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PREFACE
Volume 6 of the Fish Physiology series was the first to focus specifically on

fish behaviour in relation to physiology. Almost thirty five years later, we are

dedicating another volumeof this internationally recognised series to the inter-

relations between behaviour and physiology in fish. Within the intervening

period, several volumeshadChapters that consideredfishbehaviour; however,

it is only in recent years that the integrative approach to fish behaviour and

physiologyhasdramatically increased.Thepresentvolume(24)brings together

these disciplines in a comprehensive review of the available literature with an

additional introductory overview. The progression of Chapters focuses on

diVerent aspects in the life history of a fish, each written by scientists who

arebridging thegapbetweenbehaviourandphysiology in theirownspecialised

discipline. In addition to contributing to our current knowledge on both fish

behaviourandphysiology,wehope that this volumewill excite the futureuseof

multidisciplinary approaches to understand the interplay between behaviour

and physiology in fish.

The present Fish Physiology volume is a result of considerable eVort and
enthusiasm by the Chapter authors for which we are truly grateful. Without

their dedication this bookwouldnot havematerialised. Twenty referees, includ-

ing Grant Brown, Jonathan Evans, Michael Fine, Richard Handy, Andrew

Hendry, Felicity Huntingford,Masayuki Iigo, RosemaryKnapp, JensKrause,

Robin Liley, Edward Little, Carin Magnhagen, Anne Magurran, Justin

Marshall, Steve McCormick, Tom Pottinger, Robert Poulin, Javier Sánchez-

Vázquez, Alex Scott, and one referee who would like to remain anonymous,

provided constructive guidance and have played an integral part in this project.

Wewould also like to thank the series editors, Tony Farrell and Colin Brauner,

for their never-ending support and Andrew Richford at Elsevier for publishing

advice and encouragement. Our editorial association was initiated through

McMaster University, Ontario where the idea for this volume was born. Our

final thanks go to Chris Wood for recognising the potential for this volume.

Katherine A. Sloman

Rod W. Wilson

Sigal Balshine

xi



BEHAVIOUR AND PHYSIOLOGY OF FISH:
AN INTRODUCTION
NikoTinbergen, a pioneer of the study of animal behaviour, argued that to

fully understand behaviour, research on the function of behaviour must be

married with understanding the development, causation, and evolution of

behaviour. Although these sentiments were presented several decades ago

(see Tinbergen, 1963), interest in causation of behaviour had largely waned.

Instead, most behavioural scientists have targeted questions about how be-

havioural mechanisms underlie an animal’s relationship with its environment.

Physiologists too have generally turned their back on studies examining the

“regulation of behaviour” or the “mechanisms of behaviour,” possibly frus-

trated with an apparent lack of ubiquitous principals. Today that gap between

the twodisciplines of behaviour andphysiology is finally beginning to be filled.

A renaissance of research has recently emerged, providing amuch needed link

between behavioural studies and physiology.

The integration of physiological laboratory studies and empirical beha-

vioural field observations has been partly led by technical advances related to

the neuroscience and molecular biology revolutions. Molecular genetic tech-

niques such as real time PCR, gene sequencing, cellular physiology, proteo-

mics, paternity analyses, and various new biochemical techniques to study

hormone action, have literally transformed the fields of behavioural ecology

and physiology. Only recently has attention been given to sequencing the

whole genomes of fish species (zebrafish and two pufferfish species, medaka,

salmon, and tilapia); these projects will undoubtedly shed light on the molec-

ular mechanisms underlying many behavioural and physiological functions.

The growth in neuroscience has also generated a watershed of techniques

including EEG, EOG, ECG, intra and extracellular electrophysiological

recordings, electromyogram biotelemetry, neuroimaging of neurochemical

circuits, and gene expression levels in the brain. These techniques and tools

have profoundly enabled the interplay between pure physiology and pure

behavioural studies.

Fishes are particularly useful organisms to utilise in bridging the gap be-

tween behaviour and physiology. Fish comprise the most speciose vertebrate
xiii



xiv INTRODUCTION
order with over 25,000 species and an unrivaled diversity in life history

patterns, breeding systems, sensory systems, as well as environmental require-

ments. Hence, fish provide an almost endless test-bed for either single species

studies or comparative analyses of links between behaviour and physiology.

Four fish groups may be particularly useful: zebrafish, sticklebacks, cichlids,

and salmonids. As a consequence of their small body size and relatively large

clutches, zebrafishhave emergedas themajormodel system to studyvertebrate

development and gene function. Sticklebacks and cichlids have long been the

major model organisms used by evolutionary and behavioural biologists.

These two fish groups have undergone recent and extreme evolutionary radia-

tions generating a large number of distinct populations (sticklebacks) and

species (cichlids) accompanied by fascinating morphological, physiological,

andbehavioural changes. Salmonids are anothermodel groupbecause of their

interesting life history, ecology, and distribution, as well as the economic

importance of both wild and aquaculture salmonids.

The new era of interdisciplinary research and the recent proliferation of

studies linking behaviour and physiology spawned the idea for this volume on

Behaviour and Physiology for the Fish Physiology series. We wanted to doc-

ument the active bridging of these two often separated areas of fish biology.

Our aims were to provide a comprehensive review of the available literature,

highlight the need for further links between behavioural and physiological

studies, and stimulate new ideas by suggesting many possible avenues

for future research.

We selected 10 topics mainly organised along a lifespan/life history theme,

and attempted to highlight the most active areas where fish behaviour and

physiology are closely related. Each Chapter was commissioned by research

experts in that specialised subdiscipline and comprises a significant contribu-

tion to our scientific knowledge on both behaviour and physiology. The first

two Chapters as well as the last Chapter of this book do not fit neatly into a

life-span framework. However, the effects of cognition, communication, and

pollution on physiological and behavioural processes play integral roles

throughout the life-span of fish, and we felt that including such chapters

was imperative.

In Chapter 1, Victoria Braithwaite outlines current knowledge on cogni-

tive processes in fishes with particular emphasis on learning and memory

capacities. Although only a few studies have been published on the neural

basis of cognition, these imply a strong homology between fish brains and the

brains of other vertebrates, suggesting that fishes will be useful for more

general studies of the evolution of cognitive processes such as memory and

learning. In Chapter 2, Gil Rosenthal and Phillip Lobel review the rapidly

growing field of fish communication, including visual, chemical, acoustic,

and mechanosensory signaling. They show how our understanding of
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communication in all modalities has been bolstered by the use of playback

techniques. They also stress thatfish neurobiology is in its infancy and itwould

be wise to pay special attention to the role of early experience and ontogeny in

general when considering communication abilities in fishes.

Spending time and energy avoidingpredators andparasites is a necessity in

fishes and other organisms. In Chapter 3,MarkAbrahams eloquently reviews

the various options available to fish when avoiding predators and describes

why the “grow big fast” rule is not the only one that makes sense. Using

hormonal and genetic manipulation of fish that elevate and sustain growth

hormone levels, salmon have been shown to be much more willing to risk

exposure to a predator in order to gain access to additional food (Du et al.,

1992; Devlin et al., 1994). Unlike predators, parasites more often than not

have only sub‐lethal physiological effects on hosts but these can still impact

behaviour and population regulation. In Chapter 4, Iain Barber and Hazel

Wright provide in‐depth coverage of how fish parasites influence the beha-

viour and physiology of their hosts. For example, sticklebacks infected with

a particular parasite (Schistocephalus solidus) increase food intake rates,

apparently to compensate for the nutritional demands of the parasites

(Ranta, 1995).

In Chapter 5, Jörgen Johnsson, Svante Winberg, and Katherine Sloman

summarise recent research on the complex interrelationships between social

behaviour and physiology in fish. They discuss the many interacting physio-

logical factors that determine social status such as energetic status, metabolic

rate, growth hormone and steroid levels. They show the short and long term

physiological consequences of social status (neuroendocrinological stress re-

sponse) and how these might be related to fitness (via growth rates and re-

production). They also explore how both biotic and abiotic environmental

variation influence social relations, and how genetics may influence these

interactions and generate stress‐coping phenotypeswith distinct physiological
and behavioural characteristics.

Virtually all organisms show daily (circadian) or annual rhythms in their

behaviour andmetabolism. In Chapter 6, Irina Zhdanova and StéphanReebs

describe our knowledge of fish circadian rhythms. An elaborate network of

photosensitive, coexisting central and peripheral circadian oscillators has

been identified in fishes, and a large number of circadian clock genes have

recently been discovered in zebrafish. In fish,melatonin (secreted by the pineal

gland) has long been considered the principal circadian hormone, and inmost

fish it is secreted only at night, as secretion is suppressed by bright light. They

also discuss how other possible environmental factors (temperature, water

chemistry, food availability, social interactions, and even predation risk) may

act as synchronisers of the daily cycles.Migration formany fish species occurs

on an annual rather than adaily cycle. InChapter 7, a diverse teamof scientists
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(Scott Hinch, Steven Cooke, Michael Healey, and Tony Farrell) review cur-

rent knowledge on the mechanisms underlying migration in fishes and use

sockeye salmon as a model system. For example, in salmon the decision to

leave the ocean seems to be closely related with the initiation of gonadal

maturation (Ueda et al., 2000); gonadotropin‐releasing hormone (GnRH)

triggering gonad growth and the onset of gonadal growth is associated

with the shift from foraging to homing migration (Ueda and Yamauchi,

1995). Although a small number of fish species migrate (2.5%), the number

of individuals that migrate is vast. Many of these species are important in

fisheries, and migratory species seem to be at twice the risk of extinction as

non‐migratory species (Riede, 2004). Hence, understanding migration is cru-

cial to successful management and conservation of many fish species.

Reproduction is the topic of the next two Chapters. In Chapter 8, Rui

Oliveira reviews neuroendrocrine mechanisms of discrete within‐sex repro-

ductive variance, often called alternative reproductive tactics (ARTs). He

finds broad support for the notion that like sex differentiation (male vs fe-

male), sex steroids provide the proximate control of ARTs. Brantley et al.

(1993) found that conventional males had significantly higher levels of circu-

lating 11‐ketotestosterone (or KT, the most potent androgen in fish) com-

pared to parasitic males. Oliveira updates the analysis, finding an even

stronger association between ARTs and KT. However, differences in KT

levels may in fact be a consequence, not a cause, of ARTs, as the various

malemorphswill have vastly different social experiences.Oliveira reviews how

conventional and parasitic males differ in terms of steroid binding globulins,

steroidogenic enzymes, steroid receptors, and in terms of various other neu-

rochemical systems. InChapter 9,NormStacey and Peter Sorensen review the

evidence for reproductive pheromones in fishes. Pheromones are basically

chemical odours or signals derived from hormones and other essential meta-

bolites that coordinate or influence conspecific behaviour and/or physiology.

Three chemical classes of reproductive pheromones have been identified in

fishes; bile acids, sex steroids, and F prostaglandins. Using a number of model

fish groups such as salmonids and carp, the authors show how sex steroid and

prostaglandin pheromones, fairly ubiquitous among fishes, are both sensitive

and specific in their behavioural and physiological effects on conspecifics.

The impact of human activities on aquatic ecosystems has unfortunately

increased and intensified in recent years. InChapter 10,Katherine Sloman and

Rod Wilson explore the anthropogenic impacts upon fish behaviour and

physiology; in particular they cover the effects of pollution (chemical con-

taminants) on fish cognition, sensory processes, predator‐prey interactions,

social behaviour, and reproduction of fishes. They examine the influence

of inorganic chemicals (including metals) and organic contaminants on be-

haviour via physiological pathways. They show that there is likely to be
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differential sensitivity to toxicants depending on the route of exposure and

social status. For example, subordinate trout have higher uptake rates of

waterborne copper and silver than dominant trout. However, if a toxicant

is present in the diet, then a dominant fish is likely to accumulate toxicants

faster as dominants may eat larger quantities of the available contaminated

food. They end their Chapter with a plea for further interlinking of laboratory

and field‐based approaches in ecotoxicological studies that address not simply

the effects of a single chemical but the cocktail of chemicals present in the

aquatic environment.

Traditionally, behaviour and physiology have been considered two sepa-

rate fields of enquirywith themajority of available literature focusing primari-

ly on one or the other. The Chapters of this book underscore the fact that

behaviour and physiology are inextricably linked. They advocate the need for

interdisciplinary approaches to fully understand behaviour and physiology

and to unravel many of the unanswered questions. New technologies and a

growing recognition of the impact of physiology on life history has led be-

havioural ecologists to re‐embrace Tinbergen’s message, and the embryonic

development of a more mechanistic study of behaviour has certainly begun in

earnest (Ricklefs andWikelski, 2002; Costa and Sinervo, 2004). Understand-

ing the pattern of behaviour is no longer sufficient; there is an increased and

growing interest in understanding the physiological mechanisms underlying

particular behaviours. Physiologists too have increased their emphasis on

field studies and recognise the need to assess the fitness implications of differ-

ent physiological functions linked to behaviour. In conclusion, we hope

that this book will contribute to our knowledge on both behaviour and physi-

ology, but will more importantly highlight the increasing need for additional

multidisciplinary research in this area.

Sigal Balshine

Katherine A. Sloman

Rod W. Wilson
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1. BACKGROUND

Animal cognition has seen a tremendous number of advances in the last

two decades. New techniques and technologies have revolutionised the way in

which data is gathered; for example, it is now possible to impair specific

regions of the brain to determine the mechanisms that underlie certain beha-

viours (Broglio et al., 2003; Shiflett et al., 2003) or to track animals very

precisely as they navigate around their natural environment (Armstrong

et al., 1996; Biro et al., 2002). As a consequence, we now have a much better

understanding of cognitive processes and factors that aVect cognition. De-

spite the many studies of cognitive ability in birds and mammals, until

recently there were relatively few studies investigating cognition in fish

(reviewed in Odling‐Smee and Braithwaite, 2003a). This imbalance, howev-

er, is beginning to be redressed and a new interest in this field appears to be

fuelled by the growing evidence that fish are capable of quite complex

cognitive capacities. For example, fish are able to combine detailed spatial
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24001-3
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relationshi ps to form a menta l map (e.g., Rodrı́gue z et al., 1994; Var gas

et al ., 2004 ) an d severa l specie s have the capacity for complex , flexibl e

learnin g and memor y (revi ewed in Brait hwaite, 1998; Odlin g‐Sm ee and

Brait hwaite, 2003a ). Those inter ested in the evolut ion of cogn itive ability

are now paying more attention to fish and this interest has begun to deter-

mine a numb er of similarit ies be tween fish and other verte brate cognit ive

process es ( Shettlew orth, 1998; Laland et al ., 2003 ). Concer ns for fish welfar e

are also generat ing a n inter est in their cognit ive capacit ies. As we search for

answ ers to que stion s such as wheth er fish have the menta l capacit y for

su Vering, we turn to studies of fish cogn ition for answ ers ( Braith waite and
Hunti ngford, 2004; Chandr oo et al ., 2004; Huntin gford et al ., in press ).

Far from being stereo typed a nd invariant, the beh avioura l repert oires and

learnin g and memor y abiliti es obs erved in fish suggest that this taxonom ic

group is remarkab ly flexible (Lal and et al ., 2003 ). Als o, simila rly to other

verte brate groups, varia tion in learning an d memor y ability aris es between

specie s an d, in some cases, between di Verent populati ons within a specie s
( Odling ‐ Smee an d Braith waite, 2 003b ). For exampl e, shoaling species ha ve

been shown to be capable of recogni sing and rememberi ng individ ual

conspe cifics, an d they can ascribe compet itive abiliti es to these indivi duals

( Metcalfe and Thom son, 1 995 ; Utne ‐Pal me and Hart, 2000; Gri Y ths, 2003 ;
Chapt er 5, Se ction 2 of this volume ). Furtherm ore, learning plays a key role in

antipredator behaviours because it allows fish to adjust their responses to

potential predators (Kelley and Magurran, 2003). Fish also show varia-

tion in the types of orientation information that they learn and remember

(Girvan and Braithwaite, 1998; Odling‐Smee and Braithwaite, 2003b).

Given the diversity of fish species, it seems surprising that it has taken

until now for us to appreciate just how cognitively competent many fish are.

Part of the problem is that it has taken many years to shrug‐oV the image

that fish are slow‐moving with a short‐term memory and only capable of

basic behaviours. Previously, it was recognised that a number of fish species

could habituate and learn associations between certain stimuli and a re-

sponse (MacPhail, 1982; Laming and Ebbeson, 1984; Rooney and Laming,

1987). However, these forms of learning are generally considered to be basic

and earlier research found that fish could continue to perform these stimulus‐
response learning tasks even in the absence of their forebrain (Figure 1.1).

This led to the conclusion that learning processes in fish were simple and

did not involve complex neuronal processing (Overmeir and Hollis, 1983;

Overmeir and Papini, 1986). Our understanding of how fish control their

behaviour and make decisions began to change in the late 1980s. Lesion

experiments, in which the forebrain was destroyed, revealed that fish can

still feed and learn simple associations in the absence of this structure

(Rooney and Laming, 1988; Laming and McKinney, 1990; Salas et al.,



Fig. 1.1. Schematic diagrams of the brain of a general teleost fish. (A) Lateral view of the

goldfish brain showing the key large‐scale structures, Hindbrain (Cb, cerebellum; VL, vagal

lobe; SC, spinal cord), midbrain (Hyp, hypothalamic lobe; OT, optic tectum), and forebrain

(OB, olfactory bulb; nII, optic nerve; Tel, telencephalon). (Adapted from Broglio et al., 2003.)

(B) Transverse section through the telencephalon of a typical teleost (cpn, central pallial nucleus;

dpn, dorsal pallial nucleus; lpn, lateral pallial nucleus; mpn, medial pallial nucleus; dsn, dorsal

subpallial nucleus; vsn, ventral subpallial nucleus). (Adapted from Nieuwenhuys, 1967.)

1. COGNITIVE ABILITY IN FISH 3
1996a,b). However, some researchers began to realise that certain forms of

learning were aVected in the absence of the forebrain; for example, a fish

with lesions to this region shows impaired aversion learning (Overmeir and

Papini, 1986).

The reductionist approach of ablating the whole forebrain provided a

useful route with which to begin exploring the neural bases of various

learning and memory capacities. However, as techniques and methods with-

in experimental neuroscience have become more refined, large‐scale lesion

studies have become somewhat redundant. The need for fine‐scale lesioning
to refine our understanding of how the teleost brain functions became clear
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when a number of studies began to demonstrate that fish were not reliant on

stimulus–response learning alone. Over the last two decades, there has been

increasing evidence of a surprising capacity for complex learning and behaviour

in intact, nonlesioned teleosts. For instance, teleosts are now known to associ-

ate events with times and places (Reebs, 1996, 1999; Chapter 6, Section 4 of this

volume) and they can learn to avoid sites that are perceived as dangerous

(Huntingford and Wright, 1989; Kelley and Magurran, 2003). With these

cognitive capacities identified, a renewed interest in fish neurobiology has

led some researchers to use fine ‐scale lesioning to determine which regions of

the forebrain are necessary for complex behaviour (Br og li o et al., 2003).

Although there are studies of learni ng and memory in bot h elasmo -

branch and teleost fish , this Chapter will primaril y con centrate on the latter

group. MacP hail (1982) and Kotr schal and associ ates (1998) revie wed a

numbe r of studi es on elasmo branch fishes and there hav e be en some recent

studi es in this field (New , 2001 ). However, the majorit y of advances in

the last tw o decades ha ve focused on our unde rstanding of tele ost cogni-

tive pr ocesses a nd, owing to the bre adth of this work, this Chapt er will

concen trate on cognit ion wi thin the teleo st fishes.

This revie w be gins with an introd uction of the co ncept of cog nition, and

then discusses the techni ques us ed to study cognit ion in other verte brates to

illustr ate how one c an use sim ilar app roaches to invest igate fis h cognit ion.

This is foll owed by a descrip tion of the general an atomy of the tele ost brain

indica ting wher e certa in types of infor matio n are process ed. Recent obser-

vations indicate that like other vertebrates, several species of fish show

lateralisation in the brain; that is, certain types of stimuli and information

are preferentially processed on one side of the brain or the other. A number

of examples of this recent lateralisation work are reviewed. The following

sections then give a range of examples that illustrate the learning capacities

shown by diVerent teleosts. As there is considerable breadth to this work, the

examples are divided into four sections: (a) learning in relation to foraging,

(b) recognition of conspecifics, (c) social learning, and (d) spatial learning.

This Chapter concludes with a review of recent work that demonstrates

how small‐scale lesion experiments have led to some impressive steps for-

ward in our understanding of how the fish brain controls spatial cognition

and behaviour.
2. COGNITION

Cognition is the process by which an animal internalises information

about an experience through its sensory systems (perception), how this

information is learned, and how it remembers the experience through recall
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(memory). Thus, it is not a single process but rather consists of three

interacting aspects (perception, learning, and memory). There have been

many ways in which cognition has been studied (Pearce, 1997; Shettleworth,

1998). Perception, learning, and memory can be studied as independent

processes but it is also possible to work on their product: mental representa-

tions. Many regard mental representations of events and places to underpin

animal cognition (Gallistel, 1990). For example, several researchers propose

that many animals form mental maps, an internal representation of the

topographical environment (Healy, 1998). The animal uses this mental

map to make decisions about the route it should take to reach a particular

destination. Representations, therefore, provide the animal with a general

framework for making decisions, and they are flexible in that new informa-

tion can be added or updated. As these representations coordinate remem-

bered information from multiple events, they are generally considered to

require complex neural processing and so typically have been linked to

animals with well‐developed cognitive abilities.

As the examples in this paper will highlight, fish can perform a wide

range of cognitive tasks that enable them to make complex decisions. This

capacity for decision‐making generates flexible behaviour that, in many

cases, enables the fish to fine‐tune and adapt their behaviour to their local

environment. In this way, fish can hone the eYciency with which they

perform routine day‐to‐day tasks such as foraging, spatial behaviour, and

antipredator responses.

There are a range of techniques that experimental psychologists have

devised to quantify cognitive abilities. One favoured approach is to train an

animal to perform some form of task. The animal can then be given a series

of tests where parts of the task are manipulated to see whether this aVects
performance. In this way, learning and memory ability or the capacity to

form a mental representation can be measured (Wasserman, 1984). Experi-

mental psychologists typically use rats and pigeons as their model species.

More recently, however, evolutionary biologists have recognised the value of

techniques commonly used by experimental psychologists (e.g., classical or

Pavlovian conditioning, and instrumental conditioning such as Skinner

boxes) and have adapted these procedures to test a range of species both

in the laboratory and in the field (Shettleworth, 1998). These methods can

provide data on what an animal has learned and for how long it remembers

it. Furthermore, such techniques are versatile; for example, even fish can

be trained to associate a light with the delivery of a particular stimulus

(Portavella et al., 2004).

At many points, this Chapter will rely on data based on spatial learning

and memory. Spatial ability refers to the way in which an animal learns and

encodes information about its home range or local environment. It enables a
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territorial animal to define its boundaries or allows an animal to quickly

locate shelter when threatened. Owing to the importance of spatial ability in

the daily behavioural repertoire of many animals, spatial learning and

memory provide an ideal method for assaying cognitive ability. This ap-

proach is also favoured because it is relatively straightforward to train an

animal to move through a maze, and the maze can be varied in design from

simple (e.g., a T maze) to more complex (e.g., a 16‐arm radial maze) to allow

a range of learning and memory abilities to be tested. Furthermore, it has

been possible with birds and mammals to determine which regions of the

brain are involved in spatial cognition; more recently, this has also been

possible in fish (Healy, 1998; Broglio et al., 2003). Thus, there are consider-

able benefits to studying spatial behaviour and this has led to an impressive

body of literature (Healy, 1998).

In the last decade, a number of other specialised forms of fish learning

have also been studied; one particularly fruitful area is that of social learning

(Brown and Laland, 2003). Here work has addressed how fish learn from

each other. Much of this work relies on fish being able to recognise indivi-

duals. Individual recognition has been shown in a number of fish species.

For example, both sticklebacks and guppies join each other to form pairs or

small groups to approach a predator and inspect it, probably to determine

how much of a threat it represents (Milinski et al., 1990a,b; Dugatkin and

Aifieri, 1991a,b). The choice of partner for this dangerous task is critical, and

there is good evidence that fish learn to recognise partners that cooperate

and individuals that do not (Milinski et al., 1990b). Therefore, this Chapter

will also review recent observations of learned individual recognition and its

consequences for our understanding of social and competitive interactions

among fish. However, before considering some of the many examples of

learning behaviour, this Chapter focuses on the teleost brain, paying atten-

tion to the various structures and emphasising how the general plan is

similar to other vertebrates. In particular, it highlights the forebrain, the

region that is proposed to confer complex neuronal processing.
3. THE TELEOST BRAIN

Fish brains follow the same basic plan as other vertebrate brains in that

they have a hind brain that contains the cerebellum, a midbrain (or mesen-

cephalon), and a forebrain (or telencephalon). General teleost brain anato-

my can be seen in some more detail in the schematic diagrams shown in

Figure 1.1. The diversity of brain specialisation within the teleosts is impres-

sive, but much of this specialisation has been within regions of the brain that

process sensory information. Many of the basic brain structures are present,
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and perhaps some of the most exciting recent observations have been those

showing clear homologies of specific areas and their roles in fish and other

vertebrates (see Broglio et al., 2003 for a review). Given the large number of

teleost species (it has been estimated that there are over 30,000 species;

Kullander, 1999) and their radiation into almost every type of aquatic

habitat, fish provide an excellent opportunity for investigating how diVerent
environments have shaped the evolution of the brain and, in particular, the

evolution of diverse sensory systems (Kotrschal et al., 1998).

