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Abstract

In contrast to other major forms of livestock agriculture, there is a paucity of scientific information
on the welfare of fish raised under intensive aquacultural conditions. This reflects an adherence to the
belief that these animals have not evolved the salient biological characteristics that are hypothesised
to permit sentience. In this review, we evaluate the scientific evidence for the existence of sentience
in fish, and in particular, their ability to experience pain, fear and psychological stress. Teleost fish
are considered to have marked differences in some aspects of brain structure and organization as
compared to tetrapods, yet they simultaneously demonstrate functional similarities and a level of
cognitive development suggestive of sentience. Anatomical, pharmacological and behavioural data
suggest that affective states of pain, fear and stress are likely to be experienced by fish in similar ways
as in tetrapods. This implies that fish have the capacity to suffer, and that welfare consideration for
farmed fish should take these states into account. We suggest that the concept of animal welfare can be
applied legitimately tofish. Itis therefore appropriate to recognize and study the welfare of farmed fish.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Finfish aquaculture is the production of any fish species, through artificial cultivation tech-
nigues, and embodies the primary objectives of increasing biomass and ensuring successful
reproduction. Over the last decade, finfish aguaculture production has more than doubled
worldwide, and is projected to become an increasingly significant source of animal protein
worldwide (FAO, 2000Q. In contrast to other major forms of livestock agriculture, there is
a paucity of scientific information on the welfare of fish raised under intensive aquacul-
tural conditions. This indicates an adherence to the popular view that the neuro-anatomical
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and physiological features of fish do not permit sentience. Although there has been a per-
ceived need for an assessment of the welfare status of intensively culturdrifists( 1990;
Bernoth, 1991; Needham and Lehman, 1991; Lymbery, 1992; Kestin, 1994; Neukirch, 1994;
FAWC, 1996; Spedding, 2000he underlying basis of exactly how the concept of animal
welfare relates to fish has remained unclear and largely unexamined in the scientific litera-
ture. Recent works pertaining to the question of conscious states in fish yield no consensus
(Rose, 2002; Sneddon et al., 2008 the present review, we evaluate the scientific evidence
that may facilitate an understanding of how animal welfare concepts apply to farmed fish.

2. Why should farmed fish receive welfare consideration?

The welfare of an animal refers to its quality of liflencan and Fraser, 199 concept
that is open to much debate among scientists because it is difficult to define in precise, scien-
tific terms, and because it necessarily involves normative judgements about the meaning of
quality. Nevertheless, a number of research approaches to the study of animal welfare have
emerged Duncan and Fraser, 1997; Fraser et al., }981though a case for fish welfare
could be reasonably argued within the scope of any one of the main animal welfare concepts,
it is the approach put forward Hyuncan (1996jhat provides a conceptual framework to
answer the questionwhy should fish receive welfare consideration or a welfare stdtus
In Duncan’s approach, it is not necessarily the state of health or amount of stress that an
animal has, that matters to its welfare, but the possession and state of a number of cognitive
capacities Duncan and Petherick, 1991; Curtis and Stricklin, 1991; Duncan,)19%@
cognitive capabilities in question are those which form the basis of sentience. Hence, sen-
tience is a prerequisite to having a welfare statMsdd-Gush et al., 1981; Duncan, 1996
follows that if fish are to be given welfare consideration, they must reasonably demonstrate
the cognitive characteristics of sentient beings.

3. Cognitive abilities of sentient animals

The “simplest” of the cognitive processes that may characterize sentience involves being
aware of internal and external stimulncan, 1996; Salzen, 1998 his cognitive ability
has also been defined as conscious cognifiohgm and Liljenstrém, 1997and, according
to some authors, is dependent upon the development of primary consciousndssl(
1997; Edelman and Tononi, 200@Primary consciousness can be defined as “the ability
to generate a mental scene in which diverse information is integrated for the purpose of
directing behaviour” Edelman and Tononi, 2000There are several good accounts of
the emergence of conscious cognition and primary consciousness in evolutionary history
(Humphrey, 1992; Arhem and Liljenstrém, 1997; Lindahl, 1997

“Motivational affective states” include a wide range of conscious experiences such as
pain, fear, hunger, thirst and pleasure. They have long been recognised as adaptive products
of natural selection (e.Romanes, 1884nd play an important role in the causation of some
types of behaviouli{raser and Duncan, 1998 hese are also the states that are increasingly
being used in animal welfare evaluations, with the absence of negative affective states and the
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presence of positive affective states being interpreted as a measure of good \ReiferaT,

1996, 2002; Broom, 1998Although these motivational affective states are subjective, i.e.
they are only available to the subject experiencing them, nevertheless, it is possible to gain
information about them through indirect eviden&afkins, 1993; Duncan, 1996, 2002;

Dol et al., 1997; Griffin, 1998; Rolls, 2000

The indirect evidence for conscious motivational affective states comes from a variety
of sources including neuro-anatomy, neuro-physiology and behaviour, with an animal’s
behaviour probably being the best window into its subjective st&esdan, 200 When
the nervous system of a species attains a sufficient level of complexity during evolution, itis
believed that some types of behaviour become indicative of an animal’s ability to form and
act upon structured, internal neural representations of its internal and external environment
(i.e.itdevelops primary consciousneshjifem and Liljenstrém, 1997; Shettleworth, 2001

Aspects of this cognitive ability can be shown experimentally by testing the hypothesis of
whether learned information is retained by an animal as a procedural representation, or as
a declarative representatiodgyes, 1993; Dickinson and Balleine, 199Rrocedural rep-
resentations mediate stimulus—response behaviour. When an animal is using a procedural
representation, it simply reacts to a stimulus without having awareness or comprehen-
sion about the consequences of its response (this does not mean, however, that the actual
response itself cannot involve a conscious state). Declarative representations permit selec-
tive attention to internal and external stimuli, anticipation, expectation and goal-directed
activity, allowing for increasingly flexible behaviour and adaptive responsdsem and
Lilienstrom, 1997; Eichenbaum, 1997; Lindahl, 199Ithus, consciousness or sentience in
animals is a phenomenon that may be inferred by examination of the cognitive abilities and
neuroanatomical features that an animal may posses.

