the ifidedBrachyraphis episcopi,
and Dowling and Godin (2002) in a study of the banded Killiisandulus diaphanous)
observed strong negative relationships between lengthhentime to emerge from a shelter.
Although there were no significant differences in teagth of fish from each behavioural
category, both weight and condition factor were smatlemigratory fish and in those fish
that emerged from the shelter to explore. These odiseng raise the possibility that size and
condition may have at least partly contributed to thseoved differences in risk taking
behaviour exhibited by migratory and coastal fish. Farrtiore, Norwegian coastal cod are
known to mature more early than Northeast Arctic cBdrg and Albert 2003) and since
boldness may decrease with increasing age (Brown 20@h), it is possible that differences
between the stocks were influenced by ontogenetic mesedJltimately, relationships
between size, condition factor or maturity and riskrgkmay be driven by the higher
metabolic rate and hence higher levels of hunger, eeqpmd by smaller, less fit or less
mature fish, compelling them to forage for food moredigahan their larger counterparts
(Wootton 1994).

An individual's response to a new or threatening situaisoat least partly determined by a
wide range of neuroendocrine changes (Moberg 1985). Moreiwege, is increasing evidence
that in teleost fish, as in mammals, individuals teshibit a withdrawal response react to
stress in an unfamiliar environment with a greaterease in plasma glucocorticoid levels
compared to individuals that exhibit a fight/flight resp®iiSchjolden et al. 2005). While we
were not able to monitor changes in the levels o$rpéa cortisol during an experiment,
cortisol levels were found to be significantly higher gontrol fish of migratory origin

compared to their coastal counterparts. Consequently ftossible that the behaviour of
experimental fish may have been affected by underlyirffgreinces in neuroendocrine
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physiology. Not surprisingly, cortisol levels were siguaihtly greater in post trial fish than in
control fish and although no differences in cortisekle existed between stocks of post trial
fish, stress levels were presumably so high by tlaigesthat any differences between stocks

were masked.

6.5.1 Conclusion

In this study hatchery-reared migratory cod were founelxtobit a greater propensity to take
risks than did their coastal counterparts. This agreés some studies of population
differences in fish, in which wild-caught fish from highedation areas show more risk-prone
behaviour. The existence of such stock differencesboratory-reared fish, as well as the
behavioural differences found among families of coastal, suggest that there may be a
heritable component to this variable behaviour. Sgwmeadition factor and weight were lower
in migratory fish and in fish that emerged to explorés not possible to rule out an effect of
size and condition on the observed differences in hatngvespecially between stocks.
Similarly the higher levels of cortisol in fish ofigratory origin compared with control fish of
coastal origin, raises the possibility that differen@e stress responsiveness may also have
contributed to differences in the propensity of individu@stake risks. Of course, these
different explanations are not necessarily mutuallylusike. For example, variation in
cortisol responsiveness (Fevolden et al. 1999) and camd#@or (Bonnet et al. 1999) may
have a genetic component and thus potentially underpinntiegited differences in risk-
taking between families or stocks.

Population differences in risk taking, such as those destrhere, have a number of
implications. For example, the vulnerability of fishpodations to fishing may be affected by
population differences in risk-taking and consequently steskssment models may benefit
from incorporating such information (Frank and Brickman 2008urthermore, in
aquaculture, fish production may be improved by the setedticstocks exhibiting a greater
propensity to risk-take. Fish that avoid risk seem tcelav especially hard time, especially if
timidity is associated with a tendency to avoid fightiirftingford and Adams 2005) and
consequently selection of individuals from a risk-taking pagmh may improve both
survival and welfare. The effect of variable risk-takinehaviour on survival in farmed cod
merits further study.
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Chapter 7

General Discussion
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7.1 Summary of Objectives and Findings

The original objectives of this research were noséhoutlined in this thesis, but instead were
to provide a detailed description of cannibalism in lacea, including a direct assessment of
the developmental and environmental factors contrigutm the onset and incidence of
cannibalism in this species. However, in order taycaut a more detailed examination of
cannibalism in larval cod than that described here, Home Office requested that an
ethogram be produced, describing the behaviour of cod ducgagrabalistic attack. The aim
was to find reliable behavioural predictors of the ommre of a cannibalistic attack, so that
experiments could be terminated after the predictor had bbserved but before the attack
proper. Unfortunately, although cannibalism appeared tafden production tanks, it was
extremely difficult to capture cannibalistic attacks camera. Consequently, studies were
undertaken that addressed some questions related to thealoogjectives of the research,
but that did not involve cannibalisper se.