3.1. General Introduction to Fish Brain Anatomy

Fish brains are housed within a braincase that, curiously, in many species

is disproportional in size to the brain itself, and the space that is left is

filled with a fatty tissue (Kotrschal et al., 1998). Teleost brains share many

of the same classical subdivisions seen in most vertebrates; a brainstem,

the hindbrain, the mesencephalon (midbrain), a cerebellum, a pair of optic

lobes, the paired cerebral hemispheres of the telencephalon (forebrain), and

the associated olfactory bulbs (several of these structures can be identified in

Figure 1.1A).

Somatosensory information does not ascend through the spinal cord, but

instead it reaches the brain primarily through specialised cranial nerves, in

particular the tirgeminus (V), facialis (VII), vagus (X) and three lateral line

nerves. Within the brainstem, the main centres for the somatosensory sys-

tems (other than vision and olfaction) are organised into a series of horizon-

tal columns. In one of these dorsally positioned columns, auditory,

gustatory, and lateral line sensory information is processed, and an extra

column is found in species of fish that process electrosensory information

(Kotrschal et al., 1998). Specialisations of particular sensory systems can

sometimes be identified within this region because of the increased size of

parts of the dorsal column.

The brainstem and the tegmentum of the mesencephalon and diencepha-

lon (the region of the midbrain containing the thalamus and the hypothala-

mus) are continuous with each other. The integration of various sensory

inputs occurs in the paired inferior lobes of the hypothalamus and these

aVect fish behaviour through the secretion of hormones. The cerebellum

varies enormously in size across diVerent species of teleost. It serves a range

of functions (Finger, 1983), and is particularly prominent in electrosensitive

fish such as the elephantnose fish, Gnathonemus (Maler et al., 1991); the

central acoustic area is found in the ventral surface of the cerebellum. The

paired hemispheres of the optic tectum arise from the roof of the mesen-

cephalon. The two telencephalon hemispheres of the forebrain arise from the

rostral section of the neural tube and, similarly, the olfactory bulbs arise
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from the rostr al tip. Ther e are large projection neurons connecti ng the

telen cephalon and the diencephal on via the olfac tory tract s.

3.2. Tel eost Fore brain Struct ure

During developm ent, the forebra ins of tele osts arise through eversion

rather than evagina tion as with all other nonacti nopteryg ian vertebrates .

The eversio n occu rs when, dur ing developm ent, the dor sal pa rts of the

neural tube start to thicke n whi le the ventra l regions remain relative ly

unch anged. As the thicke ning progres ses, the dorsal area begins to cu rve

and envelop the ventra l area. This sequence of developm ent results in a

forebr ain that has a thin, membr anous roof and no inter nal v entricles

( MacPh ail, 1982 ). Once dev eloped, di V erent regions of the forebr ain can
be descri bed. For exampl e, there are sub divisions between the pallial areas

toward s the roo f of the forebrain, and su bpallial areas underneath (Fig ure

1.1B ). Ther e are three clear ly distinct subpall ial regions : a ven tral nucleus, a

dorsal nuc leus, and a lateral nuc leus (Nieu wehuys, 1967). The pallial region

can be furt her subd ivided into centra l and peripher al regions ; here the

distinction between these areas is attributed to the central region having

large scattered neurons (Figure 1.1B). The peripheral area is composed of

three regions: the medial, dorsal, and lateral pallial nuclei (MacPhail, 1982).

This latter structure, the lateral pallium, will be further discussed later in the

Chapter because it has attracted the attention of researchers working on

teleost spatial learning and memory.

The forebrain receives sensory information from a variety of sources,

visual and olfactory cues, lateral line information, picked up by mechanor-

eceptors and electroreceptors (Finger, 1980). There is remarkable similarity

between lateral line organisation in fish and auditory systems in terrestrial

vertebrates (see also Chapter 4, Section 2.3). Both rely on mechanosensory

receptors that utilise hair cells to pick up information. However, both types

of reception are represented independently in many species of fish, for

example, catfish (Pylodictus olivaris) (Knudsen, 1977).

The teleost telencephalon plays a key role, which is to process and

coordinate sensory and motor information. However, as MacPhail (1982)

discusses, there would appear to be suYcient space for a number of other

higher‐level processes to occur within this structure. Given the increasing

numbers of observations that fish are capable of relatively complex cognitive

processing, it is the telencephalon that has become a focal area for fish

cognition studies.

Fish forebrains have also proved to be useful structures for comparative

studies in which the relationship between fish brains and their environment

are studied. Such comparisons have indicated that a number of forebrain
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adaptations are ecologically driven. For example, in cichlids, variation in

telencephalon or forebrain size appears to relate closely to the challenges of

spatial environmental complexity (Kotrschal et al., 1998). Van Staaden et al.

(1994) and Huber et al. (1997) examined the brains of 189 species of cichlids

from the East African Lakes and Madagascar, and found that species

living in complex habitats created by shallow rock and vegetation had

comparatively larger telencephalons than those species living in midwater.
4. PERCEPTION AND BRAIN LATERALISATION

In addition to divisions within the brain that give rise to specialised areas,

there are also subtle diVerences between the two hemispheres. DiVerential
use of each hemisphere of the brain is known as lateralisation. There are

several studies showing lateralisation in the visual sensory system; for exam-

ple, some animals use their left eye, and hence the right hemisphere of

their brain, when observing social stimuli but their right eye and the left

hemisphere when encountering novel objects. Such preferential eye use is

found in birds, reptiles, amphibians, and fishes (Rogers, 1989; Deckel, 1995;

McKenzie et al., 1998; Sovrano et al., 1999; Dadda et al., 2003; see Rogers

and Andrew, 2002 for a review). Current theories suggest that lateralisation

in the visual system initially arose in response to the development of laterally

placed eyes with little binocular overlap in the visual field and complete

decussation (crossing‐over of nerve fibres) at the optic chiasma. It is also

proposed that it provides an enhanced ability to perform two tasks at

the same time, such as foraging while watching out for predators (Rogers

et al., 2004).

Visual lateralised behaviour in fish has been studied in a variety of ways

but these diVerent approaches have revealed consistent results (Facchin

et al., 1999). A common technique used to investigate lateralisation is the

‘‘detour test.’’Here, subjects swim down a channel to approach an open field

area; the fish can then swim, or detour, to the left or the right in order to view

a scene which is partially obscured by an obstacle. When the scene consists

of a shoal of the opposite sex or a predator, 90% of the individuals tested

show a preference to turn to the left so that they view the scene with their

right eye. However, when fish are faced with a shoal of individuals of the

same sex or if the detour barrier causes them to lose sight of the stimulus

goal, they turn to the right (Bisazza et al., 1997). Motivation and current

state also aVects the fish; for example, lateralisation is enhanced in females

viewing a shoal of males if they have been deprived of male contact for

2 months (Bisazza et al., 1998). Similarly, the motivation to perform preda-

tor inspection behaviour in mosquito fish (Gambusia holbrooki) is aVected
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by the side on which the companion fish is seen. Mosquito fish will

move closer to the predator if the companion fish is on their left side (Bisazza

et al., 1999).

An alternative technique to assay lateralisation is to monitor the angle at

which fish view objects. Miklosi et al. (1997) report that zebrafish (Brachy-

danio rerio) use their right eye to inspect novel scenes but swap to the left eye

on subsequent viewing. When mosquito fish are placed in a round arena with

a predator in the middle they tend to swim in a clockwise direction, enabling

them to fixate on the predator with the right eye (Bisazza et al., 1997). Also,

when amirror is placed such that their own image is on their left side, mosquito

fish are more likely to inspect predators than when the mirror is placed on their

right (Bisazza et al., 1999). Other work has also shown female poeciliids tend to

fixate on conspecifics using their left eye (Sovrano et al., 1999). Taken

together, these results indicate that the preferential use of either eye is not

necessarily fixed but stimuli resulting in an emotive response generally cause

fish to view them with the right eye, whereas other scenes are generally

observed using the left eye (Bisazza et al., 1998; Facchin et al., 1999).

Heuts (1999) suggested that interspecific variation in lateralised escape

responses in fishes could be aVected by the predation risk experienced by the

fish. A recent investigation has confirmed this among populations of the

Panamanian bishop (Brachyrhaphis episcopi). Fish collected from regions

with high predation pressure used their right eye to view a live predator

restrained behind a clear Perspex barrier. The predator is presumably per-

ceived as a potential threat, which invokes an emotive response. Fish sam-

pled from low predation sites showed no significant preference for either eye

when exposed to the same predator (Brown et al., 2004).

In shoaling species, individuals need to simultaneously monitor both

predators and shoal mates. For populations that have had very little contact

with predators, such responses are unlikely to arise. If lateralisation initially

evolved to cope with diVerent information coming from each eye, leading to

left and right hemisphere specialisations and a reduction of the problems

associated with divided attention (GriYths et al., 2004), then exposure to

diVerent levels of predation pressure may aVect the degree of lateralised

specialisation. This interaction between the environment and lateralised

cognitive processing would appear to present a number of directions for

future research.

Lateralised behaviour in fish is not solely restricted to the visual sense:

blind Mexican cave fish (Astyanax fasciatus) have been shown to exhibit

lateralisation in their mechanosensory sense. Eye formation in blind Mexi-

can cave fish arrests during development; consequently, these fish have no

access to visual cues. These fish are dependent on their lateral line to pro-

vide them with information on the topography of their perpetually dark
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environm ent. As they swim aroun d their env ironmen t, the fish de tect water

displ acement pa tterns wi th their late ral line organ (LLO) . Whe n a fish moves

forward s it displaces water, and the late ral line detects small di Veren ces in
water flow patte rns as the displ aced water is reflect ed oV object s within the
environm ent. The fish move slowly around their environm ent as they explore

a new area, but then increase their swimm ing veloci ty onc e they have learne d

the position of object s ( Teyk e, 1985, 1989 ).

An exp eriment investiga ting late ralised behaviour in this spec ies also

reveal ed a right ‐ side bias to novelt y ( Burt de Per era and Brait hwaite ,
2005). Thes e fish show a prefer ence for using the right side of the LLO when

passi ng a novel landma rk, whether they swim in a clockwise or antic lockwise

direct ion. How ever, this right ‐side prefer ence wanes once the fish be come

famili ar with the landma rk. Similarly to visi on, the lateralised use of the right

LLO can be related to use of the left he misphere of the brain, becau se the

neu rones associ ated with the lateral line course bilate rally from the hind-

brain nucleus to the midbr ain with contral ateral predomi nance ( McCormic k,

1989 ). Rel atively little is known about laterali ty of nonv isual sensory mod-

alities , but given the independen ce of visual and late ral line sensory systems,

this suggests that lateralisat ion is a de ep ‐ rooted phen omenon.
5. LEARNING IN FISHES

Like other animals that live in the complex and variable natural world,

fish rely on their ability to change and adapt their behaviour through

learning and memory. It is now widely recognised that fish can learn and

remember diVerent types of information (Huntingford, 2003). For instance,

they can reliably locate places to forage, react quickly and appropriately

when threatened by a predator, and identify potential partners for reproduc-

tion. Similarly, they can also assess competitors, and can communicate and

recognise dominant or subordinate status, which helps prevent conflicts

escalating into potentially harmful fights.

Fish can learn about their environment through a series of trial and error

processes; alternatively, they can learn to adapt their behaviour by observing

the behavioural responses of others within that environment (social learning).

To survive from one day to the next, fish rely on their ability to generate

decisions that produce appropriate behavioural responses. How finely tuned

these decisions are will, in eVect, determine the cognitive capacity of that

individual (Laland et al., 2003).

Advances have been made in a number of areas relating to fish learning.

Interestingly, relatively less attention has been given tomemory processes, yet

these two are inextricably linked; you cannot have memory without an initial
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learning phase, and there is little value to learning if the information will not

be recalled through memory at some later event. This section will review what

we now know about fish learning in a variety of contexts. For example, how

do fish learn to forage or to recognise certain characteristics associated with

specific individuals, such as attractiveness (Witte and Nottemeier, 2002) or

competitive ability (Hoare and Krause, 2003). Although Chapter 3 reviews

antipredator behaviour, this Chapter includes a few additional examples to

emphasise the role that cognition plays in terms of learning how to recognise,

react, and avoid the unwanted attention of predators.

5.1. The Role of Learning and Memory in Foraging

Fish have been shown to discover foraging patches by individual ex-

ploration or by observing the behaviour of other foragers (Pitcher and

Magurran, 1983; Pitcher and House, 1987). A key concept associated with

foraging theory hinges on the ability of the animal to assess food patch

profitability and to adjust their behaviour accordingly. Foraging theory has

used Charnov’s (1976) Marginal Value Theorem to make predictions about

how long an animal will stay at one food patch before moving to another.

This predicts that food patches, regardless of their original profitability,

should be exploited to a certain critical level, at which the rate of energy

gain is equal to the average rate of gain across all feeding patches in the

environment (Charnov, 1976). Thus, to make the correct decision of

‘‘Should I stay?’’ or ‘‘Should I leave for an alternative patch?’’ the animal

needs to retain a memory of the profitability of previously encountered

patches (Warburton, 2003). Such a behavioural strategy allows the animal

to forage at an optimal rate within its current environment. There is some

evidence that fish do learn and remember this type of information; for

example, bluegill sunfish (Lepomis macrochirus) use prior experience of

patch profitability to influence how long they spend in a particular food

patch (Wildhaber et al., 1994).

An ability to learn also plays a role in how quickly individuals hone their

handling skills for diVerent types of prey. When a fish’s ability at attacking,

manipulating, and ingesting prey is quantified over a series of repeated trials,

the fish’s performance generates a typical learning curve. The fish are initi-

ally slow to consume novel prey, but over a few successive trials their ability

to locate and ingest the prey improves until it reaches a point where it cannot

consume the prey any faster (Colgan et al., 1986; Mills et al., 1987; Croy and

Hughes, 1991; Hughes and Croy, 1993). Croy and Hughes (1991) demon-

strated that fifteen‐spined sticklebacks (Spinachia spinachia) needed between

five and eight trials to learn how to handle a new type of prey. Similar
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numbers of trials were also required by bluegill sunfish as they learned how

to consume Daphnia (Werner et al., 1981). Thus, this type of learning occurs

over fairly short periods of time.

Fish can track changes in food availability in diVerent ways and may rely

on a range of learning and memory systems to help them achieve this

(Warburton, 2003). For example, they can learn and remember cues or

landmarks associated with particular food patches (Braithwaite et al.,

1996; Odling‐Smee and Braithwaite, 2003b) or they can learn to use the

foraging behaviour of other fish around them (Brown and Laland, 2003;

GriYths, 2003). The duration of the memories associated with these diVerent
variables should be tuned to the environment in which a fish finds itself. In a

frequently changing environment, the value of a memory may be relatively

low because, within a relatively short space of time, the memorised informa-

tion may no longer be relevant. Thus, in a highly heterogeneous environ-

ment, memory durations would be expected to be short and a fish would be

expected to continually update its memory through learning. In contrast, in

a stable undisturbed environment, memories would be predicted to be

longer‐term. An example illustrating that these predictions are met can be

seen in the way that sticklebacks forget the handling skills needed to capture

and consume diVerent types of prey (Mackney and Hughes, 1995). In a

comparison of the memory characteristics of three diVerent populations of
sticklebacks, Mackney and Hughes (1995) showed that three‐spined stickle-

backs (Gasterosteus aculeatus) sampled from a pond remembered specific

prey handling skills for 25 days; however, the same species, but an anadro-

mous population from an estuary, was found to have a decreased memory

duration of only 10 days. Similarly, a short 8‐day memory was observed in a

population of marine fifteen‐spined sticklebacks (Spinachia spinachia). The

diVerences in memory duration appear to reflect the changeable nature of

the environment that these diVerent populations experience, from the most

stable (the pond population) to very variable (the anadromous and marine

populations). Interestingly, all three groups learned how to handle the

prey at similar rates; it was only the duration of memory for these skills

that diVered.

How fish learn to handle live prey and then switch from one prey type to

another has become an area of interest for fisheries managers, who annually

release many millions of fish in attempts to restock threatened or dwindling

natural populations. Worryingly, the vast majority of these fish perish

shortly after release (Olla et al., 1998; Brown and Laland, 2001). A propor-

tion of this mortality occurs because some fish are incapable of eVectively
switching from feeding on their reliable and safe pellet food to less predict-

able, moving live prey. After release, hatchery fish have been found to
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consume less food, eat fewer types of prey, and experience poor growth

compared to their wild counterparts (Sosiak et al., 1979; Ersbak and Haase,

1983; Bachman, 1984). There are even reports of fish consuming small stones

owing to their similarity in appearance to commercially produced food

pellets, and in some cases this behaviour can persist even 6 weeks after

alternative live prey are available (Ellis et al., 2002). This applied problem

raises an interesting dilemma: not only do the hatchery fish have to learn

how to feed on live prey, but they also need to forget about feeding on pellets

(Ellis et al., 2002).

Various attempts have been made to try and improve the pellet‐to‐live
prey dietary transition (Olla et al., 1998). Many of these rely on exposing

hatchery fish to live prey prior to release. A problem here is the labor

intensiveness and cost of this remedial training. An alternative approach

may be to manipulate the hatchery environment in a way that promotes

learning. It is already well established in captive reared birds and mammals

that environmental enrichment promotes cognitive capacity and behavioural

flexibility (Hunter et al., 2002; Kempermann et al., 2002; Bredy et al., 2003;

Rabin, 2003). Recent evidence suggests that environmental enrichment may

have sim ilar e Vects in hatcher y reared fish (Brai thwait e and Salvanes , 2005;
Brown et al., 2003). For example, juvenile cod (Gadus morhua) reared with

experience of variable food and spatial cues are significantly faster at in-

vestigating and consuming live prey than cod from the same brood stock

reared in standar d, constant , unch anging hatcher y conditio ns (Brai thwait e

and Salvanes , 2005). Thes e diV erences aris e e ven thou gh bot h grou ps ha ve
been fed on a standard diet of food pellets. Thus, introducing some variation

into the standard rearing environment generates fish that are more eYcient

at the pellet‐to‐live food transition.

5.2. Learning to Recognise Conspecifics

Being able to recognise other individuals, and to associate certain beha-

viours with those individuals, could be beneficial for a number of reasons.

There are a variety of ways in which conspecifics may be recognised. For

example, there is good evidence that some species of fish can recognise and

preferentially associate with specific individuals that are familiar (Krause

et al., 2000). However, it is also possible that fish learn to discriminate

between fish using factors other than individual recognition. For example,

fish can discriminate between general competitive skills. European minnows

(Phoxinus phoxinus) have been found to prefer to associate with individuals

that are poor competitors (Metcalfe and Thomson, 1995). To do this, the

minnows must be able to discriminate between good or poor competitors. It

is not necessarily individual competitive abilities that are recognised and
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remem bered, but rather the overal l compet itive ab ility associated with that

group or school. Thi s type of discr iminati on woul d not requir e as mu ch

complex cognit ive proc essing as reco gnising specific individu als and asso-

ciat ing pa rticular be haviour patterns to those fis h. Presu mably, the advan-

tage for the minnow s to discr iminate be tween good and poor co mpetitors is

that a fis h feedi ng on a smal l limit ed food patch ha s a bette r chanc e of

securi ng more foo d if it is surround ed by poor compet itors.

Where specific individ uals are recogn ised, the extent of the recogni tion

can vary from a prefer ence for fami liar indivi duals of the same specie s

( Kraus e et al ., 2000 ) to familiar indivi duals from mixed specie s schools

( Ward et al ., 2003 ). Recogni tion of particular indivi duals can be impor tant

when repeat ed inter actio ns oc cur. For exampl e, stick lebacks prefer to in-

spect a predator with a partner that they are famili ar with an d percei ve to be

coo perative (M ilinski et al., 1990a, b). Simi larly, Utne Palm and Hart (2000)

found that the level s of aggres sion between sti cklebacks that jointly forage

on the same resourc e varie s depen ding on how muc h the sti cklebacks ha ve

inter acted. As the fish beco me more famili ar with each other, they are less

aggres sive an d mo re coo perative in a foragi ng task ( Figure 1.2 ). The e Vec t of
famili arity increased over a 4‐ week period: afte r 2 weeks the fish showe d
inter mediate levels of aggression, but after 4 weeks the fis h sh owed almos t no

aggres sion. Simi larly, the break down of the individ ual recog nition also

showe d a tim e ‐lag respon se wi th the sticklebacks showi ng some recogni tion

after 2 weeks, but apparently no recognition after 4 weeks.
Fig. 1.2. Levels of aggression in pairs of sticklebacks sharing a food resource. Aggression

was greatest in pairs that were unfamiliar, and least in pairs that had become familiar over a

4‐week period. Bars and asterisks indicate significant diVerences between the diVerent groups.

***P < 0.01). (Adapted from Utne‐Palm and Hart, 2000.)
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In her review, GriYths (2003) distinguishes between two further forms of

learned recognition. The examples of stickleback predator inspection beha-

viour represent one of these: condition‐dependent recognition. Here, indivi-

duals are recognised based on prior experience with specific types of cue

(for example, size, colour, competitive ability, or ability to cooperate du-

ring inspection behaviour). The alternative form of learned recognition is

condition‐independent. In this case, the learned recognition takes a relatively

long time to develop, days rather than hours. For example, GriYths and

Magurran (1997) demonstrated that small groups of guppies took 12 days to

learn to recognise each other. By actively staying within a school of familiar

individuals, fish gain a number of advantages; schools of familiar fathead

minnows (Pimephales promelas) are more cohesive and cooperative than

schools made up of unfamiliar minnows (Chivers et al., 1995). Thus, schools

of familiar individuals are likely to be more eYcient and eVective at foraging
and predator avoidance. GriYths (2003) points out that there is reliable

evidence that a number of fish species have the capacity to discriminate

between familiar and unfamiliar conspecifics; for example, bluegill sun-

fish (Brown and Colgan, 1986), three‐spined sticklebacks (Van Havre and

Fitzgerald, 1988), and guppies (Magurran et al., 1994). Yet, surprisingly

little attention has been given to the role of familiarity in schooling beha-

viour despite the recognised capacity for discrimination between familiar

and unfamiliar fish. GriYths (2003) also points out that almost all the

studies of familiarity in fish schools are based on laboratory observations.

Work that has tried to address this issue in the field suggests that there may

be little tendency for familiar individuals to associate with one another

(Helfman, 1984; Hilborn, 1991; Klimley and Holloway, 1999). However,

long‐term associations may exist between subsets of members of a school

(Barber and Ruxton, 2000). The discrepancy between field and laboratory

derived results would seem worthy of further study; it seems curious that fish

should have the capacity to perceive another fish as familiar without that

information playing some type of role. The advancement of a number of

marking techniques for fish, such as elastomer tags or PIT tags for larger

fish, may ease future work investigating schooling behaviour in the field.

An ability to learn and remember the fighting ability of neighbours

or rivals may also confer a number of advantages to fish. Johnsson and

Åkerman (1998) used a series of pairwise interactions between rainbow trout

(Oncorhynchus mykiss) to test the prediction that fish that had observed an

aggressive interaction between two individuals should learn and remember

the diVerent fighting abilities of these fish. They hypothesised that this

information could be used to settle a conflict faster if the observer was

subsequently paired with a fish it had previously watched. Their results

showed that when a fish lost, the interaction was both shorter and less
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aggressive if it was paired against a ‘‘known’’ opponent compared with when

it was naı̈ve to its opponents fighting ability. However, observers that won

interactions had a faster increase in their aggression levels compared to naı̈ve

fish. These results suggest that fish that have previously observed their

opponent are capable of making a faster decision when they have a priori

knowledge of their opponent’s fighting ability. They may also reflect a slight

artifact of the experimental design; the trout were size‐matched and so

diVerences in fighting ability were relatively small, which led to more chal-

lenges between individuals than would be expected if the fish varied in size.

These results demonstrate that trout can observe, learn, and remember the

fighting ability of fish they interact with (see also Chapter 5, Section 2.1).

Oliveira and colleagues (1998) have similarly demonstrated that male

Siamese fighting fish (Betta splendens) can watch and assess aggressive

interactions between neighbouring fish. Information on the relative fighting

ability of neighbours is then used in decisions about future agonistic inter-

actions between the neighbours and the observers (Figure 1.3). Further

research revealed a subtle twist to this finding: threat displays given by the

males were found to vary depending on who is observing. In the presence of

a female observer, males were found to reduce the overall aggression within

their display, for example by decreasing the number of bites (Doutrelant

et al., 2001). Males that were aware of the presence of a female also included
Fig. 1.3. Mean latency to display in male Siamese fighting fish when they had either ‘‘eaves-

dropped’’ their opponents fighting prowess by observing the opponent fight before (seen) or

when they were naı̈ve to their partners fighting ability (unseen). For each type of interaction, the

male was paired with a former winner (white bars) and a former loser (black bars). **Significant

diVerence with P < 0.01. NS, nonsignificant diVerence of P > 0.05. (Adapted from Oliveira

et al., 1998.)
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more sexual components in their display to the rival male. It is not clear

whether the inclusion of some sexual display simply reflects an arousal

response generated in reaction to observing a female, or whether higher‐
level decision making is also included. It may be possible in future experi-

ments to manipulate the attractiveness of female observers in an eVort to
tease apart reflex reactions to display over cognitively driven decisions.