If it can be shown that species of farmed fish have neuroanatomical, behavioural and phys-
iological attributes that characterize conscious cognition or motivational affective states,
then there may be compelling evidence to suggest that fish can suffer. Teleost fish (e.g.
Salmonidae) are considered to have marked differences in some aspects of brain structure
and organization as compared to tetrapods (i.e. Class Amphibia, Reptilia, Aves, Mammalia),
yet simultaneously demonstrate complex brain architecture and brain functions similar to
those found in tetrapods (e ieuwenhuys, 1982; Lee and Bullock, 1984; Kalman, 1998;
Kotrschal et al., 1998; Anadén et al., 2002; Vonderschen et al., 2002; Wullimann and Rink,
2002. In addition, we suggest that there is a substantial body of scientific evidence demon-
strating that species of fish used in aquaculture possess cognitive abilities consistent with
the hypothesis that primary consciousness and conscious cognition evolved in fish species
(whether it be homologous or homoplastic to the condition in tetrapods). The following
discussion gives a selection of key examples illustrating the biological characteristics of
fish that may suggest that they are sentient.

4. Fish behaviour and internal representations
Experiments designed to test whether or not some types of fish behaviour is governed

by procedural or declarative representations per se are rare or non-existent. However, the
experimental design of some fish behaviour studies, effectively allows for such a distinction
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to be made, or, whose results point to key behavioural features indicating the existence of
primary consciousnes$opal and Csanyi (1999)erformed several experiments that were
designed to test their “Interactive Learning Hypothesis”. The Interactive Learning Hypoth-
esis states that learning processes of fish may be based on internal representations formed
as a consequence of paying active attention to and interacting with external stimuli, as well
as the memories of former experiences which may be combined and transformed so that
new knowledge may be constructed to direct behaviour. In one such experimgatand

Cséanyi (1999showed that paradise fisklacropodus opercularjscould associate distinct,
unpaired stimuli (i.e. stimuli not related by causal relevance, temporal contiguity or the
correlation of events) and demonstrate anticipatory or predictive behaviour as a result of
the association. Paradise fish were pre-exposed to a shuttle tank (a single tank divided into
a light and dark compartment, in which the fish had access to each compartment via a cen-
trally located gate). Twenty-four hours after pre-exposure, a training session occurred where
fish were placed in the light compartment, and were given an electric shock whenever they
entered the dark compartment. Mild electric shocks administered to fish in the dark com-
partment of the shuttle tank did not become aversive; instead, they caused fish to explore the
tank.Topal and Csanyi (199%9)ent on to show that exploratory behaviour demonstrated by
mildly shocked fish could be extinguished or replaced by avoidance behaviour depending
upon the acquisition of earlier memories of their environment, as well as the presenta-
tion of other, unpaired stimuli. Other experiments performeddyal and Csanyi (1999)
showed that their results could not be explained by traditional associative theory (e.g. sec-
ond order conditioning), but rather, learning demonstrated by paradise fish was indicative
of an actual capability for mental construction that could direct their behaviour in flexi-
ble and adaptive ways. From a behavioural perspective, the empirical restittpdfand

Csanyi (1999klearly demonstrate the key characteristics of the ability to form declarative
representations.

Experimental examination of fish communication indicates that they can extract infor-
mation from external events in which they are not involved via observational learning, and
subsequently use that information to direct their future behaviour in flexible and adaptive
ways. In these experiments, the behaviour of fish acquiring information via observational
learning is not manifested as trial and error learning to a new salient aspect of the environ-
ment, but may be explained by the hypothesis that fish make predictions of the outcome
of a behavioural act. This suggests that fish may use declarative representations under
these circumstances. Visually mediated observational learning is a complex phenomenon,
and ranges from learning about stimuli, objects or events in the environment, to conspe-
cific behaviour responsesi¢yes, 1998 Observational learning may also be involved in
goal-directed behaviour or some other form of simple, conscious reasdieygg, 19938
Reports of observational learning in fish are revieweligffer and Colgan (1992)

McGregor et al. (20013lemonstrated the capability for observational learning and in-
dividual recognition in the Siamese Fighting fidefta splendens Male Fighting fish
allowed to observe a pair of males involved in an aggressive interaction, can gather infor-
mation on the relative fighting ability between individuals, and use that information to direct
their behaviour in subsequent confrontations with those previewed individda(Sregor
etal., 200}). Since, in these experiments, the “winner—loser” effect, environmental history,
competitive ability and colour brightness of the fish were controlled, it was determined that
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it was the memory of an individual's relative fighting ability (related to the level of ag-
gressiveness) that was used to direct the observer’s future beh&iiveira et al. (1998)
showed that observing fish were less motivated to engage in a confrontation with an animal
that they had previously seen win a dyad interaction, and more motivated to confront a
fish they had seen lose. HowevbtcGregor et al. (2001)lesigned an apparatus where it

was possible for the observer to watch an interaction in which the relative fighting ability
between the winner and loser was less or non-distinct; in this case, both combatants could
appear to show behaviour indicating that they had won the contest (i.e. increased levels of
aggression). Observing fish later paired with the most aggressive, winning previewed fish
were more willing to engage in a confrontation. Since observing fish could extract and use
information from external events of which they were not involved, and their behavioural
responses to previewed fish was sensitive not only to changes in the level of aggressiveness
displayed by previewed fish, but also to the outcome of a conflict, then it seems unlikely
that fighting ability is remembered as a procedural representation. If information on an
individual’s fighting ability was retained as a procedural representation, then we would ex-
pect that, (a) observing fish should need direct trial-and-error experience with conspecifics
in order to alter their fighting behaviour during future conflicts, and (b) an observing fish
should alter its response to previewed fish in a stimulus—response manner. That is, fish
should be more likely to engage losers (less aggressive fish) and not winners (more aggres-
sive fish) of interactions they have direct experience with. Further investigation is necessary
to demonstrate unequivocally that the memories of an individual’s fighting ability are be-
ing retained as a declarative representation. It has also been shown that, female Siamese
Fighting fish could gather information about interacting males, and subsequently use that
information to direct their behaviour during mate choibeytrelant and McGregor, 20D0
Females appeared to choose males not just on the basis of their relative fighting ability, but
also on the memory of additional cues that were informative of the context of the aggressive
male act.