7.11 Ontogenetic trends in the development of larval cod head nmology and the
effect of prey size on development (chapters 3 and 4)

The objectives of the studies outlined in chapters 3 andré to examine patterns of change
in larval cod head morphology, including the extent toctvhihese patterns of change varied
within a cohort, and to examine the effect of prepetyon the development of head
morphology. Both studies sought to examine morphologicaldpment in larval cod reared
under standard culture conditions and using common comméredd, and had the broader
objective of elucidating developments in trophic morpholtdgt could potentially relate to
the development of cannibalism in this species.

Cod reared from hatch to 78 dph were found to exhibit gdasterns of change in various
measures of head morphology Most of the recorded measxindgsted comparable patterns
of growth, increasing in relative size from week 4 ordsaand then faling from week 9.
However, jaw width followed an opposite trend, decreasinglative size from week 4 and
increasing again from week 9. Each period of change id heaphology coincided with
points at which the larval diet was changed and may beee caused by these changes in
diet. Individuals varied strikingly in the extent to whithey were influenced by the
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underlying processes, such that, by the end of the /leaviyl juvenile period, there was

marked individual variation in head morphology.

In a further two separate, but related, experiments,réared on different prey types were
shown to develop marked differences in certain aspediseadf morphology. Specifically, fish
reared on smaller prey items developed more fragile héabs fish reared on larger prey
items. Furthermore, fish reared on smaller prey itdmgeloped larger eyes, relative to the
size of the jaw, than fish fed the larger prey iteifss latter difference resulted solely from
the development of larger eyes and smaller jaws infédhthe smaller prey items and not
from any changes in the development of fish fed thgelaprey items. Analysis of dead fish
indicated that at least some of the observed diffeseincthe head morphology of fish fed the
different diets resulted from the differential growthbofdy parts in response to the nutritional
content or size of individual feeds, rather than oneddffit patterns of morph-specific
mortality in fish on the different diets. Furthermorapalysis of a small number of
cannibalistic larvae indicated that fish fed the largegy items (i.e. the enriche@rtemia
commonly used in aquaculture) developed morphology comparalle that of the
cannibalistic morphs.

In the studies outlined in chapters 3 and 4, there exmstsc@nsistency in the pattern of
development of head morphology in cod fed similar dietgshénstudy outlined in chapter 3,
fish fed Algamac enrichedrtemia (from 27 dph) went through a phase when they developed
larger eyes and smaller jaws between weeks 5 and 9 (29-3%8 Hph). In contrast, in the
study outlined in chapter 4 neither eye diameter or jasthachanged significantly in size in
fish fed Algamac and Selco enrichddtemia (from 28 dph) over a similar period. One
possible explanation for this inconsistency is tliglt flievelopment in chapter 4 was further
influenced by the addition of Selco enrich@demia to the diet. However, Algamac and
Selco enrichments supplemekittemia with similar types and levels of fatty acids (Tamatu e
al. 1999) and therefore it seems unlikely that this diffeeein the diet was responsible for the
inconsistency. At present, it is not clear what cdusiee observed differences in the
development of head morphology in the two studies.
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7.12 Aggression in larval cod (chapter 5)

The objective of the study outlined in chapter 5 was tecrilee aggressive interactions in
larval cod and to examine the extent to which thes&actions represented an early form of
cannibalism, as opposed to a battle for resourcesn latteampt to elucidate the nature of
aggression, the study also sought to examine the effettieoavailability of feed on the
incidence of aggressive attacks in larval cod.