5.3. Social Learning

Social learning is a specialised form of learning where an animal acquires

a new behaviour by watching or interacting with other animals (Heyes,

1994). It is generally assumed that animals that can perform social learning

will be at an advantage because individuals can quickly become locally

adapted without incurring the costs that are often associated with trial‐
and‐error learning (Giraldeau et al., 1994). Thus, rather than an individual

taking the time to learn that a particular patch is the most profitable or that

an area should be avoided because it is frequented by predators, it can

obtain vital local knowledge by observing others. At one time, social

learning was believed to be so cognitively demanding that it was only to be

found in ‘‘intelligent’’ species (Brown and Laland, 2003). As such, fish were

largely overlooked; however, there are now a number of empirical field and

laboratory studies demonstrating that fish can exhibit competent social

learning (for a review, see Brown and Laland, 2003).

Social learning in fish has been investigated for a range of behaviours

from mate choice to foraging (Brown and Laland, 2003). There are numer-

ous examples of studies investigating social learning in antipredator re-

sponses (e.g., Kelley and Magurran, 2003). As highlighted in Sections 4

and 5.2. above, antipredator behaviour clearly has a learned component to

it. Learning how best to react in the presence of a predator is an excellent

example where trial‐and‐error learning is extremely expensive: make a wrong

decision and it may be your last. Thus we could predict that there will

be strong selection for animals to socially learn about antipredator re-

sponses, and as some reviews illustrate, fish can socially learn about both

predator presence and identity (Suboski and Templeton, 1989; Brown and

Laland, 2001).

The schooling tendency of various fish species may help mediate rapid

antipredator responses. Here, the three sensory systems that are likely to

play key roles in rapid responses are vision, the lateral line system, and

olfaction (Webb, 1980; Brown, 2003). Observing that a close neighbour is

responding to seeing a predator, detecting recently released alarm sub-

stances, or picking up information on a sudden change in the movement of

nearby fish could quickly allow individual fish to adjust their own behaviour
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(Treherne and Foster, 1981; Brown and Warburton, 1999; Chapter 3 of this

volume). As a school of fish reacts to the presence of a predator on repeated

occasions, individuals within the school can learn from those around them

how to respond in a coordinated fashion (Brown and Warburton, 1999).

Ultimately, this can lead to extraordinary levels of precision swimming that

are observed when a school of fish suddenly forms a tight, rapidly moving

ball in the presence of a predator. Such antipredator responses appear to

confuse the predator and make it diYcult for it to track an individual fish

(Treherne and Foster, 1981). Just how complex this information transfer

needs to be has been the focus of study (Couzin et al., 2005). Using models to

investigate how information spreads through a group, it has been proposed

that shoaling information could, in some situations, eVectively spread with-

out explicit signaling or complex forms of communication (Couzin et al.,

2005).

Social learning is important for several species of fish that are known to

possess chemical alarm cues. When these alarm cues are detected they can

promote overt antipredator responses in conspecifics (Grant, 2003; Chapter

3 of this volume). These cues provide reliable information regarding local

predation risk. Many of the fish capable of producing alarm substances do

not have an innate recognition of predators, but instead they need to learn

this information. To do this, they need to pair alarm cues with the visual

and/or chemical cues associated with the predator (Suboski, 1990; Smith,

1999). Once learned (and they may learn this association after one exposure

only), the fish are then primed to react to alarm substances released into the

environment by conspecifics (Grant, 2003).

The way in which some fish learn to move eYciently around an environ-

ment to find specific resources is now known to be facilitated by social

learning (Brown and Laland, 2003). For example, Warner (1988, 1990)

demonstrated the mating grounds that bluehead wrasse (Thalassoma bifas-

ciatum) migrate to remain constant across generations. To investigate

whether each new generation socially learned the migration and the location

of the mating sites, Warner removed a complete population and replaced

these with another group of fish. These transplanted individuals established

new mating grounds, and it was these newly established grounds that were

subsequently used by the following generations. Such site fidelity for mating

grounds across generations can only be reinforced through social learning.

Helfman and Schultz (1984) have observed similar evidence for social

learning in another species of reef fish, the French grunt (Haemulon flavoli-

neatum). French grunts make daily migrations to feeding areas, and after an

initial observation that small groups of grunts appear to be joined on these

daily migrations by juveniles, they investigated whether the juveniles socially

learn routes to the feeding areas. By moving juveniles between groups and
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observing their subsequent swim paths when older group members were

removed, Helfman and Schultz (1984) demonstrated that these young fish

learn their migration paths by following older group members. Both the

French grunt and the bluehead wrasse examples highlight how the day‐to‐
day spatial movements of some reef fish lend themselves well to field studies

of social learning.

Laland and Williams (1997, 1998) have brought studies of spatial social

learning into the laboratory. They found that ‘‘naı̈ve’’ guppies (Poecilia

reticulata) were able to find their way to a foraging area by following

‘‘demonstrators’’ that had previously been trained to swim a particular

route. After a period of overlap between the knowledgeable demonstrators

and the naı̈ve observers, the demonstrators were removed. Despite the

missing tutors, the formerly naı̈ve observers were able to swim the correct

route themselves. This illustrates that the observer guppies had socially

learned the route to the food area. Being able to assay this type of social

learning within the controlled confines of a laboratory tank has provided an

excellent method for addressing a variety of related questions (reviewed in

Brown and Laland, 2003).

The role of social learning during foraging behaviour is one example that

has benefited from detailed laboratory‐based observations. Here, the experi-

menter can control a number of variables to determine which factors play a

role. Such experiments have revealed that the size of the social group and the

type of foraging environment are important. For example, Day and collea-

gues (2001) were able to show that when a food patch is visually isolated

from the shoal, smaller groups of fish discover it more quickly than larger

groups. However, when the food patch is visible through a transparent

barrier, larger groups of fish locate the food faster than smaller groups. This

curious result is proposed to reflect the motivation to shoal (Day et al.,

2001). Fish that join large shoals are reluctant to leave them as larger shoals

provide more protection. However, fish that are members of small shoals are

less compelled to stay together, which provides opportunities for individuals

to move away from the shoal and to find food over wider areas.

A refinement of these types of approach has investigated how diVerent
individuals use foraging information obtained by watching others. Coolen

and colleagues (2003) demonstrated that sympatrically occurring species of

stickleback learn about the relative profitability of feeding patches in diVerent
ways. These diVerences were attributed to variations in response to predators in
their microhabitat. Nine‐spined sticklebacks (Pungitius pungitius), which have

very little body plating to protect them from predators, use information

provided by others to assess food patch quality. The nine‐spined sticklebacks

can learn about patch profitability by watching the behaviour of conspecifics

and, interestingly, by also observing heterospecific three‐spined sticklebacks.
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Three‐spined sticklebacks, on the other hand, were able to locate food patches

by observing other fish (both conspecific and heterospecific) feeding, but they

were unable to detect information on the relative profitability of a patch. The

well‐developed armor plating of the three‐spined sticklebacks presumably

places these fish at a lower risk of predation compared to the less well‐defended
nine‐spined sticklebacks. These diVerences in predator defense may force

the nine‐spined stickleback to bemore cautious, and individuals that can detect

not just the location of a food patch but also its relative profitability before

leaving shelter to forage will be at an advantage (Coolen et al., 2003).

In an extension of these initial observations, van Bergen and colleagues

(2004) continued to compare both species of stickleback. They showed that

nine‐spined sticklebacks adjust their foraging decision‐making to preferen-

tially use reliable information. In particular, they discovered that fish were

able to discriminate between reliable and unreliable information. The stick-

lebacks were shown to prefer more recent, more reliable observations of

conspecifics foraging at a particular location, even when this meant ignoring

information that they had previously obtained when they had sampled the

patch for themselves.

These results are very timely because, as with several other examples used

in this Chapter, they indicate that some species of fish have the capacity to

gauge the reliability of information. Perceiving diVerences in information is

fairly straightforward, but understanding that one piece of information is

more reliable than another requires a higher level of information processing.

The approaches that Coolen et al. (2003) and van Bergen et al. (2004) have

used are very versatile, and they are particularly elegant because they allow

studies of both individual and social learning to be carried out simultaneous-

ly. Despite the fact that many animals are likely to rely on both forms of

learning, most studies investigate these two forms of learning in isolation.

The experimental approach of Coolen et al. also provides an excellent

technique for assessing memory durations; for example, how long will a fish

remember the relative profitabilities of two or more foraging patches? This is

a technique that was successfully used by Milinski (1994), but little has been

done with it since.

5.4. Spatial Learning

Many aspects of day‐to‐day existence rely on an animal’s ability to move

between diVerent biologically important areas. Fish are no exception to this

and many have the ability to move eYciently through an environment using

reference points to guide their movements. This can be achieved in a number

of ways. This section will look in detail at the sorts of cues that fish use to

help guide their movements around their home range.
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Resource s are frequent ly dist ributed in a nonr ando m way within an

environm ent. An ability to move from one point to another taking the

shorte st possible route, or alternati vely a route that will least likely exp ose

a fish to a predator , will be favoure d. In some insta nces this is achieve d by

the animal making a series of body ‐ center ed, or egocen tric, movem ents or

turns ( Rodrı́guez et al ., 1994; Odli ng‐ Smee and Brait hwaite, 2003b ). In other

cases, the an imal will orient its elf by keep ing track of its own movem ent

relative to one or more extern al refer ence poin ts, and so metimes these may

be used to form a map (Rodrı́guez et al ., 1994 ). When moving over much

longer distances, for exampl e dur ing season al migrati ons, fish may use a

compass rather than a map to allow them to maintain a particular course or

bearing (see Secti on 5.4.2. and Chapt er 7, Section 12 of this volume ).

One of the most frequently cited examples of impressive spatial ability in

fish is the escape response first described in rock‐pool gobies by Aronson

(1951, 1971). When threatened, the gobies jump from their current tide pool

into a neighbouring one. The accuracy with which they are able to locate

adjacent pools is remarkable. Aronson was able to demonstrate through a

series of experiments that the gobies must be learning the local topography

during periods of high tide when the fish could swim around and explore the

intertidal area. If the gobies were prevented from exploring the topography

at high tide, they were unable to accurately locate pools to jump into when

they were later startled. These results suggest that the gobies can learn

relatively complex spatial relationships and then use their spatial memory

to recall this information to allow them to escape. It is interesting that these

experiments are quoted so frequently because, although it is clear the fish

must be using spatial learning and memory to behave this way, we still do

not know what types of spatial cues are being used. It seems remarkable that

the initial experiments were performed more than a half‐century ago, and yet

we are still unsure of the mechanisms that allow the fish to escape so

eVectively. What are the spatial cues that the fish learn at high tide? Do

the fish form a mental map of the tidal pools and do they rely on landmarks

to guide their chosen escape direction?

Virtually all the initial studies investigating fish homing behaviour were

performed in the field using capture‐mark‐recapture techniques to estimate

the area over which fish ranged (Green, 1971; Carlson and Haight, 1972;

Hallacher, 1984). Experiments in which marked fish were displaced diVerent
distances showed that a number of fish species had a strong homing re-

sponse, even after relatively large displacements. For example, yellowtail

rockfish (Sebastes flavidus) were able to find their way back to their point of

capture after being displaced more than 20 km (Carlson and Haight, 1972).

Similarly, it was observed that the memory for home could persist over long

periods of time. This was demonstrated by Green (1971) when he showed
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that intertidal sculpin (Oligocottus maculosus) could return to the site they

were initially caught despite a 6‐month period in captivity. More recently,

more precise, small‐scale spatial behaviours have been documented; plank-

tivorous reef fish have been shown to adopt sophisticated search patterns

while they forage on patches of prey. By following marked individuals,

Noda and colleagues (1994) observed that individual fish repeatedly visited

three specific foraging sites. While at a site, the fish swam slowly and

followed a stereotypic pattern before swimming swiftly on to the next site.

The authors suggest that the fish are using spatial memory to direct their

foraging behaviour eYciently within each site and to avoid revisiting recently

depleted areas. Their observations certainly seem to implicate spatial mem-

ory, but alternative explanations could also explain some of their observa-

tions. For example, the use of olfactory cues associated with their prey could

indicate when a particular feeding area is food‐rich and worth visiting, but

falling numbers of prey and a decrease in odor cues could signal when the

fish should leave for a new foraging site.

5.4.1. Learning about Landmarks

There are a number of examples that highlight how landmarks can be

used by diVerent species of fish (for review see Braithwaite, 1998). Field

observations have demonstrated the use of visual landmarks to guide fish

along a specific route on coral reefs (Reese, 1989). Many fish perform daily

migrations along the reef to reach spawning sites, and these daily migrations

typically follow a fixed route. If a head of coral from the reef is removed,

several species of butterfly fish (family Chaetodontidae) will stop and begin a

pattern of searching behaviour, apparently looking for the missing landmark

(Reese, 1989). This is consistent with the fish using a navigational strategy

known as piloting where the animal has a list of landmarks that will direct it

to its goal. It moves from one landmark to the next working its way down

the list. Brown surgeon fish (Acanthurus nigrofuscus) appear to use a similar

technique as they too can be deflected from their swim path when landmarks

are displaced (Mazeroll and Montgomery, 1998). Field experiments such as

these are logistically diYcult, and it is perhaps not surprising that the

majority of work addressing landmark use by fish comes from controlled

laboratory experiments.

A number of species of fish have been trained to use landmarks to direct

their behaviour towards some goal point. In the simplest cases, the fish are

trained to use a visual cue as a beacon (i.e., a single landmark that identifies

the location of a specific goal). Warburton (1990) demonstrated that goldfish

can learn to use such a beacon to locate a hidden food item. Fish can also

swim from one beacon to the next; for example, three‐spined sticklebacks

were observed to follow small plant landmarks to find their way through a
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series of doors in a maze (Girvan and Braithwaite, 1998). Juvenile Atlantic

salmon (Salmo salar) can also learn to follow moveable food patches labeled

with unique visual landmarks to indicate the position of a food reward

(Braithwaite et al., 1996).

Given the diversity in fish sensory systems it should be no surprise that

there are numerous examples of landmark learning in fish where the cues are

not visual but instead the fish make use of other sensory modalities (see

Chapter 2 for more details of sensory systems). Some species of electric fish

such as the African mormyrid (Gnathonemus pertersii) can learn to locate a

single hole in a wall that allows the fish to move between two halves of a

tank. The fish use electrolocation to guide their movements and to map the

position of this hole (Cain et al., 1994). Mexican blind cavefish use their

lateral line organ to help them navigate by detecting disturbances in their

self‐induced flow field (see Section 4), and these fish can use their lateral line

organ to discriminate between diVerently shaped openings in a wall placed in

the middle of their tank (von Campenhausen et al., 1981). Even fish that

are more usually dependent on vision can learn to use direction of flow to

direct their movements; three‐spined sticklebacks, for example, will use

flow direction in an artificial stream to learn the position of a hidden food

patch. Here, reversing the direction of flow within the stream causes the fish

to swim to the opposite, previously nonrewarded end of the stream

(Braithwaite and Girvan, 2003).

Although limited, there are also compelling examples that fish will learn

nonvisual landmarks in the field. For example, anadromous forms of salmon

are known to learn the specific odours of their natal stream as they migrate

towards the marine environment (see Chapter 7). This phase is marked by a

period of elevated production of thyroxine, and it has been suggested that

the thyroxine is a key factor promoting olfactory learning (Dittman and

Quinn, 1996). The fish learn the signature odours of their river system at

several points on their outward migration, and these river‐specific smells

then form a sequence, or list, of learned odor‐landmarks. When the fish are

ready to begin their return migration, the salmon make their way to the

coast and then reverse the remembered sequence of odours to allow them to

follow the odour landmarks to reach their natal stream (Quinn, 1985;

Hansen et al., 1987; Heard, 1996). One possibility is that thyroxine surges

trigger transient neural changes in the peripheral olfactory system, permit-

ting windows of sensitivity, which prime the salmon for olfactory learning.

Animals typically go through a phase of learning when they encounter new

environments; it is possible then that thyroxine may be in some way prepar-

ing the fish for a period of learning. This possibility could be tested by

artificially increasing thyroxine levels while quantifying learning capacity
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of the salmon. Further evidence that there may be a link between thyroxine

and learning is that structural reorganisation in certain brain circuits has

been shown to occur during the downstream migration when levels of

thyroxine are high (Ebbesson et al., 2003; Chapter 7 of this volume).

Very recently, auditory cues have been proposed to play a role in reef fish

orientation (Tolimieri et al., 2000; Simpson et al., 2004). Some species of reef

fish produce demersal eggs that hatch into free‐swimming pelagic larvae and

develop in the open sea for a short period of time before returning to the

benthos. In some cases, juveniles are apparently able to home and settle on

their natal reef (Jones et al., 1999; Swearer et al., 1999). Underwater sound

can cover long distances with little attenuation and it is highly directional.

Given these properties, sound could be used as an orientation cue. Reefs can

generate a certain amount of biological sound; for example, nocturnal

activities of snapping shrimps, urchins, and fish have been recorded and

can be so loud that they have been described as an ‘‘evening chorus’’

(Tolimieri et al., 2000). Using light traps that either emit a reef noise through

loud speakers or are silent, two independent studies have shown that benthic

reef fish are more attr acted to the traps emitting noise (To limeiri et al., 2000;

Simpson et al., 2004). In an extension of this work, Simpson and colleagues

(2005) have found that diVerent reef fish species respond to diVerent sound
spectra. However, it remains to be determined whether it is the noise alone

that allows the fish to hone so precisely to their natal reef or whether other

cues play a role. Furthermore, there are several aspects of these observations

that remain unresolved. Are the fish using the whole spectrum of noise or are

some parts more important than others? How do the fish learn the signature

noise of their home reef? These questions are currently being investigated by

Simpson and colleagues in a series of field experiments running on the Great

Barrier Reef in Australia.
5.4.2. Navigating bya Compass

Fish are likely to rely on more than one source of spatial information

when learning about locations or routes. Fish, like other vertebrates, are apt

to give more attention to the most reliable or abundant sources of informa-

tion (Healy, 1998). The use of more than one cue provides the fish with back‐
up information. In this way, if the spatial environment becomes altered in

some way, the fish can switch to using alternative spatial cues (Reese, 1998;

Vargas et al., 2004). Compasses (such as the position of the sun or magnetic

cues) provide a relatively stable, unchanging source of spatial information,

which can be used on its own or in combination with landmarks or a map

(Goodyear, 1973).
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A few studies have demonstrated that fish can learn to use compass

information. For example, sun‐compass responses have been shown in fish

trained to locate shelter in one of several circularly arranged refuges in

outdoor arenas under clear skies (Hasler et al., 1958; Schwassmann and

Braemer, 1961; Hasler, 1971). Goodyear (1973) also demonstrated that

mosquitofish (Gambusia aYnis) have a sun‐compass response (Goodyear

and Bennet, 1979). When moved to unfamiliar surroundings, the mosquito-

fish use a sun compass to set them on a heading that is at right angles to the

shore from which they were captured. This movement towards the shallow

water close to the shore is thought to help the fish avoid other piscine

predators (Goodyear and Ferguson, 1969).

There are also alternative forms of compass information (e.g., polarised

light and magnetic cues). Experiments using polarising filters have demon-

strated that juvenile rainbow trout (Oncorhynchus mykiss) can learn to orient

using polarised light cues (e.g., Hawryshyn et al., 1990); however, this ability

appears to be lost in older fish. Natural polarised light patterns are at their

most intense at sunrise and sunset, with the most obvious band of polarised

light, the E‐vector, being directly overhead at these times of day. Given that

several species of reef fish perform their daily migrations first thing in the

morning and at dusk, it would be an eVective form of compass for these fish

to use, but to date it has not been tested (Quinn and Ogden, 1984; Mazeroll

and Montgomery, 1998).

The ability for animals to detect and use the Earth’s magnetic field as a

compass was proposed over a century ago (see Alerstam, 2003). Just how

this information is detected and where it is processed, however, has been a

hard problem to resolve. A significant contribution to this field came from

work by Walker and colleagues (1997) who used the rainbow trout as their

model organism. For the first time, they were able to demonstrate beha-

vioural and electrophysiological responses to magnetic fields, and they iden-

tified an area in the fish’s snout where candidate magnetoreceptor cells were

located. Their results showed that the trout detect the magnetic field using

magnetite, a biogenically produced iron oxide crystal. Tiny microscopic

magnetite crystals were located near the basal lamina of the olfactory

epithelium. Using a fluorescent lipophilic dye to trace the nerve pathways,

the ros V nerve was proposed to be the most likely route through which

information from the magnetoreceptor cells was passed to the brain (Walker

et al., 1997). These results were impressive not just in their detail but also

because they allowed us to finally determine how some animals are able to

detect magnetic fields. A magnetic compass is likely to underlie the ability of

salmonids to migrate substantial distances out at sea while maintaining a

constant bearing (see also Chapter 7, Section 9.3).



1. COGNITIVE ABILITY IN FISH 27
6. THE LATERAL TELENCEPHALIC PALLIUM AND

SPATIAL LEARNING

For the last two decades, avian and mammalian biologists have been

interested in the role of a small region of the brain called the hippocampus.

This area that is in the midbrain of mammals, but on the roof of the brain in

birds, has been clearly linked with learning and memory processes. In

particular, it is associated with spatial learning and memory. Like birds

and mammals, fish also have a capacity for spatial cognition, and this

knowledge has prompted the search for a hippocampus homologue within

the teleost brain. Such an area has now been identified within the forebrain:

the lateral pallium (Vargas et al., 2000; Rodrı́guez et al., 2002a). It is well‐
established that, in birds and mammals, when the hippocampus is damaged

or lesioned, spatial learning is impaired. Work by a team in Seville, Spain,

has now shown that lesioning the lateral pallium in fish causes them to lose

their ability to find their way to a previously learned goal location (Rodrı́guez

et al., 2002b). These striking similarities between teleost brains and those of

other vertebrates suggests that there may be much more conservation in

ancestral patterns of organisation in the brain than originally proposed.

It was observations made by Vargas and colleagues that indicated the

lateral pallium may play a significant role in spatial learning. They discov-

ered an increase in protein synthesis in neurones in the lateral pallium after

goldfish had been trained in a spatial task (Vargas et al., 2000). Subsequent

work testing goldfish with a number of diVerent pallial lesions gave further
support to the idea that the lateral pallium is involved in spatial learning.

For example, Rodrı́guez et al. (2002b) showed that goldfish with lesions to

the lateral pallium, or ablation of the telencephalon (where the lateral

pallium is located), were unable to navigate around a previously learned

radial maze. Fish that were similarly trained but were subjected to lesions of

the medial or dorsal pallium were not spatially impaired (Figure 1.4).

In the teleost forebrain, the region next to the lateral pallium, the medial

pallium is considered to be homologous to the pallial amygdala found in

mammals that is associated with emotion and certain types of learning.

When the teleost medial pallium is lesioned, the fish sometimes dis-

play disrupted or disorganised aggressive sexual and reproductive behaviour

(Bruin, 1983). Others, who have stimulated this area rather than lesioning it,

have shown that medial pallium stimulation generates arousal, defensive

beh aviour, and escap e respo nses ( Savage, 1971 ; Dems ki and Bea ver, 2001;

Quick and Laming, 1988). Given these results, and the knowledge that

the mammalian amygdala is involved in generating emotion, Broglio and

colleagues (2003) speculated that the fish medial pallium may have an



Fig. 1.4. Goldfish performance in a maze before and after surgery. Ablated group had their

forebrain (telencephalon) aspirated. The sham group was handled in the same way, but no

nervous tissue was damaged. Before surgery, during the acquisition or learning phase, there were

no diVerences between the two groups (Mann‐Whitney U > 11; P > 0.11). After surgery,

however, the performance of the ablated group significantly deteriorated (Wilcoxon Z ¼ 2.07;

P < 0.05) and their postsurgery performance decayed to levels close to chance (56.7 � 4.2%).

(Adapted from Salas et al., 1996b.)
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important role in spatial memory that is linked to motivational eVects such
as learning to avoid a place frequented by a predator, or learning the

location of a territory held by an attractive mate. In support of this, lesions

to the medial pallium, but not the lateral pallium, impaired the associative

learning capacity of goldfish that were trained to avoid a location that was

paired with an electric shock (Portavella et al., 2002). Here the medial

pallium lesioned fish took longer to learn the task and forgot it more quickly

than fish with sham or lateral pallium lesions.

These diVerent examples again highlight the importance of studies of

spatial learning and memory. Using spatial ability (i.e., accuracy at complet-

ing a maze) as the behavioural assay, the eVects of diVerent fine‐scale lesions
have identified which regions of the fish forebrain are necessary for proces-

sing diVerent types of spatial information. Comparative approaches to



1. COGNITIVE ABILITY IN FISH 29
investigating the role of the hippocampus have proved particularly fruitful in

studies comparing diVerent species of birds and mammals (Shettleworth,

1998). Given the diversity and specialisations seen in so many fish species, a

comparative approach to fish cognition and neuroanatomy may also provide

new insights into the development and plasticity of learning mechanisms.
7. CONCLUSION

There are many instances where perception, learning, and memory are

key processes that enable fish to adapt to their local environment. Fish are a

remarkably diverse group of organisms that exhibit an enormous range of

specialisations in their sensory systems, as well as in their learning and

memory capacities. This Chapter attempted to indicate diVerent ways in

which learning and memory processes allow fish to adapt to their local

environment so that they can survive, mature, and reproduce. Recent work

investigating the neural bases of cognition has demonstrated that there are

striking similarities between fish brains and those of other vertebrates.