Individual recognition and the ability to assess fighting skill through observation are
not limited to Fighting fish, and have been demonstrated in other species of cultured fish
(e.g.-Morris et al., 1995; Hojesjo et al., 19p8&Rainbow trout are aggressive animals that,
under some circumstances, fight each other to form and maintain dominance hierarchies or
territories @bbott and Dill, 1985. Individual rainbow trout possess the cognitive ability
to recognize previous opponents, and to modify their own fighting behaviour accordingly
(Johnsson, 1997 In addition, rainbow trout can assess the individual-specific fighting
ability of future opponentsJohnsson and Akerman (199®)sted the hypothesis that a
trout (the observer) could, via observational learning, assess the likelihood of winning a
conflict with previewed individuals involved in a dyadic contest, and alter it's strategy
during subsequent contests with those individuals. An observer viewed a dyadic trial in
which a dominance—subordinate relationship between the combatants was established. In
a subsequent contest where the dominant fish was paired with the observer, it was found
that the fighting strategies of the observer were altered, regardless of whether the observer
eventually became dominant or submissive to the previewed fish. Fish testeldrisson
and Akerman (1998)vere sized matched to standardize for fighting ability, and olfactory
recognition was not a significant factor in influencing their results. This suggests that the
observer could assess its future probability of winning a conflict by comparing previously
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obtained knowledge of its own fighting ability with that of a previewed individual. This
also suggests that the memories relating to fighting ability may be stored as declarative
representations, although additional studies would be needed to confirm that hypothesis.
Fish appeared to use memories of some aspects of their own fighting ability, as well the
memories of a previewed individual’'s fighting ability in an adaptive and flexible way, in
order to direct their future behaviour when fighting with individuals that they had no direct
experience with.

Aggressive species of farmed fish may also communicate with each other during con-
tests. In fighting contests between Atlantic salm&altno sala), a fish can suddenly
change its body colour, which indicates submission to an oppo®&@btnor et al., 1999
Darkening of body colour usually causes the winner of the bout to reduce its aggression
towards the darkened fisl{Connor et al., 1999 During a fighting contest, body dark-
ening is not considered to be a general indicator of physiological si®@€®(nor et al.,

1999. Furthermore, it has been suggested that body darkening in subordinate Atlantic
salmon occurs upon recognition of dominant individuals in order to avert escalated fights
(O’Connor et al., 2000 Subordinate Arctic charSalvelinus alpinusmay also use skin
darkening as a submissive social sigrndbglund et al., 200D In the preceding exam-

ples, there was evidence that fish could remember, recognize and interpret the fighting
skills of future opponents in order to assess their own probability of winning a future
conflict, as well as signal their motivational state to familiar conspecifics. Most of these
behavioural traits involve visually mediated observational learning, and may be indicative
that fish can retain memories as declarative representations. These examples form a pre-
liminary basis for suggesting that primary consciousness and conscious cognition exist in
fish.

5. Motivational affective states

Motivational affective states are biological adaptations that motivate specific behaviour,
especially in situations where a flexible or learned response is more adaptive than a rigid
or reflexive one Eraser and Duncan, 19p8\wareness of internal and external states is
probably not an all or none phenomenon, but rather is “gradealzen, 1998or limited to
a range of subject matter appropriate for the animal’s ecolGgifin, 1998. The question
of what are the fundamental underlying neural mechanisms of affect is highly debatable
(Rolls, 2000Q. However, specific brain structures and neural systems have been associated
with emotions and motivated behaviour in tetrapods. The limbic system is a collection of
brain structures which has some functions in aspects of emotional behaviour, memory, and
learning Koétter and Meyer, 1992; Ono et al., 2Q0The involvement of the limbic system,
although commonly invoked, is controversial with respect to explanations of how emotions
might be generated by its functioning. However, it remains useful from the perspective of
demonstrating that a significant quantity of research supports the view that emotions involve
relatively primitive brain circuits that are conserved through evoluti@Dpux, 2000. In
addition to the limbic system, specific dopaminergic neural systems are involved in some
types of affective and motivational processEibiger and Phillips, 1986 Despite differ-
ences in ontogeny, there is a growing body of anatomical, behavioural, and pharmacological
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evidence to suggest that the brain structures and neural systems associated with motivational
affective states in tetrapods are present in flsh §nd Kishida, 1978; Munro and Dodd,
1983; Kalman, 1998; Butler, 200

5.1. Limbic system

Since the behavioural effects of ablation of the telencephalon in fish resemble results
from lesion experiments on the mammalian limbic systBor{avella et al., 2002the fish
telencephalon, along with other brain structures, has been hypothesised to be functionally
homologous to limbic structures found in tetrapo@gfishi, 1997; Mok and Munro, 1998
The limbic system of tetrapods may consist of the hippocampus, amygdala, hypothalamus,
habenula and mammillary bodidsdtter and Meyer, 1992 The hippocampus of tetrapods
is involved in memory and learning of spatial relationships. The ability to form declarative
representations is also dependent upon the hippocarglefbaum, 1997 Spatial and
associative learning in goldfish are affected by telencephalon ablation in similar ways to
hippocampal lesions in mammals and birds, suggesting that regions of the telencephalon are
homologous to the hippocampus of tetrapd8alés et al., 1996a,b; Lopez et al., 2000a,b
Vargas et al., 2000Furthermore, hippocampal regions of the fish telencephalon have been
shown to function as a map-like relational spatial memory system, and play a crucial role in
the use of flexible representatiorgqdiiguez et al., 2002a)bThese data also corroborate
the behavioural evidence presented earlier which suggests that fish may have declarative rep-
resentations. The amygdala of tetrapods contributes to olfactory input processing, arousal
and emotions, such as feavidren, 200). In fish, an amygdaloid complex exists and is
located in the telencephaloM@nro and Dodd, 1983; Bradford, 1995; Yoshimoto et al.,
1998; Carruth et al., 2000Lesions or electrical stimulation of the amygdalar region in
fish produces changes in aggression similar to those observed following amygdalar lesions
or stimulation in tetrapodBfadford, 1995; Portavella et al., 2002 he hypothalamus of
tetrapods is involved in the integration and control of a variety of autonomic functions,
sexual behaviour and emotiorRdtrovich et al., 2001 The hypothalamus of fish is well
studied with respect to its anatomyinro and Dodd, 1983and its involvement in en-
docrine functions Sumpter, 199) As in other vertebrates, the hypothalamus of fish is
involved in sexual and other social behaviour and is responsible for integrating a variety
of environmental and internal signals, including those (internal signals) originating from
the telencephalic areas implicated in emotional learniiox €t al., 1997; Folgueira et al.,
2002; Portavella et al., 2002The mammillary bodies and habenulae of tetrapods func-
tion in olfaction. Mammillary bodies may be represented in the fish brain, although their
structural and functional limits are not cle&dawai et al., 2000 The habenulae are better
studied in fish Bradford and Northcutt, 1983; Cé@a et al., 1998 and may contribute
to several forebrain pathways, including those involved in olfactidafi€z and Anadén,
1996.