Aggressive attacks were characterised by nips to cofispeand became prevalent around
45 dph. Fish were found to be significantly less motivatedttack during periods of feeding
than prior to feeding, irrespective of the overall deesiof prey provided. Furthermore,
attacks were preferentially directed at the tail ofiwis, to victims of a smaller or similar size
than the attacker and to victims that exhibited ababbuody posture. Together, these results
provided strong evidence that some of the aggression dnadub reflected an attempt to
consume part of the victim and were thus indicativeaohialism later in development. The
overall level of prey provided did not influence the inacke of aggression, although analysis
was confounded by a decline in levels of aggressioncegasing fish densities. In addition to
nipping, fish exhibited a large amount of burst swimminga@ur (termed ‘darts’) in which
they appeared to respond to a real or perceived thredttack. These darts were not affected
by the presence or absence of food, but were more canimfish fed the higher prey
densities, possibly as a result of increased fish donditr size.

7.13 Variable risk taking in cod: effects of stock and family (capter 6)

This study arose opportunistically out of another projacthe Division and offered the
opportunity of working with larger cod, in another courdnd in a Research Institute rather
than a University. The objectives of the study oudine chapter 6 were to characterise
behavioural variation in the risk taking behaviour oégear old cod and to determine the
whether the propensity to take risk varied between cdaliffefent stock or family origin. The
study also sought to relate any observed behaviouraletitfes in risk taking to plasma

cortisol levels.

Fish were characterised (by discriminant function yamalof the movements of a sub sample
of directly observed fish) as risk avoiders if theylethito emerge from undercover or
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emerged only to attempt to escape from the arena, riskatakers if they emerged to explore
the open arena. Fish of North-eastern Arctic (migsatstock origin took significantly more

risks than fish of coastal origin. Furthermore, althotlggre were no significant differences in
risk-taking between families of migratory stock originwaakly significant difference did

exist between families of coastal stock origin. Fesguwsf behaviour during exploration (e.qg.
time to emerge from undercover) did not vary signifigafiétween stocks or between
families of migratory stock origin, but did vary signifitly between families of coastal stock
origin. Cortisol levels did not vary between risk avogder risk takers, but were significantly
higher in control fish of migratory origin compared tontrol fish of coastal origin. The

existence of differences in risk-taking among familieghiw the coastal stock suggests that
some of the variation in this trait may have bedrerited. The weight and condition of fish
was significantly smaller in fish that emerged to pscand, consequently, differences in
these factors may have contributed to the observedvioeimal differences between fish of

different stock or family origin.

7.2 Implications

7.21 Implications for aggression and cannibalism in cultured cod

As discussed in chapter 1, large numbers of larval andilevaod perish in the aquaculture
environment and cannibalism appears to be the prinsargecof these losses (Howell 1984;
Folkvord 1989). In light of the increasing interest in thdture of Atlantic cod, there is a
burgeoning requirement for greater elucidation of the pseseanderlying the development
of cannibalism in this species, which in turn cantdbuate to the development of rearing
protocols that mitigate this behaviour. Many of thelications of the aforementioned studies

relate to this subject.

The results of the study outlined in chapter 4 indicatet féealing cod different prey types
could produce differences in cod head morphology and thatetbérfrichedArtemia could
develop morphology comparable with that of cannibalistiorphs. Irrespective of the
underlying mechanisms (selective mortality or developateiasticity), these results suggest
that feeding cod withArtemia, and especially enriched and consequently l&gemia, may
be partly responsible for the high levels of canmsibalthat occur during the culture of larval

and juvenile cod (see Future Studies). In terms of redueiwgjsl of cannibalism, it may
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therefore be beneficial to maintain fish on a sendited, such as rotifers. The results of both
experiments indicate that feeding rotifers to cod for eatended period would not
compromise survival rates, although the effect of suchgane on growth and condition is
less clear (see Future Studies).

The results of the study outlined in chapter 5 indicated #ggression was particularly
prevalent in larval and juvenile cod. Since injuries @nstd as a result of nips to the body
may lead to infection and disease (Greaves and Tuene 20@ )jkely that many of the
deaths observed in young cod result not just from carsmipabut as a result of an aggressive
attack. Mitigation of this behaviour may therefore ds important for cod aquaculture as
mitigation of cannibalism in this species. In lighttbé fact that fish were rarely motivated to
attack conspecifics in the presence of food, a redudtiolevels of aggression may be
achieved by more frequent feeding of fish. Furthermanegesaggressive attacks appeared to
reflect incipient cannibalism, frequent feeding may dlsad to a reduction in levels of

cannibalism later in development.