Identifying homologous brain structures that share similar processing prop-

erties strongly suggests a degree of conservation between fish brains and

other vertebrates. Studies of fish cognition may therefore provide a useful

tool with which to further investigate the evolution of vertebrate learning

and memory systems.
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1. INTRODUCTION

Communication is defined as an interaction between a signaler, who

produces a sensory stimulus or signal, and a receiver, who perceives the

signal and makes a consequent behavioural decision. Communication is

fundamentally a series of steps between one animal’s brain and another:

from the production of behaviours and strategies on the signaling end to

perception and behavioural response on the receiving end.

Fish have made a central contribution to our understanding of com-

munication. Communication underwater generally presents an instructive
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24002-5
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comparison to communication in terrestrial habitats; further, fish occupy an

unparalleled range of sensory environments, from the nearly lightless sound

fixing and ranging (SOFAR) channel of the deep ocean to the bright, noisy

shallows of a coral reef. Although several other taxa are able to perceive

electrical fields, it is only fish that use electrocommunication. Finally, several

model systems have proven amenable to genetic (Poecilia, Xiphophorus, Rift

Lake cichlids) or neurobiological (Opsanus, Astatotilapia, and the weakly

electric fish) analysis of communication systems.

In many ways, however, communication research has lagged in fish

relative to other animals. The technical diYculties of studying fish in nature

have dichotomised the field into observational work by snorkelers and scuba

divers, and experimental work on fish in aquaria—often from selectively

bred aquarium lines. Without more rigorous studies of wild fish, we may be

overlooking much of the sophistication of fish communication systems. In

addition, it is only recently that work on learning and individual diVerences
(e.g. Wilson et al., 1993; Lachlan et al., 1998; Engeszer et al., 2004) has

refuted the dogma that all fish behaviour is stereotyped and ‘‘hard‐wired’’
(reviewed in Laland et al., 2003). New techniques and a new appreciation of

the cognitive world of fish (see Chapter 1) should prove fruitful in bringing

to bear the comparative and manipulative power of fish systems on nearly all

aspects of communication.

Here we focus on discussing how communication signals are produced

and the constraints they face in the range of sensory environments in which

they are used. This chapter is by no means intended as an exhaustive survey

of studies on fish communication. The large number of observational reports

by aquarists and divers are given particularly scant treatment; these do,

however, highlight how many interesting systems are candidates for future

study.

A particular challenge in animal communication is distinguishing be-

tween a signal (a stimulus that has evolved in an explicitly communicative

context) and a cue (a stimulus whose communicative function is incidental).

Signals are easy to identify if they involve behaviours performed only in the

presence of an appropriate receiver; many acoustic calls and motor displays

fall into this category. Other stimuli, like sex hormones released during

courtship, are more diYcult to class. The situation is further complicated

by the fact that some communication signals may have evolved in order to

enhance transmission of a cue to a receiver. For example, close‐range court-
ship motor displays may waft olfactory cues to the receiver. Once a signal has

been produced, it must be transmitted to the receiver, who then must detect it

against background, identify it, and respond. An eVective signal must there-

fore be both detectable in the environment in which it is produced and

distinct from signals that would elicit a diVerent response from the receiver.
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2. VISUAL COMMUNICATION

A disproportionate amount of work on fish communication has con-

centrated on vision. This is due to two principal factors: the striking diver-

sity of form, colour, and pattern displayed by coral reef fish and many

tropical freshwater fish; and, as Douglas and Partridge (1997) observed,

the fact that fish occupy ‘‘almost every conceivable visual environment,’’

from lightless caves and ocean canyons to blackwater streams and sunny

reefs. Paradoxically, the fact that water is a poor medium for visual signals

has made visual communication in fish a fruitful area of study, because

this has imposed strong selection on the evolution of visual systems and

signals.

Research on visual communication is both aided and hampered by the

fact that humans are highly visual creatures; underwater, moreover, the

other modalities that fish use are largely inaccessible to us without special

instrumentation. The fallacy of ‘‘seeing is believing’’ has often resulted in a

lack of rigor compared to studies of other modalities. With the exception of

a growing body of quantitative studies on the colour component of commu-

nication, most work on visual communication in fish (and in general) does

not take a quantitative approach to characterising the colour, spatial, or

temporal properties of stimuli, backgrounds, or ambient light conditions,

whether characterising signals themselves or evaluating receiver response

(Rosenthal and Ryan, 2000). Nevertheless, the fact that visual stimuli can

be readily characterised and experimentally manipulated through dummies,

models, video, and computer animation (Rowland, 1999; Rosenthal, 1999,

2000), has given us substantial insight into this mode of communication in

fish.

Although surprisingly few studies have explicitly isolated visual compo-

nents of communication signals, fish have been shown to use visual com-

munication extensively in the context of mate choice (Andersson, 1994;

Rosenthal, 1999; Cummings et al., 2003; Kingston et al., 2003), agonistic

displays (McKinnon and McPhail, 1996), as well as recognising conspeci-

fics (Katzir, 1981), shoalmates (Turnell et al., 2003), similar shoalmates

(Engeszer et al., 2004), and individuals (Balshine‐Earn and Lotem, 1998).

The characid Hemigrammus erythrozonus has a visual antipredator display

(see Section 7). Deep‐sea anglerfish use bioluminescent lures to snare prey

(Hastings and Morin, 1991) and the monacanthid Paraluteres prionurus uses

shape and colour patterns to mimic a toxic puVerfish (Caley and Schluter,

2003). We discuss the production mechanisms of both bioluminescent and

reflected‐light signals, and then turn to the transmission and perception of

visual signals in the aquatic environment.
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2.1. Production: Bioluminescence

The vast majority of visual signals, including those produced by most fish,

involve modifying the distribution of light generated by the sun. Many marine

fish, however, produce bioluminescent signals themselves, either endogenously

or, more commonly, by concentrating bacterial symbionts inside specialised

light organs (Hastings andMorin, 1991). Bioluminescence is particularly useful

at night and in the deep sea, where exogenous light is scarce.

Bioluminescence has evolved independently about 13 times in teleosts,

exclusively in marine taxa. Hastings and Morin (1991) estimated that 189

teleostean genera, or 4.9% of the total, contained luminescent species including

the bristlemouths (genusCyclothone), one of the most abundant vertebrates on

Earth. Bioluminescence serves a variety of functions, including prey capture

and camouflage (see below) and can play a role in shoaling and courtship.

Bioluminescence involves an enzymatic reaction whereby an oxygenase,

luciferase, oxidises a luciferin, producing oxyluciferin and emitting light

(Hastings and Morin, 1991). The system therefore requires a fresh supply of

luciferin, which can be acquired through the diet (Mallefet and Shimomura,

1995) or synthesised endogenously. The resulting light typically has a peak

wavelength of 500 nm (Hastings and Morin, 1991), close to the peak trans-

mission of clear seawater and the peak spectral sensitivities of many fish

visual systems.

Most bioluminescent fish, including all the known bioluminescent species

in Lophiiformes, Gadiformes, and Beryciformes, rely on bacterial symbionts

for light production. Many of these bacteria are facultative symbionts and

are also found at high concentrations in the plankton (Nealson and Hastings,

1979). The design of light organs in fish with bacterial symbionts is con-

strained by their function as bacterial chemostats and as regulators of the

bacteria’s bioluminescent activity (Nealson, 1977). The bacterial light organ

generally consists of a highly vascularised gland which supplies oxygen and

nutrients to large numbers of bioluminescent bacteria, coupled with mechan-

isms that selectively occlude the light. Tightly packed tubules or highly

convoluted epithelia typically provide surface area for bacteria (Herring

and Morin, 1978). In other taxa, such as the midshipmen (Batrachoidae:

Porichthys spp.), lanternfish, and some apogonids, the luciferin–luciferase

system is produced endogenously (Hastings and Morin, 1991; Gon, 1996),

with bioluminescence under neural control (LaRiviere and Anctil, 1984).

Fish have evolved a variety of structures to control the spectral, spatial, and

temporal properties of emitted light. Both bacterial light organs and photo-

phores can contain reflectors, filters, lenses, and light guides (Hastings and

Morin, 1991). Species with bacterial light organs use ‘‘shutters’’ controlled by

specialised musculature to create flashes of light. Lampeyes (Anomalopidae)
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can use both musculature derived from the levator maxilla to draw a black

pigmented curtain over the surface of the organ, or rotate the entire organ into a

suborbital pocket. The fish can cycle these movements up to 100 times per

minute, creating a ‘‘blinking’’ eVect which is used both for prey detection and

intraspecific signalling (Hastings and Morin, 1991). In the trachichthyid genus

Paratrachichthys, bacterial organs are located around the anus, opening onto

the rectum. The light is distributed anteriorly and posteriorly by translucent,

collimating muscles ‘‘piping’’ light to various areas of the body in a manner

analogous to fiber optics (Herring and Morin, 1978).

Three deep‐sea genera of loosejaws (Malacosteidae) couple a luciferin–

luciferase system, emitting typical blue‐green light, to red fluorescent protein

(Campbell and Herring, 1987) and a series of filters to produce far‐red light

(maximum emission >700 nm) from suborbital photophores (Widder et al.,

1984). This light is invisible to most other deep‐sea fish, providing them with

a private channel with which to locate prey and signal to conspecifics.

Loosejaws detect these wavelengths not using a long‐wavelength sensitive

opsin, but with a novel, long‐wavelength photosensitiser, derived from

dietary chlorophyll (Douglas et al., 1999).

The light organs of ponyfishLeiognathus splendens (Leiognathidae) enclose

bacteria within tubules in a glandular epithelium of an esophageal diverticu-

lum. The light organ is silvered dorsally and half‐silvered ventrally, so that it

acts as a parabolic mirror to direct light onto the translucent musculature,

where it is diVused over the ventral surface (Hastings and Morin, 1991). In

some leiognathid species, multiple ‘‘shutters’’ on the wall of the light organ are

used to mechanically control the duration and intensity of light emission. A

large shoal of these fish was observed to emit a high‐frequency, synchronised
light display, collectively creating a highly conspicuous signal (Woodland et al.,

2002). The congener L. elongatus appears to be sexually‐dimorphic, with

females lacking a light organ. In natural shoals, luminous individuals appear

to be socially dominant over nonluminous ones (Sasaki et al., 2003).

Although bioluminescence aVords the signaler the luxury of controlling

the temporal characteristics of the signal, it has several limitations. Most

bioluminescent signals are spatially simple and monochromatic; more impor-

tant, they are fairly ineVective in brightly lit environments where vision

plays a dominant role. Most visual signals, therefore, involve forms, patterns,

colours, and movement that reflect available light.

2.2. Production: Reflected‐Light Signals

Between the aquarium hobby, underwater tourism, and animated mo-

vies, the bright colour patterns of many fish account for a nonnegligible

fraction of the world’s disposable income. To our visually biased human
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Umwelt, or perceptual universe, the remarkable colour patterns of coral reef

fish are one of the most striking examples of flamboyance in nature. It is not

only their conspicuousness that catches our eye, but also the profusion of

colours and patterns across thousands of species. We are just beginning to

understand the proximate and ultimate forces underlying this diversity of

patterns.

Reflected‐light signals are characterised by spectral reflectance as a func-

tion of space and time. Reflectance is defined as the light reflected back from

a target illuminated by a uniform white light source, as a function of

wavelength. Reflectance can change as a function of the angle of illumina-

tion, spatial position, and time. Many fish express complex colour patterns;

over the course of a courtship or aggressive display, they vary the colour and

intensity of these patterns and engage in changes in position, orientation,

and posture. The amount of information that can be conveyed in a display is

thus considerable.

The colour sensitivity of fish ranges from around 340 nm (the near

ultraviolet) to 750 nm (the near infrared), with considerable variation in

visual sensitivity among species. Fish produce colours across this spectrum

(Marshall, 2000; Losey et al., 2003). Spectral variation in signals is produced

either by pigments, which absorb portions of the light visible to receivers, or

by morphological structures that selectively scatter light as a function of

wavelength. Pigments are typically used to generate long‐wavelength colours

(yellows, oranges, and reds), whereas morphological structures are used for

shorter‐wavelength colours (blues, indigos, violets, and ultraviolets).

2.2.1. Pigment‐Based Colours

The chemical nature of a pigment determines the wavelengths of light it

can absorb. Many pigments in fish are organic compounds containing long

chains of conjugated double bonds, such as carotenoids and pterins. In

general, small molecules absorb only high‐energy (short) wavelengths,

whereas larger molecules additionally absorb longer wavelengths of light.

Carotenoids and pterins typically absorb shorter wavelengths, thereby re-

flecting yellows, oranges, and reds. Carotenoids bound to proteins can

absorb middle wavelengths while reflecting both red and blue to produce

purple. Melanins are large proteins that absorb most visible and ultraviolet

light to produce black. Pigments are housed in chromatophores, within

small packets called chromatosomes (Bagnara and Hadley, 1973).

Fish cannot synthesise carotenoids; they must be obtained from dietary

sources. In freshwater systems, notably three‐spine sticklebacks (Gasteros-

teus aculeatus) and guppies (Poecilia reticulata), males vary in carotenoid

expression (Houde, 1997; Boughman, 2001). Female sticklebacks prefer

redder males (Boughman, 2001). The intensity of red colour is determined
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by the concentration of astaxanthin carotenoids in the skin, whereas the

chroma (colour purity) of red is determined by the ratio of astaxanthins to

tunaxanthin (Wedekind et al., 1998). Variation in astaxanthin deposition

also appears to underlie the variation in the intensity and quality of orange

colouration in guppies (Hudon et al., 2003). The area of long‐wavelength
patches in guppies is highly heritable, whereas the intensity of colour patches

depends on carotenoid uptake from the diet and on parasite load (Houde

and Torio, 1992; Houde, 1997) and is correlated with male condition

(Nicoletto, 1991, 1993).

Intriguingly, although long‐wavelength colours in freshwater fish often

appear to be limited by the availability of dietary carotenoids, this does

not appear to be the case in marine fish. First, there is far less intraspecific

variation between individuals in colour intensity in reef fish than has been

reported for the aforementioned freshwater systems (G.G. Rosenthal, un-

published data). Second, many deep‐water and nocturnal marine fish are

bright red in colour, whereas fish in analogous freshwater niches are usually

pale and unpigmented. Perhaps dietary pigments are more reliably available

in marine environments.

2.2.2. Structural Colours

Short‐wavelength (green to ultraviolet) colours are often produced struc-

turally, using small (<300 nm) particles embedded into a transparent layer

backed by melanin pigment. Short wavelengths are scattered (Rayleigh

scattering) and reflected back to the receiver, whereas longer wavelengths

are absorbed by the melanin. Adding filters to the transparent layer

can further restrict the range of wavelengths being reflected (Bagnara and

Hadley, 1973).

Interference colouration is likely to account for the shimmering irides-

cent colours found in many fish, notably poeciliids, cyprinodonts, and

cichlids. This process involves a thin layer of transparent material with a

high index of refraction coating the skin. Light hitting the surface at an angle

is partially reflected to produce a primary reflection; much of the remaining

light is refracted, reflected by the boundary at the bottom of the transparent

material, then refracted again to produce a secondary reflection. The wave-

lengths for which these primary and secondary reflections are in phase

depend on the viewing angle, the width of the transparent layer, and its

refractive index. The apparent colour can thus change substantially with

viewing angle (Denton, 1970). Ultraviolet (UV) colouration in birds is

produced by coupling multilayer interference with a scattering mechanism

(Finger et al., 1992). Many fish produce signals that either reflect primarily in

the UV (Figure 2.1) or show secondary ultraviolet peaks (Losey et al., 1999),

and it would be worthwhile to determine how these are produced.



Fig. 2.1. Visual signal diversity in northern swordtails (Poeciliidae: genus Xiphophorus).

(a) Diversity of body size and ornamentation in males. The sword ornament shows considerable

interspecific variation and has been secondarily lost three times (Ryan and Rosenthal, 2001).

(b) Normalised reflectance spectra of swords in male X. nigrensis (n), X. multilineatus (m),

X. cortezi (c), X. nezahualcoytl (nz), and X. malinche (me). The proportion of reflectance in

the ultraviolet (UV) is positively correlated with the density of UV‐insensitive predators.

Modified from Cummings et al. (2003).
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White colouration is often produced by guanine, which forms microcrys-

talline platelets that reflect all wavelengths. If guanine platelets are packed in

a dense array, they produce the specular (mirrorlike) reflectance characteris-

tic of silvery scales. These dense arrays can be concentrated in iridosomes,

which intensify pigment colours by reflecting wavelengths transmitted by

chromatosomes (Bagnara and Hadley, 1973).

The spectral curves produced by fish colours can be characterised as

simple (reflecting strongly in one region of the spectrum) or complex (with

separate reflectance peaks in distinct portions of the spectrum) (Marshall,

2000). Simple colours are either step‐shaped with high reflectance of all visible
wavelengths above or below a cutoV point, or peak‐shaped, reflecting within a
particular range of wavelengths. Long‐wavelength colours tend to be step‐
shaped; short‐wavelength colours are peak‐shaped (Marshall et al., 2003).

Complex spectral curves contain multiple peaks and/or steps. The purple

expressed by labroids, particularly tropical wrasses and parrotfish, is one of

the most complex animal colours, with distinct peaks around 400 and 580 nm

and a step around 730 nm. Marshall (2000) suggested that this colour might

be produced by combining several interference colours together.

The colours produced by fish are not randomly distributed across the

spectrum. In a broad survey of Hawaiian reef fish, Marshall et al. (2003)

found that peak‐shaped colours were clustered around 400 and 500 nm, a

region containing few step‐shaped colours, and that the distribution of

colours was clustered into seven to eight distinct peaks.

Many fish can change colour patterns over a range of timescales. Barlow

(1963) identified nine diVerent patterns in male Badis badis (Badidae) ex-

pressed according to social context and dominance status. Simultaneously

hermaphroditic Serranus subligarius (Serranidae) alternate from a banded

black‐and‐white male pattern to a solid black female pattern during a sex‐
changing courtship interaction (Demski and Dulka, 1986). Males in several

species of swordtails (Poeciliidae, genus Xiphophorus) express conspicuous

vertical bars on the flank, which they intensify over the course of courtship

and agonistic interactions (Morris et al., 1995). Colour change can operate

over longer time scales as well. Male Astatotilapia (‘‘Haplochromis’’) burtoni,

for example, express a drab, femalelike pattern when subdominant and

reproductively inactive, and a colourful, high‐contrast, sexually‐dimorphic

pattern when dominant and reproductive (Fernald, 1990). These shorter‐
term, reversible colour changes are regulated via neural control of chromato-

phore cells, by aggregating or dispersing pigment granules within the cells

(Bagnara and Hadley, 1973).

Short‐term temporal changes in reflected visual signals can also be

eVected by raising or lowering the fins, as in many poeciliids, or by postural

changes that change the appearance of interference colours. Many signal
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interactions—courtship displays, aggressive displays, and cleaning solicita-

tion displays—involve characteristic motor patterns that may also be provi-

ding information in nonvisual modalities (see Section 7). In some cases, fish

have evolved specialised motor control systems dedicated to communica-

tion. Male Siamese fighting fish Betta splendens (Osphronemidae) perform a

dramatic frontal display to females and to other males, which involves a

pronounced flaring of the gill covers. Both the musculoskeletal apparatus

(Ma, 1995a) and motor control neurons (Ma, 1995b) appear to have been

modified for this display. Female green swordtails, Xiphophorus helleri,

attend specifically to the spatiotemporal visual characteristics of the male

courtship display (Rosenthal et al., 1996). Sticklebacks Gasterosteus aculea-

tus attend to variation in courtship tempo (Rowland, 1995). Despite the

importance of temporal patterns in fish communication, we are not aware of

any studies comparable to Fleishman’s (1986) quantitative treatment

of the dewlap displays of anoline lizards, in which Fourier analysis was

used to quantify temporal conspicuousness relative to a naturally moving

background.

Ontogenetic colour changes are also quite common. Many sex‐changing
reef fish (see also Chapter 8) have strikingly diVerent colour patterns accord-
ing to sex and social status. In the bluehead wrasse Thalassoma bifasciatum

(Labridae), both females and initial‐phase males have yellow and black

horizontal stripes; terminal males, which are derived from either females or

initial‐phase males, have completely diVerent colours and spatial patterns: a

blue head, black‐and‐white vertical bars, and a green posterior (Warner,

2001). Many pomacentrids and pomacanthids also have conspicuous juve-

nile colour patterns strikingly diVerent from the adult phase.

The mechanisms underlying such ontogenetic changes, as well as the

development of spatial patterns in general, are poorly understood. Turing

(1952) proposed a hypothetical molecular mechanism, the reaction‐diVusion
system, whereby spot‐and‐stripe patterns arise as a result of instabilities in

the diVusion of multiple morphogenetic chemicals in the skin during early

development. DiVerences in boundary and initial conditions, and in the

number and diVusion properties of each morphogen, can interact to produce

an array of stripe‐and‐spot patterns.
Kondo and Asai (1995) and Painter et al. (1999) showed that a reaction‐

diVusion system was consistent with the development of the body pattern of

juvenile angelfish (Pomacanthus spp.), in which the body pattern is not fixed

on the skin over ontogeny; rather, the size of the black melanophore col-

ouration between yellow stripes is maintained constant, by continuous rear-

rangement of spatial patterns. Shoji et al. (2003) further suggested that a

reaction‐diVusion system could act in concert with small diVerences in

diVusion anisotropy of morphogens (caused by structures with directional
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conformation such as scales) to induce directionality in stripe patterns. A

molecular mechanism conforming to the reaction‐diVusion model has yet to

be identified, although Asai et al. (1999) argued that the zebrafish leopard

gene may be acting as a component of a reaction‐diVusion system.

Parichy (2003) provides a concise review of the developmental genetics of

stripe formation in Danio (Cyprinidae). In the zebrafish D. rerio, blue stripes

consist of a mixture of xanthophores and melanophores; white stripes are a

mixture of xanthophores and iridophores. Although there is a fairly detailed

picture of the mechanisms whereby pigment cells are recruited and aggre-

gated, the forces underlying the spatial arrangement of stripes remain un-

clear. The lateral line system might be involved in recruiting stripes, as it is in

salamander larvae; the zebrafish mutant puma exhibits defects in both lateral

line and stripe development (Parichy, 2003).

Regular horizontal or vertical stripes are only a tiny subset of the spatial

patterns produced by fish. Many species, like the aptly named Picasso

triggerfish (Balistidae: Rhinecanthus rectangulus) are characterised by com-

plex, aperiodic patterns that are highly conserved between individuals. The

planktonic larval stage and long generation time of most reef fish make them

intractable as models in developmental biology. The West African killifish of

the subfamily Aplocheilinae (Aphyosemion, Fundulopanchax, and allied

genera), in contrast, are easy to rear in the laboratory, express highly diverse,

repeatable colour patterns (Amiet, 1987), and could prove an interesting

model for mechanisms of pigment pattern development.

2.3. Visual Signals, the Visual Environment, and Visual Perception

For reflected‐light signals, production and propagation entirely depend

on ambient light levels and properties of the physical environment. Under-

water, light quality and quantity varies with depth, water chemistry, and

biotic factors like plankton density (Nybakken, 1977). Visually‐oriented fish

are thus an ideal system for studying environmental eVects on communica-

tion (Lythgoe, 1988). If a fish cannot make its own light, it must work with

the available light environment to produce communication signals. Strong

associations between transmission characteristics of the environment, visual

sensitivity, and body colour have been demonstrated in a variety of fish

systems (Endler, 1991, 1992; Endler and Houde, 1995; Boughman, 2001;

Cummings and Partridge, 2001). In haplochromine cichlids, eutrophica-

tion of clear lake water masks the apparent colour diVerences between two

recently diverged species, promoting hybridisation (Seehausen et al., 1997).

Microhabitat diVerences can drive sensory systems and thereby specia-

tion. The adaptation of fish visual systems to divergent visual environments

was the empirical cornerstone of Endler’s (1992) ‘‘sensory drive’’ hypothesis,
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wher eby tuning to a n environm ent would drive recei ver pe rception , signal

produ ction, and preferen ce for a signal. Boughm an (2001) sho wed that

fema le sensi tivity to red in sticklebacks correl ated with the abundan ce of

red light in the environm ent and with female prefer ence for red versus black

male s, pr oducing diverg ent selec tion for red and black males in diverg ent

environm ents.

Perhaps more than other modaliti es, visual systems are fair ly bro adly

tuned, with sub stantial overla p in the sensitiv ities of most anima l visual

systems. Most anima ls are sensi tive to wave length s between 400 and 700

nm and to the spatial frequenci es of object s in their environm en t ( Rosent hal

and Ryan, 2000 ). In some cases, this has allowed signale rs to exploi t fairly

permi ssive visual biases on the part of recei vers. In swordtai ls, genus Xipho-

phorus fema les exhibi t an ancest ral preferen ce for a conspicuous cau dal

ornament , the sword ( Basolo, 1990, 1995 ). The preferenc e ap pears to be a

specia l case of a mo re general preferen ce for large apparent size ( Rosent hal

and Evans, 1998 ). The signal is, howeve r, exploi ted by pr edators (the

Mexica n tetra Astyanax mexican us, Char icida e) with the same bro ad visual

biases ( Rosent hal et al ., 2001 ). In high ly predate d popul ations, fema le

sword tails reduce their preferen ce for the visi ble ‐light signals reflect ed by
the sword ( Rosenth al et a l., 2002 ).

The visual spectr um is not uni versally shared amon g recei vers, howeve r.