5.2. Dopaminergic systems

Mesolimbic and mesostriatal dopaminergic neurons facilitate normal functioning of
forebrain and other neuronal systenise (Moal and Simon, 1991 Since mesolimbic
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dopaminergic neurons project into the limbic systdre Moal and Simon, 1991and
mediate learning and reward mechanisfibiger and Phillips, 1986 mesolimbic neurons

have been implicated in the control and expression of behaviour that results from emo-
tion. There is evidence to suggest that dopaminergic innervation of the fish telencephalon
mediates motivational states and behaviour in ways similar to tetrapods.

A reward is anything for which an animal will work. Reward behaviour observed in
tetrapods, is hypothesised to be related to an emotional Ralés, (2000, and can be
experimentally manipulated through use of psychotropic drugs. Since administration of
dopaminergic agonists (e.g. amphetamine, apomorphine) produces reward behaviour in
both mammals and fish, it has been hypothesised that central reward mechanisms of fish
are similar to those found in other vertebratiest{ and Grant, 1989; Mattioli et al., 1995
This hypothesis is further supported by pharmacological studies investigating the effects
of substance P on vertebrate behaviour. In addition to pain mediation, the neuropeptide
substance P is involved in learning, memory and reward processes in mammals, and its
effects may be mediated through dopaminergic systevtadtioli et al., 1999. In fish,
as in mammals, dopaminergic cell bodies can be located at similar brain regions where
substance P terminals are fouriddttioli et al., 1997. Using an appetitively motivated
learning taskMattioli et al. (1997)demonstrated that substance P treatment has a similar
effect on the memory and reward system of goldfish, and that these effects are also mediated
by dopaminergic systems. In additiddantangelo et al. (200Ehowed that substance P
improved learning and memory processes of goldfish during avoidance testing, and impli-
cated ventral telencephalic structures in mediating such processes. In fish, dopaminergic
agonists may influence behaviowigk and Munro, 1998 and have been implicated in
mesolimbic regulation of aggression and fédunro (1986)showed that intercranial in-
jections ofp-amphetamine or immersion in apomorphine inhibited aggression in a teleost
fish, Aequidens pulcher~urthermore, apomorphine inhibits aggressiomirpulcherin
a dose-dependant fashion; this is consistent with observations for mammals treated with
apomorphine Munro, 1986. Investigations of apomorphine treatment on fish behaviour
have also lead researchers to suggest that telencephalic dopaminergic neurons mediate fear
responses of fislgreochromis niloticusO. mossambicyso novel environmentsyok and
Munro, 1998. Meperidine derivative (MPTP) causes a Parkinsonian syndrome in humans
and primates by altering or destroying mesostriatal dopaminergic neupoliar@ et al.,

1996. MPTP administered to goldfish also elicits a Parkinsonian syndrome, consisting of
marked behavioural and neurochemical changes in the telencephalon that closely parallel
observations in tetrapod&0ping et al., 1995; Pollard et al., 199®cular abnormalities

that occur in Parkinson’s syndrome can also be induced in fish by altering dopaminergic
neurotransmissiorjetrich et al., 200p

In summary, the anatomical, physiological and behavioural features of fish show evi-
dence for having functional, homologous limbic and dopaminergic structures as present in
tetrapodsiunro and Dodd, 1983; Rink and Wullimann, 2001; Wullimann and Rink, 2002
The presence of these neural systems in fish, along with similar declarative type memory
systems suggest that modern fish and tetrapods have inherited those traits from a common
ancestor during vertebrate evolution. Some of these traits may have been retained without
extreme functional modification, and there is research available to support the view that
emotions involve relatively primitive brain circuits that are conserved through evolution.
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Therefore, itis reasonable to suggest that motivational affective states could have developed
at some level of fish evolution (e.g. the Actinopterygii).

6. Pain and the telencephalon

The information pertaining to pain in fish is limited, but a sufficient amount of data has
emerged so that hypotheses pertaining to the phylogenetic origin of pain perception in ver-
tebrates are possible to generate. The limited quantity of data, however, fuels the perception
that conclusions about the existence of pain perception in fish are entirely subjective. After
a preliminary examination of the neurological, pharmacological and behavioural evidence
of pain perception in fistGregory (1999)estates the problem as “the appropriate question
appears notto bdo fish feel painbut ratherwhat types of pain do fish experiente®ased
on the information that we present here, we suggest that pain in fish may be experienced in
ways similar to tetrapods.

6.1. Peripheral detection of noxious stimuli: nociceptors

The receptors, neuronal pathways and specific transmitter molecules that convey informa-
tion about painin vertebrates is collectively termed the nociceptive syZiegigansberger,
1986. In tetrapods, nociceptors are the peripheral sensory nerve endings specialised to sig-
nal and encode tissue damaging stimdinfmermann, 1986 Nociceptor fibres may be
polymodal (i.e. respond to multiple noxious stimuli) myelinated A-delta and unmyelinated
C fibres Besson, 1990 In human beings, stimulation of A-delta fibres eventually leads to a
prickling type of pain, whereas stimulation of C fibres produces a burning or dull\élirs(
and Westlund, 1997Anatomical and physiological studies have confirmed the existence of
both A-delta and C nociceptor fibres in rainbow trout. As in tetrapods, A-delta and C fibres
in the trout trigeminal nerve are polymodal, slowly adapting receptors that are activated
by mechanical, thermal and chemical stim8ngeddon, 2002; Sneddon et al., 2p08&
addition to more evolved species of fish, anatomical and physiological studies of primitive
fish (LampreysPetromyzon marinyschthyomzon unicuspisave confirmed the existence
of functional nociceptor nerve fibres. In these studies, destructive stimuli (pinching, punc-
turing, burning) applied to the skin resulted in electrophysiological activity of trigeminal
ganglia innervating the fish’'s heal&tthews and Wickelgren, 19¥,8and dorsal cells (a
class of primary sensory neuron) in the fish’s spinal cord and bixéaintin and Wickelgren,
1971; Rovainen and Yan, 198®orsal cells of the lamprey spinal cord are thought to be sim-
ilar to some types of nociceptive neurons found in tetrapbtdstin and Wickelgren, 1991
similar cells are also found in teleost fidfirijger and Rovainen, 198 However, the elec-
trophysiological characteristics that distinguish nociceptive-specific from pressure-specific
dorsal cells in the spinal cord of the lamprey are controver§iatitenson et al., 1988
Additional research is needed before comparisons of lamprey nociceptive-specific dorsal
cells can be made with tetrapod nociceptors. Other peripheral nerve fibres may convey no-
ciception in fish. Based upon anatomical and electrophysiological evidence, as well as the
presence of pain-mediating neurotransmitters, l&histenson et al. (198&nd Martin
and Wickelgren (197implicate lamprey dorsal root ganglion cells as having nociceptive
functions.
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6.2. Central integration of nociceptive signals: spinal pathways