In addition to aggressive behaviour, cod were frequentlgered burst swimming
(‘darting’), apparently in response to a perceived thodéatttack. Burst swimming has been
shown to use up large amounts of energy in other fishespé€rohn and Boisclair 1994),
and as such should also be mitigated in cultured cod. Dartsmore common in fish fed the
higher prey densities, possibly as a result of the asa@ condition and/or body size of these
individuals. In order to reduce levels of both aggressih darting it may therefore be
necessary to increase the frequency of feeding whitheatsame time reducing the overall

provision of prey.

7.22 Implications for stock selection of cod for aquaculture

The results of the study outlined in chapter 6 indicate rible-taking behaviour in cod has a
genetic component and, as a result, cod of differenk shtad/or family origin vary in the
extent to which they will explore a potentially dangese@nvironment. Population differences
in risk-taking behaviour could potentially affect the vuai®lity of cod populations to fishing
(Frank and Brickman 2000) and consequently stock assessmeeisnmay benefit from
incorporating such information. In cod aquaculture, populatiot/or family differences in
risk-taking behaviour could have important implications $bock selection. For example,
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since fish that avoid risk seem to have an espedmly time, especially if timidity is
associated with a tendency to avoid fights (Huntingford Aadams 2005), selection of
individuals from a risk-taking population/family may imprdish production.

7.3 Future Studies

That the original objectives of the research weré met means that a number of stil
interesting questions regarding cannibalism in cod renfam. example, there is much
speculation, but little information, regarding the orafetannibalism (with regard to age/size)
or the incidence of cannibalism at various stages weéldpment. Similarly, little is known
about the developmental pathways that lead to this mmhavfor example, whether
cannibalism reflects a facultative response to feataféhe environment or is inherited. It is
also not clear to what extent the onset and incidafceannibalism is influenced by
environmental factors such as the availability téralative prey or the availability of refuges.
Some of these questions were assessed with regard teaggria the present thesis and as
such, the results outlined here do provide some indicafievhat may mitigate cannibalistic
behaviour in cod. However, it would be useful to confwhether factors such as, for

example, prey availability do indeed reduce levels ofibafism in larval cod.

Perhaps the most obvious objective of any study leadndram this thesis would be to
describe the morphology of cannibalistic cod in a lamg@amber of individuals than the six
examined here. It would then be possible to confirm gbtential for Artemia-fed cod to
develop morphology comparable with that of cannibalisticl. Assuming such a study
validates the results outlined in this thesis, it woulentbe useful to assess the potential for
fish to be fed rotifers rather thaatemia and specifically to assess whether growth rates and
body condition could be maintained in fish fed this way.

The hypothesis that levels of aggression in cod mayetaced by more frequent feeding,
merits examination. Such a study might also involvelyaisa of the effect of feeding
frequency on the incidence of cannibalism. In the exmatt outlined here, cod were fed live
prey twice a day, as they commonly are in commemmglaculture and consequently any
study should examine the effect of increasing the nuwwbfereds beyond this figure. It seems
likely that the optimal feeding frequency will be thatiebhensures a constant presence of
feed in the tank.
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In light of the high incidence of darting behaviour obedrin larval cod, this behaviour also
merits a more detailed study than that undertaken hereexample, it would be useful to

identify the stimulus that results in a dart and to confivhether this behaviour is indeed a
response to a real or perceived threat. It would alsasbfil to examine why increased levels
of feed lead to an increase in the incidence of taisabiour (e.g. size or condition) and to
establish what other environmental factors influetiie type of swimming. Such information

could then be used to reduce the incidence of darting loelnaniculture cod.

Finally, it would be useful to examine the effect skrtaking behaviour on levels of survival
in cultured cod. Such information could then inform deosisegarding the selection of
stocks and/or families of cod for culture. It would alsouseful to examine whether levels of
risk-taking in individual cod are consistent across diffegtuations and correlate with other
types of behaviour, such as aggression. Such informdias important evolutionary
implications since correlations between behavioury nesult in sub optimal behaviour in

certain contexts (Bell and Stamps 2004).
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