The ultraviol et (UV; 320 to 400 nm) is the one area wher e visual sensi tivity

varie s substa ntially ac ross fish taxa, providi ng the opportun ity for a de gree

of signal privacy. Siebeck and Marshal l (2001) , for exampl e, foun d that only

abou t 30% of reef ‐ dwel ling fish wer e sensi tive in the ultraviol et. Swordtail s
are sensi tive to UV wave lengt hs, whereas A. mexi canus are not. Male swor d-

tails in highly pred ated populatio ns exhibi t bright UV stripes, which fema les

atten d to in mate choice, but which are relative ly inco nspicuous to predator s

(Figure 2.1; Cummings et al., 2003). Similarly, Endler (1991) showed that

male guppies court at times of day and in microhabitats that minimised

visual conspicuousness to invertebrate predators while retaining conspicu-

ousness to females.
3. ELECTRICAL COMMUNICATION

Electrocommunication and electrical signaling are reviewed in detail in

excellent, short reviews by Hopkins (1999a,b) and Zakon (2003) and also

mentio ned in Chapt er 3, Sectio n 3 .1. Therefor e, only abbrevi ated treatment

is given to this topic here. Electroreception is an ancestral trait in verte-

brates, shared by lampreys, elasmobranchs, and sarcopterygians, and ap-

pears to have evolved secondarily in several fish and tetrapod lineages
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(Bullock and Heiligenberg, 1986). Generating electric signals, however, is

much more restricted and is unique to fish. Weakly electric fish, which

include many marine skates, gymnotiforms, mormyriforms (Bennett,

1970), and stargazers (Uranoscopidae; Pickens and McFarland, 1964), pro-

duce low‐voltage electric organ discharges (EODs) for communication and

electrolocation. Strongly electric fish include the electric eel Electrophorus

electricus, a gymnotid; electric catfish (Malapteruridae); and torpedo rays

(Torpedinidae). These fish produce high‐voltage EODs for prey capture,

with some fish possessing a second, low‐voltage organ for communication

(Bennett, 1970). The vast majority of work on electrocommunication has

focused on the gymnotiforms and mormyriforms, which live in murky water

and use EODs (and often, acoustic signals) for courtship, species and indi-

vidual recognition, and agonistic interactions (Zakon, 2003). Electrocom-

munication is arguably the best‐understood sensory modality in fish, and has

served as a canonical system in neuroethology. Electrical signals are ‘‘simple,

mathematically describable, and already coded in the currency of the ner-

vous system’’ (Zakon, 2003) and the circuits involved in electroreception are

relatively straightforward. Furthermore, the diversity of gymnotiforms and

mormyriforms has permitted a host of comparative studies.

3.1. Electrical Signal Production

Generation of electrical signals is a straightforward extension of the

ability of excitable cells to generate action potentials. Electrocytes are mod-

ified muscle cells (one gymnotiform family, the Apteronotidae, has modified

nerve cells) stacked in insulated columns (Bennett, 1970). The diVerentiation
of electrocytes from muscle tissue is dependent on neural input (Unguez and

Zakon, 2002).

EOD generation is described in Zakon (2003). The EOD is driven by cells

in the pacemaker nucleus, a midline medullary nucleus; the output axons of

the pacemaker nucleus synapse onto a pool of spinal motoneurons, the

electromotoneurons. The frequency of the EOD is determined by the firing

frequency of the pacemaker neurons. There are two broad classes of EODs:

pulses, found in most electrocommunicative fish, are very short duration

(1 to 3 ms) multiphasic EODs; and waves, sinusoidal signals lasting 3 to 5 ms,

generated by apteronotid and sternopygid gymnotiforms (Hopkins, 1999a).

Several wave‐type species produce ‘‘chirps,’’ rapid, transient increases in

discharge frequency that are likely used in aggressive interactions (Dunlap

et al., 1998). These are typically associated with male–male encounters, but

Tallarovic and Zakon (2002) have found that females produce short chirps

in agonistic interactions with other females and emit long chirps in the

presence of males, perhaps to advertise status or reproductive condition.
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An excellent review by Hopkins (1999a) reviews the evolution, ontogeny,

and design features of EODs and their underlying mechanisms.

Like sexually‐dimorphic signals in other modalities, the expression of

EODs can be modulated by sex steroids and corticosteroids (reviewed in

Zakon, 1996, 2003), principally by varying the kinetics of electrocyte sodium

and potassium channels and by acting on the pacemaker nucleus. These

eVects can vary substantially among species. Dunlap et al. (1998; Zakon and

Dunlap, 1999) studied two wave‐producing apteronotids diVering in both

the direction of the sexual dimorphism of the EOD and in the propensity to

emit aggressive ‘‘chirp’’ signals. Brown ghost (Apteronotus leptorhynchus)

males produce higher frequency EODs than females, and males chirp at

a higher rate than females. Black ghost (A. albifrons) males discharge

lower‐frequency EODs than females, and both sexes chirp at equal rates.

Accordingly, androgens raise EOD frequency in brown ghosts, but lower it

in black ghosts; androgens induce chirping in female brown ghosts but not in

black ghosts (Dunlap et al., 1998; Zakon and Dunlap, 1999).

Sexual dimorphism can be associated with constraints on signal expres-

sion. The duration of the EOD of the South American pulse fish Brachypo-

pomus pinnicaudatus is twice as long in males as it is in females, at a cost of a

corresponding drop in amplitude. Males in several species compensate for

the amplitude loss by growing longer tails; as with the swordtails discussed in

Section 2.2 (Rosenthal et al., 2001), longer‐tailed males are targets for

predation (Hopkins et al., 1990). Females prefer to mate with males produc-

ing longer‐duration EODs (Hopkins et al., 1990).

The various mechanisms modulating EOD polarity, frequency, duration,

and structure have permitted a spectacular array of species‐specific EODs in

murky water to parallel the visual diversity found on coral reefs (reviewed in

Hopkins, 1999a). Northeastern Gabon, for example, boasts a species flock

of 21 mormyrids, each with a species‐typical EOD (Figure 2.2; Hopkins,

1986). Morphologically similar species may be readily distinguished on the

basis of their EOD (Hopkins, 1999a). In some species, complex multiphasic

signals (like the triphasic signal of the mormyrid Pollimyrus adspersus)

permit reliable recognition of individuals (Paintner and Kramer, 2003).

3.2. Transmission of Electrical Signals

Like visual signals, electrical signals are transmitted from signaler to receiv-

er as a nonpropagating electric field, decreasing as the inverse cube of the

distance from the emitter (Hopkins and Westby, 1986). This eVectively limits

the active space of a 10 to 20 cm longweakly electric fish to an ellipsoidal radius

of about 1m (Hopkins, 1999b). Signaling is also constrained by the conductivi-

ty of the medium. Hopkins (1999b) showed that species in the gymnotid genus



Fig. 2.2. Diversity of electric organ discharges (EODs) in mormyrid fish of northeastern Gabon.

The fish are arranged by genus. Each EOD is plotted on the same time base with head‐positivity
upwards. The EODs vary according to three diVerent dimensions: overall waveform, polarity,

and duration. Waveforms can be monophasic, biphasic, triphasic, or tetraphasic and can show a

variety of inflection points and plateaus. Note sexual dimorphism in some male (M) versus

female (F) EODs. (Reprinted from Hopkins, C. D. Design features for electric communication.

J. Exp. Biol. 202, 1217–1228, with permission from the Company of Biologists Ltd.)
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Brachypopomus are distributed according towater conductivity. Species in low‐
conductivity (high‐resistance) water have three columns of electrocytes on each

side of their caudal filament, whereas species in higher‐conductivity have four

or five. Hopkins (1999b) showed that this functions to match the impedance of

the electric organ to local conductivity, and argued that diVerences in habitat

conductivity might form a barrier to gene flow. The lack of electrocommunica-

tion in saltwater fish may be due to constraints on the amount of energy that

can be devoted to electrocytes in a very high‐conductivity environment. The

energetic costs of producing EODs may account for the diel variation seen in

EOD discharges, with substantial increases at night (when these fish are active)

and in social contexts (Hopkins, 1999b).



54 GIL G. ROSENTHAL AND PHILLIP S. LOBEL
Although active space is limited by the fact that electrical signals do not

act as propagated waves, this does prevent signals from being degraded by

reflection, refraction, and reverberation. The temporal fine structure en-

coded in species‐typical signals can thus be reliably detected by receivers

(Hopkins, 1999b).

3.3. Perception of Electrical Signals

Ampullary electroreceptors are broadly shared by electrosensitive fish and

amphibians, and are primarily used for navigation and localising prey. They

are sensitive to extremely low amplitudes (0.01 microvolts in marine species)

of low‐frequency electrical fields (8 to 30 Hz; Stoddard, 1999). Tuberous

electroreceptors, in contrast, have evolved independently in the gymnoti-

forms and mormyriforms. These are at least two orders of magnitude less

sensitive than ampullary organs, but respond to the higher frequencies char-

acteristic of EODs (50 to 3,000 Hz; Stoddard, 1999).Mormyriforms have two

types of tuberous electroreceptors: mormyromasts, which are amplitude co-

ders used in electrolocation; and knollenorgans, which lock on to the tempo-

ral pattern of EOD discharge and are solely devoted to communication

(Hopkins, 1986). Just as the complexity of the inner ear appears to have

influenced speciation rates in frogs (Ryan, 1986), the presence of an organ

dedicated to communication may facilitate divergence of communication

systems in these fish. In many species, tuberous receptor sensitivities and

EODs are narrowly tuned to one another (Heiligenberg, 1977).

Fish in three gymnotiform families have modified the ancestral mono-

phasic wave signal, adding a second‐wave phase that shifts the emitted

spectrum above the peak sensitivity of the major electroreceptive predator,

the electric eel Electrophorus electricus, which lacks a tuberous electrorecep-

tive system (Stoddard, 1999). Sexually mature males in some species further

amplify and extend this second phase. Predation thus appears to have,

somewhat paradoxically, selected for greater complexity and diversification

of signals (Stoddard, 1999). As do swordtail fish with ultraviolet swords

(Section 1; Cummings et al., 2003), these fish appear to have a degree of

signal privacy from predators.

The evolution and diversification of electrocommunication shows inter-

esting parallels with other modalities. In addition to the relative ease involved

in characterising and playing back electrical signals, work on electrocommu-

nication has been helped by the fact that the sense is utterly alien to us. We

have no choice but to take a fish’s‐eye view of the production and perception

of these signals, and we lack the vocabulary to describe them using anything

but the rigorous, universal lexicon of physics. We would do well to sometimes

‘‘blind’’ ourselves and take this approach to other signaling modalities.
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4. MECH ANIC AL CO MMUN ICATIO N

The late ral displa ys, tail beats, and ‘‘qui vering’’ c haracteris tic of many

agon istic an d courtsh ip signal s pro duce low ‐ frequency mechan osensory cues

( Nelissen, 1991; Bleck mann, 1993; Sargen t et al., 1998 ) detect able by the

late ral‐ line system of the recei ver ( Bleckmann, 1993 ). The water displaced by

these close ‐ range motor displ ays is certa in to produ ce mechanose nso ry

stimula tion.

Mechano sensory commun ication in fish has recei ved scant atte ntion, but

there is compelling evidence to suggest that mechanose nsory cues may play a

critical ro le in c ourtship beh aviour. An elegant pair of studi es by Satou et al .

(1994a ,b) showe d that late ral‐ line sti mulation by cou rting fema le Him e

salm on (Oncor hynchus nerka ) was necessa ry to elicit a spaw ning response

in male s. Males spaw ned with an arti ficial mod el fema le only if it includ ed

both vibrational an d visual cues ( Satou et al ., 1994a ). Further, males fail ed

to spaw n wi th the model if the functi on of their late ral line hair cells was

blocked wi th cob alt ( Satou et al ., 1994b ).

Sargent et al . (1998) reported prelimina ry findi ngs suggest ing that the

frequency of particle accele ration generat ed by the male courts hip displ ay of

the g reen swor dtail, Xiphophor us helleri , fell within the peak range of lateral

line sen sitivity (20 to 50 Hz). Female X. hell eri atten d to specific visual

compo nents of the courts hip displ ay (Rosent hal et al., 1996 ) an d late ral‐ line
stimula tion may also elicit fema le pr eference.

The ubiqu ity of close ‐ range aggres sive and courts hip motor pa tterns in

fish indica te that lateral ‐line signals are likel y to play an impor tant ro le in

fish commun ication, particular ly at times or in habita ts wher e the visual

compo nent of these displ ays is di Y cult to detect . High ‐ speed parti cle velo-
cime try ( Kante r and Coom bs, 2003 ) mak es it feasible to measur e mechan-

osensory cues. Recent studi es on frogs (Nari ns, 2001 ) and hemipt eran insect s

(Rodr ı́g uez et al ., 2004) ha ve successfull y emp loyed syn thetic playback of

mechanical stimuli to identify behaviourally salient features. It is anticipated

that these approaches can be applied fruitfully to fish communication.

5. CHEMICAL COMMUNICATION

Olfaction is highly developed in many fish, and the importance of chemical

information to social interactions among fish has long been recognised. An

overview of the fish olfactory system is given in Chapter 9, Section 3. Fish use

olfactory cues to recognise conspecifics (Chapter 5, Section 5; McKinnon

and Liley, 1987; Crapon de Caprona and Ryan, 1990; McLennan and Ryan,

1997, 1999), potential mates (MacGinitie, 1939; McLennan, 2003), oVspring
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(Künzer, 1964; Myrberg, 1966), and individuals (Todd et al., 1967; Göz,

1941, cited in Bardach and Todd, 1970). Water‐soluble sex hormones re-

leased by an individual can produce dramatic changes in the behaviour and

physiology of receivers (Chapter 9; Liley and Stacey, 1983; Dulka et al.,

1987; Stacey et al., 2003). It is interesting to note that male half‐naked
hatchetfish Argyropelecus hemigymnus (Sternoptychtidae) have the biggest

nose, relative to body size, of any vertebrate. Jumper and Baird (1991)

argued that this permitted these bathypelagic fish to localise mates despite

their extremely low densities.

In general, very little is known about either signaling behaviour or signal

structure in fish olfactory communication. A notable exception is chemical

alarm cues, or SchreckstoV, which are discussed in Chapter 3. In nearly every

case, it is diYcult to ascertain whether chemical stimuli produced by fish

are pheromones—chemical signals that have evolved in the context of com-

munication among individuals—or simply the incidental byproducts of

physiological processes. This diYculty arises both because of the nature

of chemical signaling in water, and because of the structure of chemical

stimuli thems elves (see also Chapt er 9, Secti on 2).

Many terrestrial animals expel pheromones from exocrine glands, and

perform characteristic behaviours associated with the deposition or release

of scent (Bradbury and Vehrencamp, 1998). Exocrine glands, and particu-

larly specialised scent glands, are not widely reported in fish, nor are beha-

viours unambiguously associated with pheromone release. In addition to the

club cells releasing alarm pheromones, some noteworthy exceptions suggest

that these may in fact be more common than suspected in fish. In the

internally‐fertilising glandulocaudine characins, males have epidermal glan-

dular tissue on both sides of the caudal peduncle, covered by caudal

fin scales modified to form an apparent ‘‘pheromone pump’’ (Figure 2.3;

Weitzman and Fink, 1985; Bushmann and Burns, 1994). Another group of

characins, the tribe Compsurini of the subfamily Cheirodontinae, also has

internal fertilisation and specialised caudal glands (Malabarba, 1998). Male

peacock blennies, Salaria pavo, have an anal gland that releases pheromones

attractive to females (Barata et al., 2002).

Increased attention to chemical communication in fish will surely yield

more examples of specialised chemical‐release structures. Fish can also release

chemical cues through the gills or through the urine. Rainbow trout (Oncor-

hyncus mykiss, Salmonidae) release urine in periodic bursts (Curtis andWood,

1991) and urine release is aVected by social status (Sloman et al., 2004). Fish

might thus be able to control the release of urineborne pheromones.

Chemical stimuli used by aquatic animals are typically water‐soluble
substances released directly into the water column (Atema, 1988), rather

than deposited on the substrate as in terrestrial systems (Bradbury and



Fig. 2.3. Pheromone pump in the glandulocaudine characin Mimagoniates lateralis. (a) Caudal

skeleton showing modified caudal fin rays 11 and 12. Modified caudal squamation is shown at

left. (b) Caudal fin and glandular region of live adult male. Arrow indicates the pheromone

pump. (Adapted fromWeitzman, S. H., Menezes, N., and Weitzman, M. J. (1988). Phylogenetic

biogeography of the Glandulocaudini (Teleostei: Characiformes, Characidae) with comments

on the distributions of other freshwater fish in eastern and southeastern Brazil. In ‘‘Neotropical

Distribution Patterns: Proceedings of a 1987 Workshop’’ (Heyer, W. R., and Vanzolini, P. E.,

Eds), pp. 379–427. Academia Brasilerra de Ciencias, Rio de Janeiro, with permission from the

Smithsonian Institution, NMNH, Division of Fish.)
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Vehrencamp, 1998). DiVusion transmission, widely used among small ter-

restrial animals, is 10,000 times slower in water than in air. This has the

eVect of dramatically reducing the maximum size of the active space within

which a receiver can detect a signal (Bradbury and Vehrencamp, 1998). Fish

must therefore rely on currents for signal transmission, using either currents

present in the environment or generating currents through gill ventila-

tion, finning, body movements, or urine release (cf. Atema, 1988). This pro-

duces ‘‘flavored eddies,’’ which contain both mechanosensory and chemical
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information (Atema, 1996). The perception and localisation of olfactory

cues thus depends on both the concentration and chemical structure of the

signals, and the hydrodynamics of these eddies.

Our understanding of olfactory communication is frustrated by the

fact that olfactory signals in fish remain largely a ‘‘black box’’ in terms of

chemical structure, with a few notable exceptions including hypoxanthine‐3
(N)‐oxide as a component of alarm pheromone. Many chemical cues also

function as endogenous signals (Carr, 1988). Sex hormones—steroids and

prostaglandins—are important chemical cues in fish (Chapter 9; Stacey

et al., 2003). In some cases, released steroids appear to have a direct physio-

logical eVect, priming receivers for reproduction. Male goldfish exposed to

female sex pheromone increase sperm production (Stacey et al., 2003), and

the pheromone released by male blue gouramis Trichogaster trichopterus

induces female ovarian maturation (Degani and Schreibman, 1993).

Sex hormones function endogenously in signalers; their function as

pheromones is therefore constrained by their function as hormones. Signa-

lers may have some control as to the timing, context, and quantity of release

of hormone cocktails. Yet the evolution of the chemical structure of these

compounds, their ratios, and their concentrations is likely to be determined

in large part by their physiological eVects on the female reproductive system.

It remains to be determined to what extent waterborne hormones are acting

as genuine signals, rather than as cues incidentally released by reproductive

individ uals (Sorens en and Sc ott, 1994).

A series of studies by McLennan and Ryan (1997, 1999) showed that

female response to male olfactory cues was a function of phylogenetic

distance. Female swordtails Xiphophorus nigrensis responded to cues pro-

duced by the closely related X. cortezi, but not to the more distantly related

X. montezumae. Females were therefore not only responding to species‐
specific cues, but responding diVerently to cues produced by males of more

and less distantly related species. Moreover, response was asymmetric:

X. montezumae females responded to X. nigrensis cues, but not vice versa

(McLennan and Ryan, 1999).

Chemical cues appear to be both necessary and suYcient for species

recognition in some Xiphophorus species: Crapon de Caprona and Ryan

(1990) showed that female X. pygmaeus preferred male X. nigrensis based

on chemical cues, but preferred conspecifics when either olfactory cues alone

or both types of cues were provided. Male olfactory cues and female olfac-

tory responses appear to be coevolving, with the male odorant evolutionarily

labile and complex enough to encode species identity.

Chemical information can encode individual identity. Conditioning ex-

periments on a single Phoxinus minnow (Göz, 1941) and on yellow bullhead

catfish Ictalurus natalis (Todd et al., 1967) showed individual recognition of
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conspecifics based on chemical cues (reviewed in Bardach and Todd, 1970).

Fathead minnows Pimephales promelas use chemical cues to discriminate

their shoalmates from unfamiliar individuals (Brown and Smith, 1994).

Reusch et al. (2001) showed that female three‐spine sticklebacks (Gaster-
osteus aculeatus) use olfactory cues to select males with the highest diversity

of major histocompatibility complex (MHC) alleles. Salmonids also appear

to use olfactory cues to discriminate by MHC haplotype (Olsen et al., 1998)

and relatedness (Brown and Brown, 1995). The nature of the chemicals

involved, and their dependence on other processes within the signaling

individuals, remains to be determined in all these systems.

Except for the sex hormones described above, very little is known about

constraints on olfactory signal production in fish. Female response to male

olfactory cues in fathead minnows Pimephales promelas was dependent on

male reproductive condition (Cole and Smith, 1992), and release of the sex

hormones discussed above depends on reproductive state. Research on other

taxa and in other modalities suggests that the production of chemical cues

may also depend directly or indirectly on diet, social status, parasite load,

and predation risk.

Neither the ontogeny of olfactory communication nor the properties of

the signaling environment have received much attention in fish. Work on

olfactory homing in salmon (Chapter 7; Scholz et al., 1976; Nevitt et al., 1994)

suggests that individuals might imprint on chemical cues produced by con-

specifics or relatives (see also Chapter 1, Section 5.4.1). Mirza and Chivers

(2003) showed that Pimephales promelas can learn heterospecific alarm cues

when exposed to those cues in the diet (i.e., via the feces and the urine) of a

major predator, the northern pike Esox lucius (Chapter 3, Section 3.4).

In addition to current regimes, ambient water chemistry might constrain

the production and perception of olfactory signals. High concentrations of

humic acid, a ubiquitous constituent of lakes and streams, inhibit olfactory

response to 17,20 beta-dihydroxy-4-pregnen-3-one (17,20 b‐P) in goldfish,

possibly via the humic acid chelating the steroid molecule (Hubbard et al.,

2002). Evidence suggests that female recognition of male conspecifics in the

swordtail Xiphophorus birchmanni is masked by high concentrations of

humic acid. The eVect persists for several days when females are retested

on male pheromones produced in clear water, suggesting that humic acid is

acting on olfaction rather than on the chemical signal (H. S. Fisher and

G. G. Rosenthal, unpublished data).

Brown et al. (2002) showed that acidifying freshwater pH to 6.0 from the

natural value of 8.0 produced a loss of alarm response in two cyprinids,

finescale dace (Phoxinus neogaeus) and Pimephales promelas. They failed to

respond after acidified stimuli were buVered to pH 7.5, suggesting that the

phe romone had unde rgone a nonr eversib le cov alent chan ge. Smit h and
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Lawre nce (1998), howeve r, foun d that decreas ing pH from 7.0 to 5.0 did not

aVect response to alarm substance in P. promelas. Brown et al. (2002) argued

that Smith and Lawrence’s (1988) failure to find an eVect might reflect

increased sensitivity to alarm pheromone in their study population.

Just as fish occupy a host of visual environments, they occupy a broad

range of physicochemical environments. Both the biochemical ‘‘soup’’ they

live in (substances used by other organisms to communicate, metabolic

byproducts) and their abiotic environment (dissolved gases and minerals,

salinity, pH, temperature) are sure to aVect the eYcacy of chemical signals

and their ability to discriminate between them. Knowledge of the chemistry

of signals would shed light on the selective pressures acting on chemical

communication in fish.

In summary, there is substantial knowledge surrounding the perception,

production, and function of chemical stimuli in fish. Much of what is known

from a functional standpoint is from natural systems where the underlying

chemistry is unknown, and much of what is known from a mechanistic

standpoint is from domestic strains where little can be inferred about com-

munication from an ecological or evolutionary point of view. The fathead

minnow Pimephales promelas, has an alarm pheromone of known structure

and has been the subject of numerous studies on both behavioural ecology

and behavioural mechanisms of alarm communication. Studies of chemical

signaling would benefit from more systems providing both a clear picture

of how olfactory communication evolves, and integrates mechanistic in-

formation about signal production and perception into a comparative and

behavioural‐ecological context. The glandulocaudine characins, a speciose,

somewhat aquarium‐friendly group with specialised scent glands (Weitzman

and Fink, 1985) may provide a satisfying entry into the integrative study of

chemical communication in fish.
6. ACOUSTIC COMMUNICATION
It has long been suggested that some fish might use sound to communi-

cate (Darwin, 1874). The sonic behaviours of many fish, however, have often

gone unnoticed (Lobel, 2001a), even in systems where other aspects of

communication have been extensively studied such as haplochromine

cichlids (Lobel, 1998; Ripley and Lobel, 2004) andHypoplectrus [Serranidae]

(Lobel, 1992). This has mainly been due to the technical diYculties and

expense associated with making quality acoustic recordings underwater.