In tetrapods, central nervous system (CNS) processing of peripheral nociceptive infor-
mation begins at the level of the spinal cord or brainstem. Neuronal networks within the
spinal cord modulate and transmit nociceptive signals to various sites within the brain, and
to other spinal neurons (e.g. flexor motor neurdffglis and Westlund, 199y In general,
both fish and tetrapods show similar organization of major spinal pathways (i.e. the dorsal
column and spinal lemniscus systems) that transmit neural signals within the spinal cord to
the brain Ronan and Northcutt, 1990Within these major spinal pathways, several nerve
fiber tracts may be involved in the transmission of nociceptive information in tetrapods.
These include spinothalamic, spinomesencephalic, spinoreticular and spinolimbic tracts
(Willis and Westlund, 1997; Chapman and Nakamura, 19B@pending on the species,
one or more of these spinal tracts have been identified inEibgsson and Hodde, 1981,
Murakami and Ito, 1985; Ronan and Northcutt, 1990; Finger, 208Bhough mammals
exhibit more recently evolved spinal tracts that carry nociceptive signals to the brain (i.e.
the neospinothalamic tract), phylogenetically older tract systems, as found in “lower” ver-
tebrates, still function in mammalian pain perceptiéte\etter and Willis, 1984 This
suggests that spinal pathways that transmit and modulate nociceptive signals to the brain
are phylogenetically old and are not restricted to the tetrapods. In teleost fish, trigeminal
nerve afferents implicated in nociception enter the brainstem and project to brain nuclei
(Nieuwenhuys and Pouwels, 1983; Puzdrowski, J98&veral peptides that may trans-
mit and modulate nociceptive signals may be found within these trigeminal brain nuclei
(Cuadrado et al., 1994In addition, research has demonstrated that autonomic nervous sys-
tem and behavioural responses of teleost fish to noxious stimuli are specifically indicative of
the detection (via the trigeminal or other cutaneous nerves) and transmission of nociceptive
signals to brain centreide and Hoffmann, 2002; Sneddon et al., 2D03lamprey, sensory
inputs into the spinal cord (e.g. via dorsal cells) can be transmitted to the brain through relay
neurons Buchanan, 2001and are facilitated or inhibited by certain neuropeptides that are
known to modify nociception in mammal&{istrom et al., 1999 The type and location
of neuropeptides in the spinal cord of the lamprey also show strong homologies to that of
other tetrapodsilistrom et al., 199%

6.3. Central integration of nociceptive signals: biochemical mediation

The preliminary biochemical evidence for pain perception in fish also suggests that pu-
tative pain pathways and the biochemical mediation of nociception in fish are in some
ways similar to the tetrapods. Substance P is a unadecapeptide found in a variety of an-
imal tissues, and is known to be involved in the transmission and modulation of pain
signals in tetrapod<{eglgansberger, 1986; Commons and Valentino, 20@2munohis-
tochemical analysis of substance P distribution in the brain of the teleoggisiionotus
leptorhynchuseveals trigeminal nerve fiber organization suggestive of a pain-transmission
pathway involving a substance P-like peptidfge{d and Maler, 1992 FMRFamide is a
peptide neurotransmitter found in the brain centers of tetrapods, and its function is closely
associated with analgesic and aversive responses. FMRFamide is also found in homologous
brain centers of trout, suggesting that it may also play a similar role in@sbt(o et al.,
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200). In mammals, adrenocorticotropin may be released from the pituitary gland when
noxious stimuli are encountere€lfapman and Nakamura, 199&ndogenous opioids
(morphine-like substances) are also produced in tetrapods, which can suppress the intensity
of pain experiencedZjeglgansberger, 1986A number of studies have shown that the ner-
vous systems of teleost fish also produce chemical compounds related to adrenocorticotropic
hormone and pain-mediating opiaté¢g(and Chan, 1990; Vecino et al., 1992; Danielson

et al., 200}. Jansen and Green (197@)dEhrensing et al. (1982)emonstrated that anal-
gesia could be achieved in goldfisBgrassius auratyssubjected to electric shocks by
adding morphine to the tank water. SimilaGhervova (1997§ound that it was possible to
modulate pain-induced behaviour of rainbow trout using opiate and non-opiate analgesics.
Using opiate antagonist&hrensing et al. (1982pund that morphine analgesia in goldfish
could be blocked through modes of action similar to those in tetrapods. In addition, it has
been reported that at least six different protein binding sites, which may act as receptors
for pain modulating molecules, are present in teleost f&tlogkopf, 1994 In zebrafish
(Danio rerio), the distribution and type of opioid receptors in the CNS supports a sensory
or analgesic role for those receptors, and further suggests that some nociceptive pathways
have been conserved throughout vertebrate evoluBortéros et al., 1999Expression of
d-opioid receptors in zebrafish has been localised to limbic structures, as well as to other
brain structures that have been implicated in pain mediation via ablation stedigerps

et al., 1999. Sneddon (2003demonstrated a morphine-induced reduction in pain-related
behaviours as well as opercular beat rate in rainbow trout subjected to noxious stimuli. The
author concluded that morphine acts as an analgesic in trout, and that the potential exists
for both pain perception and response in fish that are not simply reflexive in nature.

6.4. Nociception, the telencephalon and pain perception

Conscious, subjective experience is an intrinsic component of pain (i.e. feeling pain) in
humans and higher vertebrat&oge and Adams, 1989t is generally accepted that all con-
scious processes, including the perception of pain involves neural pathways that connect to
various forebrain structures, including the cerebral coneéli§ and Westlund, 199y All
vertebrate animals develop a forebrain (i.e. telencephalon and diencephalon brain regions).
The pallium is a general term describing the grey matter that covers the telencephalon. Over
the course of evolution, the pallium has thickened to various extents in different classes of
vertebrates, and consists of a laminated structure in mammals, the cerebralSwitektdr,