Recent technological innovations, however, have invigorated interest in fish

acoustic communication (e.g., Lobel, 2001b; Rountree et al., 2002). For

reviews of fish bioacoustics and communication, see Fine et al. (1977a),

Myrberg (1980, 1981), and Hawkins and Myrberg (1983).
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6.1. Sound Production

Fish can produce sounds using three distinctive mechanisms: fast muscles

beating on the swimbladder, stridulating bones, and hydrodynamic sounds

(Tavolga, 1971). In general, sounds are either long single pulses, a series of

rapid short pulses, or tones (Tavolga, 1971). Among other taxa, sound

production has been well‐studied within two labroid families, the marine

damselfish (Pomacentridae) and the freshwater cichlids. Sound production

in cichlids and pomacentrids is widespread throughout the families, with

eight of the recognised 14 pomacentrid genera and eight of the 20 cichlid

subfamilies reported to produce sound (reviewed in Lobel 2001a; Rice and

Lobel, 2004). Although the contexts of sounds and the general character-

istics of sounds produced are similar in cichlids and pomacentrids, there are

several important acoustic diVerences (Rice and Lobel, 2004). Pomacentrids

have a call composed of a series of pulses wherein successive pulses increase

in amplitude rapidly from the first few pulses within a call (Lobel and Mann,

1995). Cichlids also produce a call consisting of a series of pulses, but exhibit

amplitude modulation between those pulses within a call (Lobel, 1998,

2001a). The sounds from both families show a linear correlation between

numbers of pulses per call and call duration, suggesting a fixed mechanism

that is responsible for sound production (Rice and Lobel, 2004). The struc-

tures of a typical pulsed sound pattern are shown in Figure 2.4.

Other fish produce sound patterns with varying structure. Hydrodynam-

ic sounds are broadband noise patterns. Stridulatory sounds have much

wider frequency ranges and often more irregular pulse patterns than basic

swimbladder sounds. Swimbladder sounds can be expressed as a series of

pulse, tones, or broadband patterns (Fish and Mowbray, 1970; Fine et al.,

1977a; Lobel, 2002).

Among teleosts with simple swimbladders, larger fish generally produce

lower frequency sounds than smaller fish (e.g., Fine et al., 1977a; Rowland,

1978; Myrberg et al., 1993). This arises from the fact that larger swimblad-

ders resonate at lower frequencies than smaller ones (Clay and Medwin,

1977; Urick, 1983). In contrast, some fish, such as toadfish (batrachoids), do

not show a relationship between body size and fundamental frequency (Fine,

1978; Waybright et al., 1990). In these systems, sounds may represent a

forced response determined by contraction and relaxation of the sonic

muscle (Fine et al., 2001; Connaughton et al., 2002).

The typical sound produced by most fish is a series of rapid low frequen-

cy (typically 200 to 600 Hz) pulses (Figure 2.4). Myrberg et al. (1965) noted

that the duration of an aggressive sound was positively correlated with

the intensity of the behavioural interaction. A simple comparison of the

pulse rate in the courtship calls of two sympatric species Copadichromis



Fig. 2.4. Basic structure and definitions of a typical pulsed sound pattern produced by many

species. This example is from a damselfish (Dascyllus albisella, Pomacentridae). Top panel is a

sonogram showing individual pulses plotted as frequency (Hz) versus time with sound intensity

indicated by darker shading. Bottom panel is an oscillogram showing sound amplitude versus

time. (a) Overall call duration. (b) Individual pulse width. (c) Interpulse interval. (d) Pulse period.
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conophorus and Tramitochromis intermedius in Lake Malawi revealed statis-

tically significant diVerences in pulse rate (Lobel, 1998, 2001a). These data

support the hypothesis that cichlid sounds are temporally structured in a way

that contains information that could be used in the mate selection process.

This type of acoustic coding is common in insects and amphibians and has

been proposed for fish as well (Winn, 1964; Myrberg et al., 1978; Spanier,

1979; Crawford, 1991). Of course, fish do produce other sound patterns

that are not just simple pulse series. For example, tonal type sounds are

produced by batrachoids, triglids, mormyrids, and ostracids; a broadband

long duration sound is produced by the small serranid, Hypoplectrus spp.
6.2. Propagation and Detection of Sound

To our knowledge, there have only been two studies to date on the propa-

gation of natural fish sounds in their natural environment (Horch and Salmon,

1973; Mann and Lobel, 1997) and one study that used playback of sounds to

determine attenuation and possible range (Fine and Lenhardt, 1983). From

both field and laboratory measurements, the active space of fish sounds ranged

from 0.5 m for gobies (Lugli and Fine, 2003; Lugli et al., 2003), about 3 m for

toadfish (Fine and Lenhardt, 1983), and 7 to 12 meters for the damselfish and

squirrelfish (Horch and Salmon, 1973; Mann and Lobel, 1997).
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For recent revie ws of fish he aring, see the works by Popper (2003) an d

Popper et al. (2003). The common range of fish hearing is roughly between

20 and 1000 Hz, although some hearing‐specialist species can hear in ranges

up to 10 KHz. One herring species can hear at 180 KHz (Hawkins, 1981;

Mann et al., 1997; Popper and Fay, 1998). The coupling of fish auditory

perception with sound production, as well as the eVects of the underwater

signaling environment on acoustic communication, are among the most

important unknowns in animal communication.
6.3. Acoustic Signal Function

The best known examples of fish acoustic signals involve sounds pro-

duced during the courtship behaviour of a few territorial species that lay

demersal eggs in nests (e.g., Tavolga, 1958a,b,c; Myrberg et al., 1978; Lobel,

2001a), as well as the courtship calls of some economically important species

such as cod (Hawkins and Rasmussen, 1978; Hawkins and Amorim, 2000)

and sciaenids (e.g., Connaughton and Taylor, 1996; Luczkovich et al., 1999).

A few studies have suggested that sounds might encode species identity, with

measurable diVerences among sympatric species (Ladich et al., 1992; Lobel

and Mann, 1995; Lobel, 1998). Discrimination of conspecific and hetero-

specific sounds has been demonstrated in only one species, the pomacentrid

Stegastes partitus (e.g., Myrberg et al., 1986, 1993).

Sound patterns associated with the actual mating act (i.e., gamete re-

lease) have been reported for only a few species to date (Lobel, 1992, 1996;

Lobel and Mann, 1995; Mann and Lobel, 1998; Hawkins and Amorim,

2000). This type of sound may play a key role in synchronisation of gamete

release in order to maximise fertilisation (Lobel, 1992, 2002). Some examples

of fish mating sounds are shown in Figure 2.5. The discovery of specific

mating sounds has important application to the development of applied

fisheries technology for mapping fish spawning sites. Specifically, it is now

possible to deploy underwater recorders that can document the temporal

and spatial patterns of sound production for those species that produce

courtship and/or mating specific sounds (Lobel, 2001b). This unobtrusive

sampling of reproductive status and behaviour suggests an important avenue

for studies of fish in their natural environment. The potential for using

species‐specific sounds applied as a fisheries tool for locating and monitoring

populations in the field is not new (e.g., Fish, 1954; Cummings et al., 1964;

Breder, 1968). However, it is only recently that computer and acoustic

technology makes this type of quantitative monitoring feasible (Lobel,

2001b).

In many of the fish families that contain sound‐producing species, it is

usually only the males that vocalise. Frequently in such cases, there is a

significant sexual dimorphism in the physiology and morphology of the



Fig. 2.5. Spawning sounds produced synchronously with gamete dispersal. Frequency scale is

the same in all graphs, but time scale diVers in each. (a) A tone type sound produced by

Ostracion meleagris (duration, 6,213 ms; dominant frequency [DF], 258 Hz) (b) A pulse

type sound by Dascyllus albisella (three pulses; 130 ms, duration; DF, 328 Hz). (c) A broadband

sound by Hypoplectrus nigricans (duration, 1,581 ms; DF, 656 Hz). (d) A hydrodynamic sound

by schools of fast swimming Scarus iserti (duration, 329 ms; DF (two peaks), 492 and 211 Hz).

Size range of these fish is about 10 to 20 cm standard length (SL). (Adapted from Lobel, P. S.

(2002). Diversity of fish spawning sounds and the application of passive acoustic monitoring.

Bioacoustics 12, 286–289.)
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sound‐producing mechanism as well (Knapp et al., 1999; Bass et al., 2000;

Rice and Lobel, 2004). In many species of pomacentrids and cichlids, only

males produce sound in courtship and agonistic contexts. Females in these

groups have not been observed to produce sound (Amorim et al., 2003; Rice

and Lobel, 2004; Ripley and Lobel, 2004; and references therein). However,

there is limited evidence to date that some cichlid species may include sound‐
producing females (Schwarz, 1974, 1980). In other fish, females may be

capable of making sounds but do so much less often than the males (for

example, in batrachoids, ophidiids, carapids, triglids, and some sciaenids).

The sexual dimorphism in the neural and anatomical mechanisms responsi-

ble for sound production has been best described in batrachoid fish (Fine

et al., 1984, 1990; Bass and McKibben, 2003).

As noted above, many fish produce sounds associated with courtship.

How does variation in the acoustic structure of fish sounds relate to

mating success? Call rates, for example, are correlated with male success in

diverse taxa including insects, anurans, birds, and mammals (Andersson,

1994).
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Relatively little is known about the energetics of call production. In poma-

centrids, vocalisations are often accompanied by a fastmotor display, the signal

jump, and are associated with the presence of fat reserves (see Section 7). It is

possible, however, that when an acoustic call is not accompanied by vigor-

ous swimming, it may not be very energetically costly at all. The calling rates

in toadfish (Batrachoididae) have also been very well studied. In contrast to

damselfish, male toadfish merely sit on the bottom in one spot and produce

their courtship calls (e.g., Winn, 1967, 1972; Fish, 1972; Fine et al., 1977b;

Thorson and Fine, 2002). In an energetic study of calling rate costs in the

oyster toadfish, Opsanus tau, Amorim et al. (2002) determined that sound

production did not increase oxygen consumption significantly. They con-

cluded that calling per se was not an expensive activity on a whole fish basis.

Future work should strive to decouple the energetic cost of calling per se

from that of the swimming that accompanies sound production.

6.4. Background Noise and Acoustic Communication

No treatment of acoustic communication would be complete without

some mention of background noises. Recent studies of fish bioacoustics have

increased awareness about the importance of the underwater acoustic envi-

ronment and, once more, raise old questions regarding potential adverse

impacts of noise pollution to fish and other aquatic animals (e.g,, Chapter

10, Sectio n 3.3; Myrberg , 1978, 1980; Sc holik and Yan, 2002a,b ). In additio n

to its impacts on natural populations, acoustic noise may complicate inter-

pretations of many aquarium studies of behaviour. Auditory sensitivity

(Popper and Clark, 1976) and even viability (Banner and Hyatt, 1973) are

compromised when fish are exposed to typical aquarium levels of noise; care

must be taken to provide experimental subjects with the appropriate acoustic

environment (e.g., Akamatsu et al., 2002; Okumura et al., 2002).

Some fish do reside in noisy habitats and have adapted their acoustic

behaviour accordingly. Lugli et al. (2003) showed that two freshwater

gobies, Padogobius martensii and Gobius nigricans, produce courtship

sounds with maximal sound energy and have peak auditory sensitivity in

the frequency window between the ambient turbulence and bubble noises in

their environment.
7. MULTIMODAL COMMUNICATION

Partitioning communication by modality is analogous to partitioning

visual signals into spatial, spectral, and temporal components. It serves as

a useful heuristic tool, yet it also builds walls within what are, ultimately,
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integrated systems from a behavioural and cognitive point of view. Nearly

all communication is constrained to be multimodal because generating

information in one modality almost inevitably produces cues perceivable

by other modalities.

Motor displays, in particular, produce a spatiotemporal (and sometimes

chromatic) visual cue; they waft chemicals released via the gills and the

urine, and they produce mechanosensory and often electrical cues. In the

haplochromine cichlid Astatotilapia burtoni (Fernald and Hirata, 1975),

the magnitude and velocity of the male agonistic display lowers water

pressure enough to produce sounds by cavitation, the formation of a vapor

pocket in the surrounding water. Generation of electrical signals is also often

accompanied by auditory, visual, and mechanical cues (Moller, 2002). The

mechanosensory contribution of response to motor displays deserves more

attention (Sargent et al., 1998).

Olfactory signaling, as discussed in Section 5, is inextricably tied to

mechanoreception. Banded kokopu, Galaxias fasciatus (Galaxiidae), use

the lateral line system (rather than bilateral comparison of olfactory stimuli)

to track an odor source (Baker et al., 2002), and this mechanism should

apply to communication cues as well.

There have been few experimental studies that explicitly address multi-

modal signaling in fish. Crapon de Caprona and Ryan (1990) presented

female pygmy swordtails Xiphophorus pygmaeus with both visual and olfac-

tory cues from male conspecifics, which lack courtship displays and from

courting male X. nigrensis, a closely related, allopatric species. When pre-

sented only with chemical cues, females preferred conspecifics; but with only

visual cues, females preferred heterospecific males. Females failed to show a

preference when presented with both cues. Hankison and Morris (2003)

performed a similar experiment, but they tested X. pygmaeus on conspecifics

and a sympatric heterospecific X. cortezi. Again, females preferred conspe-

cific olfactory cues and heterospecific visual cues; however, when both cues

were presented together, they chose conspecific males. In swordtails, females

appear to select visual traits somewhat independent of species, and use

olfactory traits to assess species identity.

McLennan (2003) came to a rather diVerent conclusion in her study of

chemical and visual communication in three‐spine sticklebacks (Gasterosteus
aculeatus). By shifting the timing of presentation of olfactory and visual

cues, she found that chemical cues alerted receivers to the presence of the

visual cues provided by male courtship. The olfactory cue was acting as a

long distance message independent of line‐of‐sight, allowing a female to

detect a male’s presence before seeing him.

Chemical and visual cues are similarly combined in the antipredator

system of the characid Hemigrammus erythrozonus. Rather than fleeing or
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freezing when a chemical alarm cue is presented, these fish perform a

conspicuous motor display of ‘‘fin flicking,’’ involving very rapid changes

of the caudal, dorsal, and pectoral fins with no change in position. The

display may function both as a visual alarm signal to prey and as a deterrent

to predators (Brown et al., 1999). This strategy is reminiscent of antipredator

stotting behaviour in African ungulates (Caro et al., 2004).

Communication may also exhibit tradeoVs among modalities. Nelissen

(1978), studying Lake Tanganyikan cichlids, found that the number of sonic

displays produced by a species was negatively correlated with the number of

colour patterns that species could assume (Nelissen, 1978). In another lab-

roid fish, the pomacentrid Stegastes partitus, acoustic and visual/mechan-

osensory signals appear to be closely integrated. Courtship calling rates are

correlated with the male courtship display known as the ‘‘signal jump.’’ This

is a display in which a male swims vigorously, first rising in the water column

and then swimming rapidly downward while producing a pulsed sound

(Fishelson, 1964; Myrberg, 1972; Spanier, 1979; Lobel and Mann, 1995).

In one damselfish species, Stegastes partitus, mate choice was associated with

signal jump repetition rate (Knapp and Warner, 1991). A significant portion

of a damselfish’s daily call production occurs in low light or no visibility

conditions (e.g., the ‘‘predawn chorus;’’ Mann and Lobel, 1995). Thus, it is

likely that acoustic and visual cues provide some degree of redundancy for

this mate‐choice signal.
The little work on multimodal integration suggests that integration

across sensory modalities plays a fundamental role in fish communication.

The diversity within each communication channel reinforces the notion that

not only are signals and receivers evolving in response to environmental and

social forces within modalities, they are also evolving sophisticated inter-

plays among modalities depending on phylogenetic history, the sensory

environment, and the communicative context.
8. COMMUNICATION IN FISH: THE NEXT STEPS

We now have the techniques and the conceptual approaches to paint a

detailed quantitative picture of signals and the signaling environment in all

modalities. Genome projects in a variety of fish systems, coupled with the

wealth of inter‐ and intraspecific genetic variation in signalers and receivers,

should shed light on the molecular mechanisms underlying signal production

and perception. Playbacks are now feasible in all modalities including, with

some eVort, presentation of synthetic chemical signals.

With the exception of a few electric fish systems and toadfish, the

neurobiology of communication in fish is poorly understood, particularly
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with respect to visual and chemical signals. We know next to nothing about

the ontogeny of communication in fish. What role do early experience and

imprinting play in the development of communication systems? How do fish

with planktonic larval stages develop a full repertoire of communicative

behaviours?

Large gaps remain in our understanding of the mechanisms of chemical

communication, particularly with respect to mate choice and species recogni-

tion; of the role of mechanosensory information in communication; of

how spatiotemporal components of visual signals evolve in the signaling

environment; and of how acoustic signals are produced and perceived in the

wild. We have presented a fraction of the astonishing diversity of fish com-

munication systems, with emphasis on a few taxa that we consider to be

particularly promising candidates for future study. Fish inhabit almost every

conceivable communicative environment, and are faced with almost every con-

ceivable circumstance for communication. The range of solutions they have

evolved to these challenges makes it so that any interesting question in animal

communication is likely to find a fruitful model in fish.
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1. INTRODUCTION

If you are a small fish, it is not an unreasonable assumption that you may

potentially be eaten by any predator in whose mouth you fit (Figure 3.1). On

the flip side, potential food for a small fish is usually restricted to that which

fits in your mouth. By staying small you are limiting yourself to a restrictive

subset of potential food items. With this very simplistic view of life as a small

fish, it is possible to generate two rules for success:
1. Get big.

2. Do it fast.
If small fish conform to these rules, then I predict that being small is only

a brief phase of a fish’s life, and that ultimately all small fish, regardless of
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24003-7



Fig. 3.1. The relation between the body mass of a brown trout predator (kg) and the maximum

body length of Arctic charr prey (cm) it can consume. (Adapted from Nilsson, P. A., and

Brönmark, C. (2000). Prey vulnerability to a gape‐size limited predator: behavioural and

morphological impacts on northern pike piscivory. Oikos 88, 539–546, with permission from

Blackwell Publishing.)
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species, will seek to become as large as possible. You don’t need to know a

great deal about the diversity of diVerent fish species to know that this

prediction is wrong. Indeed, from an evolutionary perspective there is a

trend for more derived species to be smaller than their ancestral form within

North American fishes (Knouft and Page, 2003). A great many species never

become large. And this is not due to some form of environmental constraint.

Bringing these fish into captivity will not change the final outcome. These

fish just remain small.

From the perspective of predator–prey interactions, it seems that a great

many species just don’t get it. They start small, grow at a relatively slow rate,

and never achieve a very large final size. How come?

One potential explanation is that for many species, predation is just not a

big deal. As a consequence, there may be little opportunity for selective

predation by predators to impose such a phenotype on these species. A more

pressing evolutionary force may be available habitat. Size of species is

aVected to a certain extent by the type of habitat, with smaller species

tending to be found in smaller streams (Page and Burr, 1991). The vast

majority of streams within North America are small (Leopold et al., 1964),

meaning that there is far more habitat available for small species (Knouft

and Page, 2003). Another possibility is that these species really do want to

become large, but are blocked by some sort of phylogenetic constraint. Or

being small may not actually be that bad when dealing with predators. This

Chapter will examine the latter argument.
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In considering the role of physiology on antipredator behaviour, this

Chapter considers the mechanisms as they relate to the three components

that aVect the probability of death from predation: the probability of being

killed by a predator once detected, the probability of being detected by a

predator, and the time spent vulnerable to predation (Lima and Dill, 1990).
2. THE PROBABILITY OF DEATH ONCE DETECTED

BY A PREDATOR

2.1. The Benefits of Being Small

A popular tenet of many martial arts is to use the large size of your

opponent to your own advantage. When you are a small fish being pursued

by a much larger predator, there is a benefit associated with Newton’s

conservation of angular momentum. In simple terms, an object containing

large mass (the predator) requires more energy to change direction than does

an object containing less mass (the prey). This concept has been formalised

in a mathematical theorem known as the Homicidal ChauVeur (Isaacs,

1965). This game posits the idea that you are trapped in a parking lot with

a driver who is determined to kill you by running you down with their car

and asks what are you going to do to provide yourself with the longest life

expectancy (neither leaving the parking lot, phoning for assistance, nor

acquiring some sort of military device are options).

The solution to the Homicidal ChauVeur is to veer perpendicular to the

direction of motion of the car just before it gets close enough to strike you.

The speed and mass of the car determine its minimum turning radius and so

survival is determined by remaining within that turning radius. For a small

fish trying to escape a predator, a single move of this sort may provide the

opportunity for escape. This may come in the form of moving outside the

detection range of the predator, finding a less vulnerable position within a

group, or escaping into either a weed bed or rocky crevice.

Is there evidence that the Homicidal ChauVeur game is indeed a reason-

able description of predator–prey interactions in fish? To adequately test this

hypothesis, it is important to have good information about the angle at

which the predator attacks the prey and the subsequent direction of escape

by the prey, with the prediction that fleeing prey should delay their response

to the last possible moment, and when they do they should flee in a direction

perpendicular to that of the approaching predator. Although such research

has not been addressed specifically with respect to this model, work has been

done to investigate how the angle of escape is aVected by the angle of

approach by a predator. Webb and Skadsen (1980) found that minnows
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were attacked by pike (Esox lucius) with a mean angle of 82 degrees. No data

were presented on their ‘‘escape angle.’’ Domenici and Blake (1993) found

that angelfish (Pterophyllum eimekei) have a preferential angular zone of

escape between 130 and 180 degrees from a stimulus (sound emitted by two

hydrophones). They argue such a response maximises the distance between

the prey and an approaching predator and reflects subsequent changes of

direction associ ated with the init ial escape response (See also Domeni ci,

2002). Although the phy sics of preda tor–prey inter actio ns are relative ly

simple, the underlying biology generates some complications.

In a recent paper, Odell et al. (2003) show that guppy (Poecilia reticulata)

populations subject to a range of predator pressures exhibit corresponding

changes in the physiology that underlies their ability to accelerate rapidly.

They used second‐ and third‐generation individuals that were derived from

high and low predation regions within Trinidad. From these individuals,

they obtained information on aerobic and burst swimming performance,

morphological parameters (including an estimate of the swimming muscle

mass), and enzymes associated with aerobic activity (citrate synthase), an-

aerobic activity (lactate dyhydrogenase), and speed of muscle fiber contrac-

tion (myofibrillar ATPase). Their data demonstrated that the predation

regime significantly increased the swimming muscle mass and lactate dyhy-

drogenase activity, indicating the greater requirement for burst swimming

performance in the presence of predators.

2.2. Avoidance at Close Range—The Mauthner System

When a predator is approaching rapidly and is very close, movement

perpendicular to its direction may be a small fish’s only hope for survival.

Virtually every species of fish contains a reflex response that makes a rapid,

appropriate response possible. This has been demonstrated by Eaton and

Emberley (1991) in which a negative relation exists for the angle of initial

orientation for the prey fish and the angle of the escape turn. All this is made

possible by the Mauthner system (Eaton et al., 1997; Zottoli and Faber, 2000).

TheMauthner system consists of two very largemyelinated nerve fibers located

on either side of the fish’s brainstem (Figure 3.2). These cells are connected to

hair cells that are capable of detecting pressure waves on one side of the body,

and then stimulating contraction of the muscles on the opposite side (Eaton

et al., 1997). In addition, once one cell has been stimulated, it acts to prevent the

contralateral cell from responding. The net eVect is to initiate a rapid response

that should move the animal away from an approaching predator (Canfield

and Rose, 1996). The response is also extremely rapid, with Mauthner cells

firing within 3 to 4 ms of detecting the stimulus (Canfield and Rose, 1996).

Contrast this with the human withdrawal response (i.e., the reflex that moves



Fig. 3.2. Schematic illustration of Mauthner cells and their input and output neurons. Note that

sensory neurons activate motoneurons on the side opposite stimulation and that the activated

Mauthner cell inhibits the cell on the other side of the body. (Reprinted from Zottoli, S. J., and

Faber, D. S. (2000). The Mauthner Cell: What has it taught us? Neuroscientist 6, 25–37, with

permission from Sage Publications.)
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your hand away from a hot surface), which takes 19 to 24 ms (Ganong, 2001).

However, as seen below, the distance at which this reaction is likely to be

initiated will probably be when the predator is very close to the prey and hence

this reaction must be very fast. Some species are able to extend the range of

detection of pressure waves by having sensory cells detect pressure changes

within the swimbladder (Schellart, 1992). In essence, the Mauthner system

represents the last chance that a prey has of escaping a predator.
3. MAXIMISING THE PROBABILITY OF DETECTING A

PREDATOR—THE DETECTION GAME

Ideally, prey would rather not find themselves in a position where they

are relying upon a very rapid reflex response to escape a predator that is

now very close. Indeed, whoever detects who first may well determine the
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outcome of a predator–prey interaction. It is important to note that should

the prey detect the predator first, an immediate escape response is not always

expected. Rather, the prevailing view among behavioural ecologists is that

prey should make an adaptive response that weighs the benefits of remaining

in its current location versus the costs of potentially being killed by a

predator (Ydenberg and Dill, 1986). If the prey does detect the predator

first, it may employ one of two options. The first is to communicate this

information directly to the predator to allow both the prey and the predator

to avoid a needless waste of energy (Hasson, 1991; Martin and López, 2001).

This, of course, presents a conundrum because the prey must provide honest

information to the predator that it has indeed been detected, such as precise

information regarding its location. Although there are examples of such

behaviour in fish (Sweatman, 1984), this does not seem to be the most

prevalent system. The alternative is that once detected, small fish make an

economic decision as to how close to allow the predator to approach prior to

initiating their escape.

Most animals have no option but to incur some level of predation risk

associated with most activities. As a consequence, it is reasonable to assume

that both predator and prey are adapted to mutually detect and avoid each

other. However, the mechanism of adaptation is constrained by variation in

relative size. By definition, prey will be small and therefore present a smaller

target to their predator. This may allow them to avoid detection until they

get relatively close to a predator. In contrast, predators will be larger and

therefore should have larger sensory apparatus that should increase the

range at which prey are detected. From this perspective, predator–prey

interactions are an information war. The weapon of choice will be dependent

upon the dominant sensory modality.

Fish are capable of detecting their predators and prey using at least four

diVerent sensory modalities: electrical, sound (including pressure), chemical,

and visual. This section will briefly discuss each sensory system with respect

to predator–prey interactions, and then conclude with a discussion as to how

fish may employ information from multiple sensory sources to make deci-

sions associated with predator detection. For more detail on the sensory

apparatus of fish, see Chapter 2.

3.1. Electrical

The ability of fishes to detect electrical information from within their

environment was first described by Kalmijn (1966). To date, the ability to

detect such information is limited to sharks, skates, and rays, as well as some

catfishes, mormyrids, and Gymnotiformes. Two distinct mechanisms are

known for using electrical information, passive and active detection. Passive
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detection requires that the fish detect the electrical field that naturally exists

around all organisms. These fields are generated by a variety of processes

that include the underlying electrophysiology and hence the voltage diVer-
ential that exists between organisms and their environment, streaming

potentials generated as a consequence of water moving along an animal’s

skin, and the induced voltages that are generated as an organism moves

through the earth’s magnetic field (Kalmijn, 1988). Because such electrical

fields decline in intensity with the cube of distance, the eVective distance of

such information is limited. Kajiura and Holland (2002) demonstrated that

juvenile scalloped hammerhead sharks (Sphyrna lewini) ranging between 53

and 80 cm in total length have a detection range of up to 30 cm on either side

of their head, or approximately one‐half body length.

Employing a self‐generated electrical field, electric fishes in SouthAmerica

(Gymnotiformes) and Africa (Mormyridae) can use an active electrical detec-

tion system. These groups are not closely related but are convergent in a

number of characters, including their sensory abilities. This system detects

other animals as they pass through and distort this electrical field. As with the

passive system, the active form of detection also has a very short range.

Nelson and MacIver (1999) measured maximum detection ranges for 14 to

18 cm long black ghost knifefish (Apteronotus albifrons) at 2 cmwhen foraging

for the small invertebrate preyDaphnia magna. Given the very short detection

range of both active and passive electroreception, it is unlikely they provide

much benefit to potential prey in the form of early detection of predators.

3.2. Sound and Pressure

The physical properties of water are considerably diVerent from air,

meaning that pressure waves associated with either sound or the movement

of an object have a relatively low attenuation rate, and hence a greater

range than in air. Sound also moves four times faster in water than in air

(Dusenbery, 1992), making it potentially a very important source of long‐
range information that may provide early warning of an approaching

predator. Yet the qualities that may make this an important source of

information may also be its downfall. Because of low attenuation rates,

sound and pressure within water will contain a large amount of background

noise that can potentially mask important information (Blaxter, 1988).

With respect to sound and pressure, a distinction is made between near‐
and far‐field behaviour. Near‐field behaviour is the pressure wave generated

by an object moving through an incompressible medium such as water and is

analogous to the bow wave generated by a moving boat. Generally, near‐
field waves have a lower frequency and tend to attenuate at shorter distances

than do sound (far‐field waves). Fish are capable of detecting low frequency
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(i.e., 10 Hz) sound and pressure through the lateral line and inner ear sense

organs at distances up to 100 m (Kalmijn, 1988). The lateral‐line system also

contains organs that are all oriented in diVerent directions so that their

combined response allows the orientation to the pressure wave to be deter-

mined (Coombs et al., 1988). If an eVective system exists for discriminating

important information from background noise, the lateral line could provide

eVective early warning of an approaching predator, particularly for pelagic

fish species.

The ability to detect sound and pressure is significantly enhanced by the

presence of a swimbladder (Schellart, 1992). Due to diVerences in density,

the swimbladder will vibrate more readily to environmental sound than other

parts of the body, and this vibration can be transmitted to the ears by three

specialised bones (the Weberian ossicles) in ostariophysans, anterior projec-

tions of the swimbladder in herrings, squirrelfish, and sciaenids, and connec-

tion via an auxiliary air bubble attached to the saccule in mormyrids

(Fritzsch, 1999). Indeed, the swimbladder can be so important for hearing

that some have speculated that the shape of the swimbladder is an adaptation

that permits fish to detect the direction of sound (Barimo and Fine, 1998).

3.3. Vision

Within a predator–prey context, vision presents a very interesting para-

dox. As individuals become larger, so do their eyes. Larger eyes are better at

gathering information from the environment. In a predator–prey context,

this means a greater ability to detect potential predators and prey at greater

distances. The paradox is that the larger eye, and hence larger size of an

individual, then makes it visually more apparent to others that may be

potential prey or predators.

The ability of the eye to provide visual information is quantified by visual

acuity, which is the ability of the eye to resolve two points as separate

objects. This is quantified by the following relation:

1

f
¼ f

s

where F is the angular separation of the individual receptors with its inverse

being proportional to visual acuity, f is the focal distance within the eye,

and s is the separation distance between retinal elements (Goldsmith, 1990).

Because the focal distance within the eye is the distance between the lens and

the retina, increasing this distance (and hence the size of the eye) will increase

visual acuity. Reducing the separation distance (s) between visual receptors is

constrained by a minimum size limit of 1 to 2 mm: receptors smaller than

this size cannot function eVectively as a light waveguide (Kirschfield, 1976;
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Goldsmith, 1990). Because there appear to be limited options tomanipulating

s, it may be assumed that the only option to increase visual acuity (1/F) is to
increase f by increasing the size of the eye (Kiltie, 2000).

From the predator’s perspective, the issue then is whether visual acuity,

and hence the distance of detection, increases at a rate greater than the

distance at which their increased size makes them apparent to their prey.

To the author’s knowledge, no such information currently exists and the

reason may well be that a number of other factors will become important.

The ability to detect an object will not solely be determined by visual acuity,

but will also be aVected by the characteristics of the target itself, specifically

how it contrasts against the visual background. Most species are well de-

signed to avoid detection by reducing their visual contrast, although there

are exceptions. In particular, these would include species that are sexually

dimorphic, with one species possessing colors that simultaneously advertise

their presence to both potential mates and predators (Pocklington and Dill,

1995). Other physical characteristics of the environment, such as ambient

light levels and the clarity of the water, will modify visual ability. Finally, the

sensory abilities of both predator and prey may not be limited to the abilities

of individuals alone. Fish in shoals are capable of using the senses of all

individuals present, providing pooled information that increases their ability

to detect any external stimuli (Godin et al., 1988).

3.4. Chemical

To chemically detect a predator, it is important that there be a chemical

reliably associated with a predator both in space and time. Although this

seems obvious, it does impose some important conditions on the chemical.

In particular, for fish that occupy relatively small bodies of water, the

chemical must either rapidly degrade or diVuse to levels which are not

detectable. This is critical because otherwise the correlation between the

presence of the chemical and the likelihood of encountering a predator will

diminish. With a low correlation, detection of the chemical will provide little

or no useful information regarding the presence of predators and the risk

associated with remaining within a particular habitat.

There is abundant literature that describes the chemical detection

of predators (reviewed in Kats and Dill, 1998). The best known chemical

for detecting predators or recent predation is alarm substance (AS) or

SchreckstoVe (Smith, 1992). This chemical is possessed by fish within the

superorder Osatariophysi and is generally agreed to be hypoxanthine 3‐N
oxide (PfeiVer et al., 1985). The specific components that make this chemical

biologically active have now been determined (Brown et al., 2000, 2003). AS

resides within the club cells of the epidermis of these fish and can only be
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released when the fish has suVered physical damage that ruptures these cells

(i.e., when it has been injured by an attacking predator). Fish that are

capable of detecting AS often exhibit a fright reaction that can include a

range of specific antipredator behaviours such as evasive swimming maneu-

vers, reduced motion, and movement to diVerent habitats. In the field, AS

will cause individuals to avoid the area for up to 12 hours after release

(Mathis and Smith, 1992; Chivers and Smith, 1994). Other individuals will

move into this location after only 3 hours, demonstrating that detection of

the chemical cause fish to remember a location as being dangerous long after

the chemical is no longer present in their environment (see also Chapter 1).

Fish need not only rely upon injured conspecifics to release this chemical.

Some predators such as pike (Esox lucius) will release this chemical after they

have consumed an Ostariophysid (Brown et al., 1995a,b). The value of this

chemical is not restricted only to species that produce this pheromone.

Recent experiments have demonstrated that species that do not produce

AS are capable of detecting and responding to this chemical, including some

salmonids (Brown and Smith, 1998) and sticklebacks (Brown and Godin,

1997).

Crucian carp (Carassius carassius) are also able to chemically detect their

predators, although their response to this information is not restricted only

to antipredator behaviour. Petterson et al. (2000) have demonstrated that

when carp detect the odor of a predator that has consumed prey containing

AS, they respond by modifying their pattern of growth. In the presence of

these cues, individuals from populations that contain predators will alter

their pattern of growth so that they become deeper bodied. The importance

of this tactic is discussed further in Section 4.3.

AS is not the only chemical known to generate antipredator behaviour.

Some salmonids are also known to respond to the presence of the amino

acid l‐serine that is commonly found on the skin of mammals (Alderdice

et al., 1954; Idler et al., 1956). When this chemical is detected, these fish will

cease moving and feeding, and it is believed that such a response will then

prevent their response to many types of gear associated with sport fishing.

Such a response indicates that animals are capable of detecting and using

any information that is reliable in signaling the presence of danger.

3.5. Sensory Compensation

Information within an ecosystem is now recognised as a valuable

commodity, and one that organisms are prepared to pay for (Koops and

Abrahams, 2003). This payment is usually in the form of sensory apparatus,

such as their sensory neurons. Maintenance of these structures is expensive,

and there is now evidence that varying environmental conditions can alter
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investment in diVerent sensory systems. Huber and Rylander (1992) exam-

ined eye size and the number of optic nerve fibers for six diVerent species of
minnows in the genera Notropis and Cyprinella in Texas and Oklahoma.

They found that individuals that occupied turbid water had reduced eye size

and as few as half the number of optic nerve fibers as those that occupied

clear water. African cichlids also exhibit considerable variation in the extent

to which their brains are developed for vision, olfaction, and mechanosensa-

tion (van Staaden et al., 1995). In a review of the brain morphology of 189

species from Lakes Malawi, Tanganyika and Victoria, van Staaden et al.

(1995) found that variation in light penetration within these lakes was the

most important factor accounting for variation in visual and olfactory

structures. Similarly, Brandstätter and Kotrschal (1990) found a negative

correlation of olfactory and visual abilities in cyprinid brains. Kotrschal

et al. (1998) have also found that cichlid species occupying locations

with limited light penetration (e.g., turbid water or very deep locations)

tended to invest more heavily in chemosenses and less so in visual detection.

Schellart (1992) has reviewed the sensory capabilities of 63 marine and

freshwater species and found that poor performance by one sense is usually

compensated by enhanced abilities of other senses.

From this perspective, the evolutionary function of AS has been debated.

Does it have as its primary function the role of communication (meaning

that this chemical is a pheromone)? If so, have individuals evolved the ability

to produce this chemical? Or does this chemical serve some other primary

function, but individuals have evolved the ability to detect this chemical

because its presence in the environment should be highly correlated with the

presence of a predator?

If this chemical has evolved as a pheromone, then we must answer the

evolutionary puzzle as to how such a system would evolve, because the only

mechanism by which this pheromone can be released into the water is by an

injury to the skin that ruptures the club cells. If this injury occurs from

predation, the sender is likely in the jaws of a predator and therefore unlikely

to benefit from this chemical. Two potential mechanisms have been pro-

posed to provide a benefit to the sender. The first assumes that such indivi-

duals are likely in close contact with group members, and hence will receive a

benefit either by increasing the survival of their kin or through reciprocal

altruism that increases their own chance of survival (Smith, 1986). Another

mechanism is that other predators are likely attracted by this chemical.

These predators will then fight over the individual releasing this chemical,

providing some finite chance of escape (Chivers et al., 1996).

Such explanations have recently become suspect as fish apparently be-

come less responsive to these chemical as the conditions of their environ-

ment approach natural conditions. Magurran et al. (1996) and Irving and
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Magurran (1997) demonstrated that the response of European minnows to

AS diminished within laboratory experiments as they added increasing

structure to their environment. When these fish were placed in their natural

environment, they exhibited no response to this chemical, leading them to

conclude that fish may detect AS, but their response to this chemical depends

upon context (but see Smith, 1997).

If AS is a signal, then individuals have the ability to detect it to obtain

more information about the presence of predators. If this is the case, then

there may be conditions under which individuals should react to this infor-

mation and others where they will not. In contrast, if AS is a pheromone,

individuals should react to its presence under all conditions. One simple

explanation as to how such a system may operate is a sensory compensation

model (Hartman and Abrahams, 2000). This model argues that individuals

will react to some threshold concentration of AS, but the threshold concen-

tration will be adjusted downwards (i.e., they will become more likely to

react to AS) as fish perceive their environment to become more dangerous,

and upwards as fish gain access to additional sources of information, such as

vision (Figure 3.3). In laboratory experiments, Hartman and Abrahams

(2000) manipulated risk of predation through the presence or absence of

physical cover, or by altering the hunger levels of fish (hungry fish act as if
Fig. 3.3. The sensory compensation model. The grey bar indicates the concentration of alarm

substance (AS) released. As indicated by the two parallel lines, the concentration of AS

necessary to generate an antipredator response decreases as the level of predation risk increases.

This threshold concentration also decreases in response to diminishing visual information due to

increased turbidity. When faced with a high risk of predation, minnows should respond to a

given concentration of AS in both clear and turbid water. With low risk, minnows should only

respond to AS in turbid water. (Reprinted from Hartman, E. J., and Abrahams, M. V. (2000).

Sensory compensation and the detection of predators: The interaction between chemical and

visual information. Proc. Roy. Soc. B 267, 571–575, with permission from the Royal Society.)
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they perceive their environment as being less dangerous). The value of visual

information was manipulated by running the experiments in either clear or

turbid water. Consistent with the model predictions, fish reacted to the

introduction of AS under all high‐risk conditions and when access to visual

information was limited. However, increased access to visual information

and reduced risk of predation consistently eliminated their response to AS.

These data are consistent with the interpretation by Magurran et al. (1996)

that AS is a cue, not a pheromone, and that fish combine information from

multiple senses in assessing the level of predation risk associated with their

habitat. This model further assumes that most freshwater species with well‐
developed eyes preferentially use visual information to assess the risk of

predation because it will provide more detailed information about predator

location, intent, and size (Chivers et al., 2001).

Similar results have been observed by Smith and Belk (2001), in which

they found that western mosquitofish (Gambusia aYnis) rely primarily upon

visual cues when engaging in various dangerous behaviours such as predator

inspection, but use chemical and visual information additively for general

avoidance behaviour. However, the relative importance of visual and chem-

ical information in detecting predators is still being debated (see Wisenden

and Thiel, 2002; Brown and Magnavacca, 2003; Wisenden et al., 2004).
4. TIME SPENT VULNERABLE TO PREDATION

4.1. Temperature and the Abiotic Environment

Most fish are ectothermic, and hence their physiology is greatly influ-

enced by their thermal environment. However, the response of most ecto-

thermic fishes is not a simple consequence of how the ambient environment

influences the rate of biochemical reactions but rather has an associated

optimum (Huey and Kingsolver, 1989). From the prey’s perspective, they

should be seeking such an environment, but not necessarily if it happens to

be the same environment that is also optimal for their ectothermic predators.

Within temperate ecosystems, not all fish have the same optimal temper-

ature. Freshwater fishes of North America have been categorised into

three general thermal preferences (cold‐, cool‐, and warm‐water guilds), with
these preferences approximating the diVerent stratified and climatic thermal

regimes (Magnuson and DeStasio, 1996). Curiously, not all physiological

functions appear to have the same thermal optima, and as a consequence

it has been argued that some fish have a daily vertical migration that

allows them to take advantage of diVerent thermal regions to maximise

energetic intake (Wurtsbaugh and Neverman, 1988). This migration involves
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fish moving from daytime, deep, cold regions to nighttime warm, shallow

regions where they actively feed. It should be noted that a variety of diVerent
hypotheses have been posed to explain such shifts, including taking

advantage of diVerent light conditions that correlate with this vertical mi-

gration (see reviews by Lampert, 1989; Neilson and Perry, 1990). However,

such a process does raise the intriguing possibility that use of shallow waters

during the night or crespuscular periods may challenge visually‐oriented
predators.

It is known that the European minnow (Phoxinus phoxinus) and some

salmonids become nocturnal at low water temperatures (Greenwood and

Metcalfe, 1998). Although the reason for such a phenomenon is unknown,

Greenwood and Metcalfe (1998) do speculate that many of these fishes’

predators are diurnal endotherms. The low water temperature would

therefore make them less able to escape attack and hence they become

nocturnal to avoid exposure to such predators. Although this seems to be

a reasonable explanation, there is no information that directly links tem-

perature to predator–prey interactions in fish, but its impact is known

for anurans. Anderson et al. (2001) found that increasing temperature was

both a blessing and a burden for tadpoles. With increasing temperature, the

tadpoles’ growth rate increased. However, this growth had the associated

cost of an increased mortality rate from predators. The underlying mecha-

nism responsible for this result is not clear, although if movement rates are

aVected by temperature, this can generate such a result. Increased movement

will increase encounter rates with both predators and prey (Werner and

Anholt, 1993).

It is not unreasonable to assume a similar system operates for prey

fish. As temperature increases, the energetic demands for fish will increase

(Elliott, 1976). It is also known that increasing temperature will increase

rates of movement for brown trout (Salmo trutta; Alanärä et al., 2001). If

both predator and prey are influenced in the same positive fashion by

increasing temperature, then provided the temperature is neither becoming

physiologically lethal nor significantly reducing dissolved oxygen levels (see

below), the rate of predator–prey interactions should increase. However,

changing temperature also generates an interesting caveat. Alanärä et al.

(2001) have noted that the increased feeding rates will also increase rates of

intraspecific competition such that individuals of lowest competitive ability

may be unable to increase their feeding rate. Given that predators can be an

important component in structuring an aquatic community (Werner et al.,

1983), those individuals unable to meet their increasing energetic demands

may be the most likely to risk exposure to predators as a way to gain

additional food (Abrahams and Cartar, 2000). However, it should be noted

that even though gross rates of energetic intake can be achieved by feeding in
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more dangerous locations (Abrahams and Dill, 1989), the net eVect may be

reduced because such locations can generate an increased metabolic cost

through fear bradycardia (Cooke et al., 2003).

Assuming that size will impact relative competitive abilities, Hughes and

Grand (2000) have developed a model that predicts temperature‐based size

segregation between habitats. The relation between competitive ability

and maximum ration size will determine whether smaller or larger fish

preferentially occupy cooler waters. Currently there are no tests of this

model, although these data are consistent with experimental work by Krause

et al. (1998).

4.2. Hypoxic Environments

As long as there has been water, there has been considerable variation in

the levels of dissolved oxygen. This can occur through variation in tempera-

ture or salinity that alters the solubility of diVerent gasses in water (known as

Henry’s Law). Any body of water will also have processes that add and

remove dissolved oxygen. These include agitation at the water’s surface that

allows atmospheric oxygen to dissolve into the water, and photosynthesis

that produces oxygen. Respiration by any aerobic organism, including

decomposition, will remove dissolved oxygen. As a consequence, aquatic

ecosystems that have low light and reduced mixing such as heavily vegetated

wetlands, flooded forests, and floodplain lakes will tend to have low levels of

dissolved oxygen. Similarly, benthic regions of lakes, water subjected to

extreme solar or geothermic heating, and the salinity gradients around

estuaries will also be hypoxic. The consistent availability of hypoxic envir-

onments means that adaptation to such conditions has been a major evolu-

tionary force aVecting fish design. Such adaptations include increased

gill ventilation rates, (Johansen, 1982; Randall, 1982; Smith and Jones,

1982), increased gill perfusion and consequent increase in functional gill

surface area (Booth, 1979; Johansen, 1982), increased blood oxygen carrying

capacity and aYnity (Powers, 1980), and the behaviour and morphology

necessary for aquatic surface respiration. Comparative studies indicate that

chronic exposure to hypoxic conditions result in enlarged gill surface area

(Hughes and Morgan, 1973; Palzenberger and Pohla, 1992; Chapman et al.,

1999, 2000, 2002; Chapman and Hulen, 2001; Schaack and Chapman,

2003) and the use of anaerobic metabolism (Blažka, 1958; Holeton, 1980;

Hochachka, 1986).

One mechanism by which fish can reduce aerobic metabolic pathways

and activate anaerobic pathways is modification of lactate dehydrogenase

isozyme distribution within major organs in response to long‐term chronic

hypoxia (Almeida‐Val et al., 1995). More recently, Almeida‐Val et al. (2000)
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analyzed the levels of lactate dehydrogenase and malate dehydrogenase

within some of the major organs of one of the most hypoxia tolerant fish

of the Amazon, Astronotus ocellatus. They found a positive relationship

between hypoxia tolerance and body size, suggesting that the mechanism

may be through the action of these enzymes increasing the anaerobic poten-

tial of these organs. But it is not clear whether the result from this species will

apply generally to all fish species, because relationships between body size

and the presence of these and related enzymes are not always observed

(Somero and Childress, 1980; Pelletier et al., 1993).

As individuals become larger, so too are they influenced by the forces

that aVect patterns of growth with increasing size (Schmidt‐Nielson, 1984).

A larger individual is not simply a scaled‐up version of the smaller

individual. Some parts of the body grow at rates diVerent than other

parts. One example is the negative allometric relationship for mass‐specific
gill‐surface area (Muir, 1969; Hughes, 1984; Figure 3.4), suggesting that
Fig. 3.4. The relation between log10 gill lamellar area and log10 body mass for several diVerent

fish species. (Reprinted from Muir, B. S. (1969). Gill dimensions as a function of fish size.

J. Fish. Res. Bd. Canada 26, 165–170, with permission from NRC Research Press.)
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smaller individuals have more eYcient gas exchange with their environment.

Likewise, as individuals become larger, there is a well‐known reduction in

the respiratory rate per unit biomass (Schmidt‐Nielson, 1984). When con-

sidering tolerance to hypoxic environments, a key component is whether

factors that aVect the rate of oxygen availability (i.e., gill surface‐to‐body
volume ratios) are more than compensated by allometric scaling that reduces

oxygen requirements.

A key parameter that may tip the balance in favor of the smaller fish is

that respiratory rates can also be aVected by fractal scaling. In its very

simplest sense, allometric scaling relates to how two‐ and three‐dimensional

variables associated with areas and volume are aVected as an animal becomes

larger, measured in some one‐dimensional parameter, usually either mass or

length. Fractal scaling can describe how internal branching structures such as

the circulatory system relate to animal size (West et al., 1997, 1999). Given

that the situation is significantly more complex, so too are the mathematics.

However, there are really only two things that are important for this argu-

ment. First, for fractal scaling, there must be some component fundamental

to the system under study that is relatively invariant as size changes. For gas

transport, such a component is the red blood cell. The second is that the

structure must somehow be a limiting factor aVecting the physiology and

survival of the organism in question. West et al. (1997, 1999) believe that

because metabolic rates scale as three‐quarters of the power of mass, and that

such an exponent is inconsistent with allometric scaling, that the functional

explanation associated with a fractal scaling model is the mechanistic

argument from which this three‐quarter power relationship is derived.

More recently, Darveau et al. (2002) have argued that metabolic rate is a

complex process based upon many biological parameters, and that attempt-

ing to explain allometric scaling using a single parameter is folly. Their

argument is compelling and may provide useful insight into understanding

the processes that aVect scaling relationships of metabolic rate. But hypoxia

tolerance within fish may benefit from the approach advocated by West et al.

(1997, 1999). A key distinction is that hypoxia tolerance represents an

extreme challenge to the respiratory system and is determined by the physi-

ological limits of the animal. As argued by Darveau et al. (2002), a problem

with trying to develop a simple model to understand the scaling of basal

metabolic rates is that they do not represent any physiological constraint,

but reflect the combined energy requirements of all the cells within an

organism. This rate can increase by many multiples to the maximum meta-

bolic rate, which is dominated by the energy demand of the muscles, no

longer all the cells of the body (Darveau et al., 2002).

Regardless of the mechanism, there is evidence that small fish tend to be

more tolerant of hypoxic environments than larger individuals. Robb and
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Abrahams (2003) placed fathead minnows (Pimephales promelas) and their

predator the yellow perch (Perca flavescens) in one of three diVerent hypoxic
environments. Within these hypoxic environments fathead minnows were

capable of feeding and behaving normally for almost the entire duration of

the three hour challenge, whereas yellow perch would lose equilibrium and

have to be removed from the experiment after only 30 minutes (Figure 3.5).

In addition, use of juvenile yellow perch that were the same size as the

fathead minnows demonstrated an intermediate result that indicated that

tolerance to hypoxia appears to be driven both by body size and species‐
specific parameters (Figure 3.5). Robb and Abrahams (2002) also demon-

strated that fathead minnows were capable of visually detecting hypoxia

stress in yellow perch at higher dissolved oxygen levels when these fish

appeared outwardly healthy. These data suggest that if there is a size‐based
variation in hypoxia tolerance, then small fish may intentionally seek such

locations to avoid attacks by their predators.

There is already some evidence in support of this hypothesis. Many lakes

in temperate climates freeze over during the winter. When snow covers the
Fig. 3.5. The eVect of variation in fish size and species on tolerance to a hypoxic environment.