1997. Among other functions, a laminated cerebral cortex leads to computational advan-
tages with respect to sensory processing and motor functiinedter, 199y, Although

the pallium of modern fish is unlaminated, (albeit lamination of pallial areas may be found
in some fish speciesyicht and Northcutt, 1993there is growing evidence to suggest that

it has developed into a highly differentiated structure with respect to the processing of sen-
sory information, and exhibits fundamental features that have been conserved throughout
pallial evolution Echteler and Saidel, 1981; Davis and Kassel, 1983; Bradford,)1986
telencephalon of fish (pallial and sub-pallial structures) receive extensive neural projections
from the thalamus and other specialised relay nudieidt al., 1986; Zupanc, 1997and
discrete pallial regions have been shown to be involved in the processing of somatosensory
(e.g. possibly nociception via the trigeminal nerlte; et al., 1989, visual Saidel et al.,
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2001, gustatory Yoshimoto et al., 1998 olfactory (Laberge and Hara, 20placoustic
communication Goodson and Bass, 2002nd other sensory modalitieBrechtl et al.,
1999. In addition, the fish telencephalon may mediate sensory integration and executive
functions analogous to those of the tetrapod telencephalon. Such integrative or executive
functions of the fish telencephalon include the regulation of avoidance lea@irgrhier
and Hollis, 1990, habituation Rooney and Laming, 1988general arousal and social be-
haviour Rooney and Laming, 1988; Overmier and Hollis, 1990; Riedel, L928well as
motivation and emotional learning ¢rtavella et al., 2002 Since the telencephalon pro-
cesses somatosensory input and plays an integrative role in the avoidance responses of fish
to noxious stimuli, it is probable that nociceptive signals (as well as other senses) in fish are
not limited to initiating reflexes via the spinal cord or brainstem, but are also relayed to pal-
lial and sub-pallial structures. The mechanisms by which pallial, sub-pallial and other brain
regions generate consciousness, for any vertebrate animal, is the subject of intense debate
and a number of working hypothes&eg@rle, 2000; Dehaene and Naccache, 2001; Dennett,
2007). Traditionally, it was thought that neurons with a particular anatomical location or
biochemical feature (e.g. the neocortex or the reticular activating system) were somehow
made distinct from other, seemingly identical neurons, so that their activity was responsible
for consciousnessTononi and Edelman, 1938Dissatisfaction with this traditional view,
and the acquisition of new data via brain imaging technology have fostered new mainstream
approaches to the study of consciousn@&sa@ni and Edelman, 1998; Dennett, 2001; Baars,
2002. Afundamental tenetamong these hypotheses is that the neural basis of consciousness
involves widespread integration of differentiated pallial and sub-pallial neuronal popula-
tions within the brainBaars, 200R Since the cytoarchitecture of the fish brain is one that
permits integration of differentiated pallial and sub-pallial regidDerfia-Reverter et al.,
2001; Saidel etal., 2001; Wullimann and Rink, 2D0ds reasonable to suggest that modern
hypotheses pertaining to the neural basis of consciousness may apply to fish.

As cognition and emotion appear to exist in a reciprocal relationship in hurGaagman
and Nakamura, 1999ain perception in animals is commonly elucidated through the learn-
ing abilities of the animal (with respect to noxious stimuli), and through brain ablation ex-
periments Kitchell and Guinan, 19901n general, teleost fish show learning abilities that
are similar to those of other vertebrates that are presumed to experienc®yaimier and
Hollis, 1983. Briefly, learning in teleost fish can encompass non-associative processes (i.e.
habituation, sensitisation, pseudoconditioning), associative processes (classical condition-
ing, operant conditioning, avoidance learning), integrative processes (transfer of control,
successive reversal learning) and interactive learning proceSaeadge, 1980; Overmier
and Hollis, 1983; Topal and Csanyi, 1998ost of those learning processes can be fa-
cilitated by noxious stimuli, such as electric shocks, and are modulated by telencephalon
ablation. With experience, fish can learn to avoid situations or locations where they have
experienced noxious stimuli which are expected to produce gaer(nier and Hollis,
1983. Rainbow trout may, through experience, associate an approaching conspecific with
the physical consequences of receiving a nip that normally follows such an approach, and
learnto retreat®itcher, 1993@verliet al., 1998 Fish also may actively avoid environments
that were once preferred or rewarding (food liberating) if a noxious stimulus is introduced
there Overmier and Hollis, 1983; Piront and Schmidt, 1988ish may interpret tactile
sensations as positive or negative; ectoparasites that irritate the skin and gills of Atlantic
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salmon cause them to initiate a leaping behaviour, apparently in an attempt to rid themselves
of the irritation Furevik et al., 1998 Fish may also solicit the attention of wrasses (cleaner
fish that remove parasites from the bodies of other fish), suggesting that they find this tactile
stimulation positive l(osey and Margules, 1974Topal and Csanyi (1999pund that the
behavioural response of paradise fish to electric shocks significantly changed with shock
intensity, as well as to the presence of other salient objects in their environment. While low
intensity shocks stimulated exploratory activity (presumably to identify the source of the
noxious stimuli), high intensity shocks elicited a passive defense or facilitated avoidance
learning. Furthermore, if low intensity shocks (that initially caused exploratory behaviour)
were administered to paradise fish in the presence of a harmless goldfish, exploration be-
haviour diminished and avoidance learning was dete@sedryi, 1986; Topal and Csanyi,
1999. The behavioural response of paradise fish to changes in intensity of punishment
parallels that of rodent$énselow and Lester, 198&nd also suggests that noxious stimuli

in these fish may be subject to cognitive processes that incorporate declarative representa-
tions. Zerbolio and Royalty (1983)esigned a complex avoidance learning task in which
goldfish were required to learn the relationship between signals (matching or oddity) in or-
der to avoid being shocked, rather than simply learning which specific signals were paired
with a shock. That fish were able to learn matching and oddity discriminations among a
variety of signals in order to avoid being shocked suggests that such learning occurs at the
conceptual level. Other avoidance learning studies in fish have been revievaabyier

and Hollis (1990)who also suggest that fish have the ability to construct cognitive repre-
sentations of noxious events and are able to form expectancies of the noxious stimuli as
a result. In summary, it is becoming clear that fish have a capacity to detect, conceptual-
ize and subsequently respond to nociceptive stimuli. From a heuroanatomical perspective,
it would also appear that modern hypotheses pertaining to the neural basis of conscious-
ness include, rather than exclude, fish species. Therefore, it is conceivable that nociception
(and other senses) in fish is consciously experienced, and is responsible for motivated
behaviour.

7. Fear and anxiety

Fear may be defined as a psychophysiological response to perceived danger, and is a phe-
nomenon which acts as a powerful motivator to evade perceived thieatss 199 Fear
in fish has been characterised through branchial responses, alarm pheromone-initiated re-
sponses and aversive behavioural reactions. Fearful responses of fish to noxious or startling
stimuli, which are manifested as vigorous, rapid escape manoeuvres are collectively de-
fined as fast-start responses. In tetrapods, Pavlovian fear conditioning is considered to
be an integral component of defensive behaviour, and has been hypothesised to involve
declarative neural representations requiring amygdaloid and hippocampal brain region in-
volvement Maren, 200). The neurobehavioural basis for Pavlovian fear conditioning in
fish, as elucidated through branchial or alarm responses, appears also to be dependent upon
cognitive mechanisms and homologous brain regions similar to those of tetrapods. For
example, in goldfish, fear responses to an imminent electric shock can be blocked by in-
tracranial administration of a braM-methylp-aspartic acid (NMDA) receptor antagonist
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(an anterograde memory blockeDdvis and Klinger, 1994 In tetrapods, intra-amygdaloid
infusions of NMDA antagonists may also prevent acquisition of Pavlovian fear conditioning
(Maren, 2001 In some fish species, fear and anxiety-like responses may be elicited via an
alarm substance pheromone that is exuded from injured Skinitly, 1992. Although the
pheromone-initiated fright response is innadt@Jl and Suboski (1995)emonstrated that
control over the inducement of fright behaviour could be transferred, through associative
learning processes, from the pheromone to innocuous visual or olfactory stimuli. In addi-
tion, fear responses to the alarm pheromone diminish when fish are treated with anti-anxiety
drugs that bind to specific benzodiazepine receptors in their bRahr{berg et al., 1989

Fish, as well as rodents, also show increased exploratory and foraging behaviour in novel,
anxiogenic environments when treated with benzodiazepine dRefsperg et al., 1989
FurthermoreWisenden and Smith (1998jhowed that fish adjust their synthesis of alarm
pheromone based upon the level of perceived environmental risk. These findings suggest
that states of fear and anxiety in fish are mediated by limbic neural systems.

The fast-start response of fish to noxious or startling stimuli is characterised by a high-
energy swimming burst, either starting from rest or imposed upon periods of steady swim-
ming (Domenici and Blake, 1997 The actual response itself may be classified as a fixed
action pattern Eaton and Nissanov, 198%vhich is triggered by the firing of a pair of
large neurons located in the brain steffafon et al., 1981 These neurons receive a rich
supply of connections from sensory and integrative centers in the brain, and not surpris-
ingly, fast-starts are initially dependent on sensory information which allows the fish to
coordinate the trajectory of its response in relation to the stimiReb¢rts, 1992; Eaton
et al., 200}). Therefore, although the fast-start response itself is a fixed action pattern, the
context in which it is elicited by a fish varies. Fast-starts are used by fish in social interac-
tions, during feeding behaviour, to escape predators, and for predatory sDikegiici
and Blake, 199) This opens the possibility that under certain conditions, there is likely to
be a motivational basis for performing fast-starts. For exan@édmfield and Rose (1993)
demonstrated that feeding manoeuvres (capturing of a cricket) in goldfish incorporated
fast-starts. Since the motivation for feeding is different from that of predator avoidance,
the authors suggested that higher order neural processes may modulate sensory activation
of the neurons which invoke the fast-sta@anfield and Rose (1993)so suggested that
there may be a voluntary component for the fast-start activation within a feeding context.
Those suggestions are supported by the finding that alternative neural pathways that invoke
fast-starts do existHaton et al., 1982; Zottoli et al., 19p®Dther studies have suggested
that motivation may play a role in determining the fast-start response of fish when avoiding
predatorsWebb (1986bserved that fast-start responses of fish chased by predators were
up to 15% quicker than when predators attacked but did not give chase. Further evidence for
the existence of a motivational component in fast-start reactions, with particular reference
to fear, were demonstrated in experiments performe@dmytalupo et al. (1995)sing the
teleost mosquitofistGirardinus falcatusthe investigators measured the direction of turn-
ing during an escape response evoked by a simulated predator. The test apparatus consisted
of a rectangular tank in which a predator shape could be rapidly introduced and viewed by
the fish through a transparent side of the tank. The simulated predator was presented only
when the fish swam across the median portion of the tank, in a central position where the
fish’s central axis was perpendicular to the predator. Upon presentation of the predator, the
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fish would perform an escape response, either turning left or right, away from the predator.
There are two findings of this study which are relevant to motivation and fear in fish. First,

it was noticed by the investigators that with repeated testing of the same animal, the fish
tended to avoid the centre of the tank where the stimulus presentation would occur. If the
fish happened to swim in the tank centre, it tended to zig-zag rajBitptza et al., 1998

It therefore appears that the fish developed an active strategy to avoid an encounter with
the stimulus. It is interesting to note that the learned association of fear with a particular
position in the tank may require hippocampal involvement; similar mechanisms by which
the hippocampal formation assembles contextual representations and transmits them to the
amygdala for associative learning has been demonstrated in tetrapads( 200). Since

the zig-zag swimming and the escape response were used by the fish to prevent presenta-
tions or to remove itself from a stimulus previously perceived as negative, it is reasonable
to conclude that the fish could anticipate the frightening stimulus, and the escape response
was in part motivated by an affective state of fear. The second point of interest in this study
relates to the direction (left or right) of the escape response shown by the test fish. The
fish tested byCantalupo et al. (1995howed a tendency to escape to the right, but after
repeated predator occurrences, were biased to escape to the left. The authors speculated
that the change in escape direction from right to left was related to the way that the fish
categorised the predator stimulus. In animals with laterally placed eyes, as in most fish
species, the visual scenes on the right and left sides may evoke different types of behaviour,
as a result of differing modes of analysis of perceptual information carried out by the left
and right sides of the braimB{sazza et al., 1997a,b, 19%acchin et al., 1999Cantalupo

et al. (1995)easoned that an initial escape to the right would keep the fishes left eye in
contact with the predator stimulus, possibly because of the involvement of the right-sided
structures of the brain in response to fright. The different involvement of the right and
left sides of the brain (i.e. lateralisation) has been implicated in a variety of cognitive and
affective functions in vertebrateBisazza et al., 1997b; Mikldsi and Andrew, 1999; Kilian

et al., 2000. Since presentation of the model to the fish was not followed by attacks and
injuries, the fish may have categorised subsequent presentations of the stimulus as innocu-
ous (but still to be avoided), with a shift towards control by the left-sided regions of the
brain. A similar phenomenon has been shown to occur in the domesticated Ahtleyv

and Brennan, 1983Jones (1997hotes that fear responses of animals may be altered and
integrated according to changes in the perceived potency of the threatening stimulus, and
consequently, the intensity of the internal fear state. The cognitive processing and cate-
gorisation of startling stimuli as initially threatening, but later innocuous, suggests that fish
can experience fear in similar ways to other vertebrate animals. In summary, the cognitive,
neurophysiological and behavioural features of fear responses of fish suggest that they have
some capacity to consciously experience fear.

8. Psychological aspects of stress
When fish are stressed, there is an adrenergic response which results in the liberation of

adrenaline and noradrenaline to the blood stream, and a hypothalamo—pituitary—interrenal
response, which ultimately results in an increased blood cortisol concentr&tiomp(er,
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1997. A number of investigators, however, have also adopted a more encompassing view
of stress in fish, by realising that the stress phenomenon is an integrative process that takes
into account both the perception of the stressor by fish and the memory of prior experiences
in the process that organises the stress resp@&@aseofl, 1997. This has prompted several
authors to discuss stress in fish not only from a physiological point of view, but from a
psychological one as well.

Schreck (1981yas the first to suggest that the psychological component of stress was im-
portant in determining the severity of a stress response in fish to physical stressors. Schreck
proposed that the psychological well-being of a fish was a factual, tangible phenomenon,
that could be elucidated by awareness or positive conditioning experiments. Although very
little research has addressed the issue of psychological well-being in fish, the results of such
studies clearly demonstrate the psychological component of stress. In one such experiment,
Schreck et al. (1995)ere able to positively condition chinook salmd@rcorhynchus
tshawytschpto a stressor (emptying the fish tank until the water just covered the fish’s
bodies). After conditioning, the fish’s physiological stress response (cortisol) to subsequent
stressors (transportation) was significantly lowered as compared to controls. In addition,
the psychologically hardened fish had a higher rate of survival in a number of challenge
tests after the initial transportation stressectfreck et al., 1995

Since many species of farmed fish form social hierarchies, or defend territories
(Wedemeyer, 1997 psychological stress in a social context has been more thoroughly
studied in fish. In a social context, psychological stress in animals may be conceptualised
as having three componenayan, 1991 The first consists of a set of negative affective
experiences, such as fear. The second component consists of a perceptive process, by which
familiar conspecifics are recognised as damaging, and strange conspecifics are viewed as
threatening. Fearin fish, and the perceptual process by which conspecifics can be recognised
with respect to aggressive ability has been discussed previously. The third component of
socially induced psychological stress relates to the cognitive process in which animals can
anticipate the presence or actions of stressful conspecifics.

Fish in stable dominance hierarchies may be classified as dominant, subordinate, or in-
termediate in status. There is evidence to suggest that not only can the subordinate fish
in a hierarchical situation anticipate the action of dominant fish, but it can be affected
psychologically as well. A number of studies using rainbow trout and Arctic charr have
demonstrated that the chronic stress experienced by subordinates is more related to the
threat imposed by the presence of the dominant fish, rather than actual aggressive encoun-
ters Winberg and Nilsson, 1993; Winberg and Lepage, 198&erli et al., 1999 This
suggests that the experience of a fish being subordinate under captive conditions probably
involves an affective state of fear. If an animal is capable of experiencing fear, then the mo-
tivational state of that animal could also be expected to be altered. The central serotonergic
system of fish seems to have an influence on the motivational state, and consequently, on
the behaviour of the fish. The subordinate experience in many vertebrate species, including
fish, is associated with an increase in brain serotonergic actMitplierg and Nilsson,

1993; Winberg et al., 1996Socially subordinate fish with an increase in brain seroton-
ergic activity are behaviourally inhibited (i.e. less motivated to fight), and show reduced
locomotor activity @verli et al., 1998, 1999 Interestingly, those findings are similar to

the observations and adaptive functions of depression, as described in mammals and other
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vertebratesNesse, 2000 Fish also demonstrate increased brain serotonergic activity when
they are allowed to view predatord/{nberg et al., 1998 The fish telencephalon contains
homologous brain nuclei that are observed in tetrapods to mediate psychological stress
(e.g.Funada and Hara, 20D1n tetrapods, glucocorticoid induced serotonergic activation
occurs in limbic brain regions that are known to mediate social stress and other moti-
vated affective behaviour§gmmers et al., 2000In fish, glucocorticoid receptors can be
found in homologous limbic brain region8drruth et al., 200that also show serotonergic
activation when fish are exposed to social stresddfslferg and Lepage, 1998he neu-
robehavioural similarities between fish and other vertebrates with respect to social stress
further supports the suggestion that fish have some capacity to experience psychological
stress.

9. General conclusions

This review of the anatomy, physiology and behaviour of fish suggests that they are
more likely to be sentient than not. Therefore, in any fish farming enterprise, the welfare of
the fish requires consideration. Animal welfare is discussed and pursued because of ethical
concern about the quality of life of animals. Inherent to the concept of animal welfare is that
animals have the capacity to suffer, and therefore the quality of life of an animal is greatly
determined by how much it may suffer under captive conditinsican and Fraser, 1997
The previous discussion has illustrated that affective states of pain, fear, and psychological
stress are likely to be experienced by fish. This implies that like other vertebrates, fish have
the capacity to suffer, and that welfare consideration for farmed fish should take these states
into account. Therefore, the welfare of farmed fish should include, but range beyond, basic
life-support (suitable water conditions and adequate feeding), and should be extended in a
manner appropriate for the cognitive abilities they may posses.

The welfare issues relevant for a given species may differ depending on strain variations in
cognitive functions and behaviour. Fish species can be divided into three major evolutionary
groupings, which have been subject to divergence at an early stage in their evolutionary
history Hildebrand, 199% There are at least 20,000 species of teleost fish, and the select
few that are farmed sometimes show extreme diversity in habits and habitat. Therefore,
variability in brain structure and functions are to be expectddnro and Dodd, 1983;
Kotrschal et al., 1998 In addition, different species of farmed fish vary in their stage of
domesticationRottinger and Pickering, 199 Therefore, the welfare issues when farming
catfish, for example, are probably not going to be the same as when farming rainbow
trout or relatively non-domesticated Arctic charr. This implies that research to address
species-specific welfare concerns is needed.

Aquaculture facilities utilize a number of technologies that need to be examined from
the perspective of fish welfare. These include high density cultdedémeyer, 1997;
Winfree et al., 1998 various feeding strategie#lputou et al., 1998; Simmons et al.,
1999; McCarthy et al., 1999 genomic manipulationsAprahams and Sutterlin, 1999
handling methodsGrizzle et al., 1992; Bhujel, 20Q0transportationGarcia et al., 2000
and slaughter techniquelsdstin et al., 1991; Marx et al., 1997; Gregory, 1998; Robb et al.,
2000. Future research is needed to develop tools that can be used to evaluate the effect of
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these procedures on welfare, and to provide objective information that will help to determine
and define the limits of acceptable captive conditidBegndroo, 2000; Chandroo et al.,
2000; Cooke et al., 2000
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