Fish were placed in an apparatus that had dissolved oxygen concentrations (measured in mg/l)

of 7.2 (normoxic), 3.5 (mild hypoxic), 2.5 (hypoxic) and 1.8 (extreme hypoxic). Results measure

the mean tolerance time (� 1 SE) spent in the chamber for all fish types (fathead minnow, small

yellow perch or large yellow perch). (Reprinted from Robb, T., and Abrahams, M. V. (2003).

Variation in tolerance to hypoxia in a predator and prey species: An ecological advantage to

being small? J. Fish Biol. 62, 1067–1081, with permission from Blackwell Publishing.)
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ice, there is no longer any solar input into these lakes, stopping photosyn-

thesis and hence the production of any additional dissolved oxygen to the

lake. As a consequence, winter means a progressive decline in dissolved

oxygen concentration. The longer the winter, the lower dissolved oxygen

levels become. Klinger et al. (1982) and Fox and Keast (1990) have reported

higher mortality of larger individuals within a species, suggesting that smal-

ler individuals are more tolerant of hypoxic conditions. In Lake Victoria, the

Nile Perch was introduced to provide a large species that could be harvested

for food by fishers in the region. The Nile Perch did exceedingly well in this

lake, consuming species within the highly diverse haplochromine assemblage

and driving many species extinct. This change in the species composition of

Lake Victoria fundamentally changed the lake’s limnology. What was once a

mesotrophic lake dominated by diatoms became a eutrophic lake dominated

by blue‐green algae (Hecky, 1993). Primary productivity doubled and ulti-

mately the physical characteristics of the lake changed (Balirwa et al., 2003).

These included the development of hypolimnetic anoxia, almost year‐round
stratification of the deeper parts of the lake, and increasing hypoxia in

shallower waters (Wanink et al., 2001). Research by Chapman et al.

(1996a,b, 1999) found that several species of haplochromines that were

believed to be extinct were in fact extant within wetlands adjacent to the

lake. These environments not only provide the structural complexity to assist

fish in evading predators, but also contain hypoxic water that can not be

tolerated by the Nile perch.

The most direct evidence of how hypoxic environments may aVect
predator–prey relationships comes from Rahel and Nutzman (1994). They

captured mudminnows (Umbra limi) foraging for prey in the deep hypoxic

waters of a bog lake. Restraining the mudminnows within the hypoxic

regions in which they were feeding was lethal. This result indicates that the

predatory mudminnows have modified their behaviour to allow them to

forage in a lethal environment for short periods. Prey movement to this

location does not provide a complete refuge from predators, but presumably

the requirement to ‘‘dive’’ into this hypoxic region must constrain the

predator’s foraging ability.

Likewise, predatory fish may be able to take advantage of areas that have

a horizontal distribution of hypoxic water. In particular, piscivorous fish

that are capable of aquatic surface respiration will be able to enter such

locations. The interesting caveat with such an approach is that the predators

will be required to spend a considerable amount of their time near the

surface of the water, rendering them particularly vulnerable to aerial pre-

dators (Kramer, 1987). Should such a situation exist within shallow hypoxic

waters, then vulnerable prey species may eVectively be protected by their

predator’s predators—a tritrophic predator refuge.
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It should be noted that a variety of mechanisms will aVect the ability of

small fish to tolerate hypoxic environments and hence not every situation

will fit the size‐based model described above.

4.3. Morphology

Of more importance to prey are tactics to allow them to escape preda-

tion, and specifically to defeat predators by employing the most eVective
technique of all—not fitting in their mouth. Relationships between gape

limitation (the biggest possible prey that can be consumed) and body size

have been characterised for several species (Damsgård, 1995; Persson et al.,

1996; Nilsson and Brönmark, 2000; Magnhagen and Heibo, 2001; see

Figure 3.1). What all of these studies tell us is that for a very large predator

to be capable of consuming a prey that has increased its body depth, it must

compensate by increasing its body mass as a cubic function of this change in

length—or a considerable change in body mass is required to exploit larger

size classes of prey. This relation has not been lost on prey species. Crucian

carp are known to alter their pattern of growth when exposed to predators

(Brönmark and Miner, 1992) and more recent experiments have shown that

this altered growth is stimulated by chemical cues from predators that have

consumed prey containing alarm substance (Petterson et al., 2000). Their

response is to alter their normal allometric pattern of growth by becoming

deep bodied and hence escaping predation by larger pike more rapidly than

retaining their normal growth trajectory. The antipredator benefits of larger

body size are amplified further when recognising that predators also have

predators. The increased handling time associated with consuming larger

prey can result in pike preferring prey smaller than would be predicted when

considering only energetics (Nilsson and Brönmark, 1999). Because this is an

inducible defense, there presumably must be some cost; otherwise, carp

should adopt this morphology as a normal growth pattern. Pettersson and

Brönmark (1999) theorised that this deep‐bodied morphology must have a

higher drag and therefore must be more energetically demanding when

moving. Their laboratory experiments showed that this explanation was

not quite that simple. Deep‐bodied carp actually had a lower standard

metabolic rate, and when moving at the velocity associated with the mini-

mum cost of transport did not exhibit the increased energy consumption

predicted from the increased drag hypothesis. However, when they increased

their velocity there was a significant increase in energy requirements beyond

what was observed for the normal morph, suggesting that they would fare

poorly under intense intraspecific competition with the normal morph. This

result provides a functional explanation for their earlier field experiments, in
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which they demonstrated that the deep‐bodied morph had an impaired

ability to compete for food (Pettersson and Brönmark, 1997).

Changing overall body shape is not the only potential response to pre-

dators. Sticklebacks appear to develop lateral plates and armour in habitats

that have greater densities of predators (Gross, 1978; Bell and Richkind,

1981). The combination of erect spines and lateral plates can render these

fish immune to smaller predators, although this morphology may make them

more vulnerable to invertebrate predators (Reimchen, 1980, 1983; Reist,

1980; Ziuganov and Zotin, 1995; Vamosi, 2002). Populations of Galaxias

platei within Andean lakes also have a reduced caudal fin where they are

associated with predators (Milano et al., 2002). This morphology is hypothe-

sised to make these fish more maneuverable and hence better able to escape

attack by a predator. With this reduction in susceptibility to predation, these

fish may then reap a competitive benefit when foraging for food in the

presence of predators. The modification in behaviour in response to the risk

of predation should be in proportion to the threat. If the threat is diminished

by an altered morphology, these animals will not only enjoy reduced preda-

tion, but can also obtain a competitive advantage over other species that

lack this morphological advantage (Grand, 2000; Abrahams, 1994, 1995).

Antipredator morphology will allow these individuals to exploit the niche

created by the risk of predation.

One additional option that prey have after encountering and successfully

avoiding a predator is to hide within a refuge. Once within the refuge the

prey is safe, but how long should prey stay there? Dill and Gillett (1991)

provide an idea based upon economic theory, but the solution to this

problem will be dependent upon the costs of remaining within a refuge. In

particular, some species vary in their metabolic rates, meaning that the

energetic costs associated with hiding are not equal for all species or indivi-

duals within a species. Krause et al. (2000) show that for two sympatric

freshwater fishes, three‐spine sticklebacks lose weight when in a nonfeeding

refuge at a rate greater than do European minnow (Phoxinus phoxinus).

They also observed that minnows tended to remain within a refuge for

longer than the sticklebacks. They interpret this variation in refuge use as

being consistent with the variation in cost associated with its use.
5. SO WHAT DO YOU DO WITH WHAT YOU’VE GOT?

There is an old joke about two field biologists who are preparing to work

in a location that contains large numbers of grizzly bears. One biologist

spots his colleague training on a local outdoor track. He asks why he’s
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training and the answer is that if they are attacked by a grizzly bear, he wants

to be prepared. The first biologist scoVs, ‘‘That’s ridiculous; you can’t

outrun a grizzly bear.’’ To that his colleague responds, ‘‘I don’t need to

outrun the bear, I just need to outrun you.’’

The point of this story is that when examining what antipredator options

are available, you must consider both the physiology of the animal and that

of the other individuals and species that are likely to be subject to predation

by the same predators. There has been considerable attention devoted to

understanding which prey should be selected by predators to allow the

predators to maximise their net rate of energy intake (see Stephens and

Krebs, 1986). One specific component of this research is determining the

characteristics of individual potential prey and whether they should or

should not be included in a predator’s diet. The detail of this theory is

unnecessary here, but the main point is that three major components aVect
inclusion within a diet: the rate at which prey are encountered within the

environment, the time it takes upon encounter to capture the prey, and the

net energetic content of the prey. All that has been presented in this Chapter

falls generally into these three categories. Prey physiology can influence their

likelihood of encountering a predator by winning the detection war. Invest-

ment in sensory modalities will allow them to detect a predator before it

detects them. If prey are able to do this, they will never be encountered and

hence never consumed. This is unlikely to happen but also unnecessary.

They need only win more of these detection games than other species within

their environment. Likewise, unique features of a small fishes’ physiology

may allow them to occupy habitats that are inaccessible to their predators.

Although such a situation likely has energetic costs, it does provide the

ultimate opportunity to drive encounter rates with predators to zero.

However, prey cannot devote their entire lives to avoiding predation. If

they did, they would be unable to gather resources, find mates, and pass this

trait on to new generations. Rather, prey must ultimately risk exposure to

predators to gain access to important resources, and they will have some

finite encounter rate with predators. But even under these conditions, their

physiology is partially designed to render them less preferred as a diet item.

Some prey may contain potent toxins that render them poisonous to pre-

dators, or they may mimic such species to get oV the menu (Gittleman and

Harvey, 1980). However, even in the absence of this ultimate strategy, prey

physiology possesses other tactics. These include the benefit of small size and

increased maneuverability. This feature in conjunction with the Mauthner

system means that predators that pursue their prey will often require

considerable eVort to capture them.

The validity of the ‘‘grow big and do it fast’’ rule can now be tested

directly through hormonal and genetic manipulation of fish that elevates and
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sustains growth hormone levels through all seasons (Devlin et al., 1994; Du

et al., 1992). The impact of such manipulations upon the fishes’ phenotypes

has been profound and includes fish that can be up to ten times larger by 16

months of age and achieve sexual maturity in approximately one‐half the
time (Devlin et al., 1995). The intriguing feature of genetically manipulated

fish is that they are heterozygous for the transgene, meaning that a sib group

will contain individuals that do and do not express this altered phenotype.

Challenging genetically modified and wild‐type Atlantic salmon with forag-

ing decisions that involve a risk of predation also reveals a variation in

behaviour that matches the variation in morphology. Size‐matched indivi-

duals diVer markedly in their willingness to risk exposure to a predator

to gain access to additional food, whether this predator is restrained behind

a transparent Plexiglas partition or if the fish must physically enter a

location containing a predator (Abrahams and Sutterlin, 1999). Under both

circumstances, salmon that have artificially elevated growth rates are

much more willing to risk exposure to a predator and hence gain access to

additional food.

Of course, to determine whether the modification in behavioural rules is

associated with this altered growth pattern must ultimately involve a deter-

mination of whether the transgenic fish pay a much higher cost: are they

more likely to be killed by predators under natural conditions? For obvious

reasons, the simple experiment of releasing genetically modified salmon into

the wild to assess their survival rates cannot be performed. To adequately

understand the potential costs associated with transgenic manipulations, it is

necessary to challenge these animals with environmental conditions that

mirror those they will encounter in the field. This has now been done with

newly hatched salmon and these data demonstrate that a mortality cost is

associated with growth acceleration (Sundström et al., 2004). Similar experi-

ments have been attempted with transgenic smolts and so far have shown

no mortality cost associated with the greater willingness of transgenic salm-

on to risk exposure to a predator (Abrahams and Devlin, unpublished

data). However, challenging these larger‐size classes of individuals with

environmental conditions that mirror those they will face in the wild, while

simultaneously meeting guidelines for the containment of genetically mod-

ified fish, make these experiments very diYcult to perform. It is therefore not

clear whether a failure to identify mortality costs for larger‐size classes truly
reflects less cost or an inability to adequately challenge these fish.

Almost all small fish species will have to confront some risk of predation

associated with their evolutionary success. Whether feeding, finding a mate,

obtaining and defending a spawning site or territory, or provisioning their

young, there is some likelihood they will encounter a predator. The physiol-

ogy of most small species is adapted to dealing with this problem, and not
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simply by following the ‘‘grow fast and quickly’’ rule presented at the

opening of this chapter. Their options are much more diverse and often

benefit from the size diVerence between themselves and their predators.
ACKNOWLEDGEMENTS

I greatly appreciate the generosity of GeoV Eales, Ted Wiens, Robert MacArthur, Jennifer

McLeese, and Kevin Campbell for lending an ear and providing advice on some of the topics

discussed in this chapter. This chapter also benefited from the critical comments of Lauren

Chapman, Gail Davoren, Larry Dill, Anne Magurran and one anonymous referee.
REFERENCES

Abrahams, M. V. (1995). The interactions between antipredator behaviour and antipredator

morphology: Experiments with fathead minnows and brook sticklebacks. Can. J. Zool. 73,

2209–2215.

Abrahams, M. V. (1994). Risk of predation and its influence on the relative competitive abilities

of two species of freshwater fishes. Can. J. Fish. Aquat. Sci. 51, 1629–1633.

Abrahams, M. V., and Cartar, R. V. (2000). Within group variation in the willingness to risk

exposure to a predator: The influence of species and size. Oikos 89, 340–344.

Abrahams, M. V., and Dill, L. M. (1989). A determination of the energetic equivalence of the

risk of predation. Ecology 70, 999–1007.

Abrahams, M. V., and Sutterlin, A. (1999). The foraging and antipredator behaviour of growth

enhanced transgenic Atlantic Salmon. Anim. Behav. 58, 933–942.
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1. INTRODUCTION

1.1. Parasites, Physiology, and Behaviour

Being infected with parasites is the normal state for the vast majority of

animals in natural, as well as in most managed populations. Consequently,

developing an understanding of how infections impact on the biology of host

organisms has considerable fundamental and applied value. Given the inti-

mate associations between parasites and their hosts, infections are expected

to impact on their hosts at a range of organisational levels, from gene

expression to population dynamics. Parasites that cause mortality through

direct pathogenic eVects on their hosts have obvious importance because

they impose a direct selection pressure on host populations. However, in

recent years there has been recognition that sublethal physiological eVects on
hosts—which may lead to alterations in the behaviour of infected animals—

may also play an important role in regulating populations through demo-

graphic eVects (Dobson, 1988; Hudson and Dobson, 1997; Finley and

Forrester, 2003). The rise of behavioural ecology as a discipline devoted to

the study of the adaptive function of behaviour (Krebs and Davies, 1997)

has facilitated our understanding of the role of sublethal parasite infections

as selective agents in evolution. Elegant experimental tests of key hypotheses

(e.g., Moore, 1983; Milinski and Bakker, 1990; LaVerty and Morris,

1996) strongly suggest that parasite infections can impact significantly on

the natural and sexual selection of host populations through their eVects
on behaviour.

Although behavioural and evolutionary ecologists have focused on ex-

amining the function and evolutionary consequences of behavioural changes

associated with infection, there has also been interest in the proximate

(physiological) mechanisms of host behavioural modification. A significant

body of research has focused on the mechanisms of behavioural change in

parasitised invertebrates (reviewed by Hurd, 1990; Adamo, 1997; Moore,

2002), which oVer scientists an opportunity to study the mechanisms of

manipulation in biological systems with relatively simple nervous systems

(Adamo, 1997). However, research into the mechanisms by which parasites

alter the behaviour of vertebrate hosts has been limited by a lack of general

knowledge regarding the physiological control of behaviour in vertebrates.

Writing over a decade ago, primarily from a mammal research perspective,

Thompson and Kavaliers (1994) pointed out that:
‘‘While it is clear that parasitism often brings about dramatic changes in

host behaviour, little is understood of the physiological bases for these
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changes and this in large measure reflects our primitive knowledge of the

interaction of behaviour and physiology.’’
In the intervening years, considerable research eVort by those authors and
others has begun to shed light on the physiological control of behaviour in

mammals, and the mechanisms by which parasites can exert their influence.

Coordinated studies examining the physiological mechanisms of infec-

tion‐associated behavioural change in fish have been similarly slow to

emerge, and there are very few studies available that unambiguously link

parasite‐induced behavioural change to a physiological mechanism in fish.

However, both physiologists and behaviourists have realised the value of

fish as models with which to study the eVects of parasites, and there is a

wealth of information on the (separate) behavioural and the physiological

eVects of a wide range of parasitic infections. As a consequence, this Chapter

often uses evidence from studies demonstrating a link between behaviour

and physiology in noninfected fish to identify potential mechanisms by which

parasites may induce their observed behavioural eVects on hosts. Clearly,

more investigations are required that examine contemporal physiological

and behavioural eVects in the same host–parasite systems (Figure 4.1). As

more of the mechanistic bases of behaviour are being demystified by fish

physiologists, there are an increasing number of opportunities for coordinat-

ed investigations into how parasites exert their influences on host behaviour.

1.2. Why Study the Physiological Basis of Behavioural Changes

Associated with Infections?

There are two fundamental reasons for studying the physiological bases

of infection‐associated behavioural change in fish. First, there is still very

little data in support of a key hypothesis in evolutionary biology, which

states that behavioural changes associated with infection in hosts have arisen

as parasite adaptations to maximise transmission success (the Manipulation

Hypothesis; Moore and Gotelli, 1990; see reviews by Barnard and Behnke,

1990; Barber et al., 2000; Moore, 2002). Studies that demonstrate evolution-

arily relevant changes in host ecology that are mediated through behavioural

changes associated with infection have proven diYcult to undertake and

interpret (but for notable exceptions see Moore, 1983; LaVerty and Morris,

1996). Given the diYculty of acquiring data on the fitness eVects of beha-

vioural changes, studies that uncover the complexity of the physiological

mechanism of behavioural change potentially provide alternative indirect

evidence on the likely evolution of infection‐associated traits (Poulin,

1998). Altered host behaviours that result from ‘‘simple’’ mechanisms, such



Fig. 4.1. Schematic illustrating the types of studies that have examined interactions between

parasite infection, behaviour and physiology in fish. (a) DiVerences in the physiology of para-

sitised fish, compared with uninfected individuals, are often recorded by physiologists or para-

sitologists studying either naturally infected or experimentally exposed individuals. (b)

Physiological parameters are also commonly associated with behavioural traits, for example,

reduced swimming performance associated with anemia. (c) In many cases, parasite infections

may be demonstrated to influence host behaviour. (d) More studies are needed to provide causal

links between infection, host physiology, and behaviour in the same host–parasite system.
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as occupying a specific tissue to be in the required place for development or

egg production, may arise as unavoidable side eVects of infection that have

neutral, or even detrimental, consequences for parasite transmission. On the

other hand, behavioural eVects of parasites that are mediated through com-

plex mechanisms, such as parasite secretions that interfere with the neuro-

chemical control of host behaviour, are more likely to be true adaptations

because they require investment on the behalf of the parasite (Poulin, 1998).

Second, because behavioural eVects of parasites ultimately arise from

physiological changes in the host, understanding the mechanisms by which

parasites manipulate host behaviour can yield important general informa-

tion on the physiological processes responsible for control and modulation

of behaviour in the healthy organism (Helluy and Holmes, 1990; Thompson

and Kavaliers, 1994).

There may also be applied value in examining the physiological basis of

infection‐associated behavioural change, because some of the traits exhibited



4. PARASITES, PHYSIOLOGY, AND BEHAVIOUR 113
by infected fish may ultimately prove to be exploitable. For example, fish

infected with fast‐growing plerocercoids of pseudophyllidean cestodes feed

more readily and as a consequence grow more quickly under particular

feeding regimes than nonparasitised conspecifics (see Section 3.1.1). Such

traits may be desirable in aquaculture or commercial fishery species, and

understanding the physiological mechanisms by which parasites alter fish

behaviour (for example, by increasing the fish’s appetite) may provide future

opportunities to maximise productivity.

1.3. Biological Diversity of Fish Parasites

If we define parasites as organisms that live in or on another organism

(termed the host) for at least some of their lifecycle and as a result cause

harm to the host, then parasitic organisms include all viruses, many bacteria,

and some fungi. However, the majority of parasitologists focus on protozo-

an and metazoan parasites (Bush et al., 2001), as will this Chapter. Fish

parasites are a diverse assemblage of organisms, both in terms of their

taxonomy and in the ways in which they exploit fish as hosts. Lifecycle

variation between parasite groups is substantial and important in under-

standing the ecological consequences of—and therefore the evolutionary

pressures acting on—infection‐associated changes in host behaviour. From

this perspective, perhaps the most important consideration is the type of

lifecycle exhibited by the parasite. Some taxa (directly‐transmitted parasites)

are capable of completing their lifecycle on one individual fish, whereas

others (indirectly‐transmitted parasites) utilise the fish as one of a number

of essential, sequential hosts. If more than one host is involved in the

parasite’s lifecycle, then fish may harbour the sexually active adult stage—

in which case the fish is termed the definitive host—or they may serve as an

intermediate host for a nonreproductive, developmental, or dormant stage

of parasites. Because of their abundance and their typically intermediate

position in aquatic food webs, fish are utilised as intermediate hosts by many

indirectly transmitted parasites, with transmission to definitive hosts (which

are often birds, mammals, or predatory fish) occurring through the food

chain (trophic transmission). However, it is important to recognise that in

many cases—particularly for marine parasites, and many of the myxozoans

and microsporidians—lifecycles are not yet fully resolved, and so inferring

likely ecological or transmission outcomes of infection or their evolutionary

significance is not always possible.

This biological diversity of fish parasites—in terms of their taxonomy,

life cycle details, the variety of ways in which they acquire their nutrients

from host fish, their sites of infection and the extent to which they

are nutritionally demanding—means that there are both mechanistic and
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evolutionary reasons why we should not expect all parasites to have the same

kinds of eVects on the physiology or behaviour of hosts.

1.4. Parasites and Fish Behaviour

Parasites can impact on normal patterns of fish behaviour in a number of

ways. First, because animals are expected to have evolved behavioural

mechanisms to limit contact with infective stages to reduce the demand

placed on the immune system (Hart, 1990), the threat posed by the presence

of parasites in an environment may influence the behaviour of fish even

before they become infected. For example, fish have been shown to avoid

particular types of habitat associated with infection risk (e.g., Poulin and

FitzGerald, 1989), select against joining shoals containing parasitised indi-

viduals (e.g., Krause and Godin, 1996; Barber et al., 1998), and reject

parasitised sexual partners (e.g., Kennedy et al., 1987; Milinski and Bakker,

1990; Rosenqvist and Johansson, 1995).

Second, parasitised fish may perform behaviours that reduce levels of

infection with already‐acquired parasites. Such behaviours range from sim-

ple ‘‘flashing’’ against the substratum or rubbing against other structural

components of their environments to dislodge ectoparasites (e.g., Urawa,

1992) to complex interspecific social behaviours such as visiting ‘‘cleaning

stations’’ on coral reefs (see Losey, 1987; Poulin and Grutter, 1996 for

reviews). These first two types of behavioural eVects of parasites constitute
the ‘‘behavioural resistance’’ repertoire of a host (Hart, 1990), and these

behaviours of hosts or potential hosts are generally regarded as host adapta-

tions (e.g., Grutter, 1999). An in‐depth coverage of behaviours that limit

contact with parasites or reduce infection levels is outside the scope of this

review, but further discussion can be found in Barber et al. (2000).

Third, parasite infections may cause host behaviours to alter in ways that

serve to mediate the detrimental eVects of infection. For example, the altered

prey preferences and foraging behaviour of sticklebacks infected with Schis-

tocephalus solidus plerocercoids (e.g., Milinski, 1990; Ranta, 1995) increase

food intake rates, and as such compensate to some extent for the nutritional

demands of the parasites. Such behaviours are therefore readily explained as

host adaptations to infection.

However, not all infection‐induced behavioural changes are likely to be

host adaptations, because parasite infections often cause behavioural

changes in infected hosts that have no obvious direct benefit to their hosts.

In some cases, these behavioural changes may reflect parasite adaptations,

increasing the probability of successful transmission; in other cases, the

behavioural changes may be inevitable side eVects of infection that benefit

neither parasite nor host (Poulin, 1998). However, phenotypic correlations
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betw een infection status and behaviour can also be gen erated if be haviour

influen ces infec tion status rather than vice ve rsa, because fish that exh ibit

pre ‐ existing atypi cal behaviou r may be more expo sed, or less resi stant, to

infec tions. For this reason , studi es that demonst rate naturally infec ted hosts

to display atypi cal behaviou rs canno t defin itively identi fy causal ity; co n-

versel y, studi es that demonst rate be havioura l c hanges in exp erimental ly

infec ted fish may provide c onvinci ng evidence that behavioura l chan ges

are caused by infec tions. Fortunat ely, there are an increa sing number of fish

parasi te syst ems for which experi menta l infec tions are possible .

1.5. How do Parasi tes Alter the Behaviour of Fish Host s?

Parasi te infec tions that alte r the beh aviour of their hosts have traditi on-

ally been propo sed to do so through direct or indir ect physiol ogical mechan-

ism s ( Milinski, 1990 ). Direct mechani sms of beha vioural manipul ation are

those in whi ch the pa rasites themselves , or their biochemi cal secretions, act

direct ly on the host’ s system of behaviou ral control. Example s of these kinds

of mechani sms woul d include pa rasites that alter host be haviour by relea sing

substa nces with neu rotransmi tter or neu romodula tion capabiliti es, or whi ch

locat e in and da mage specific lobes of the brain. Alternat ively, host beha-

viour may be altered indir ectly if parasi tes impos e a co nstraint on some

other aspect of the host’s physiology. An example of indirect behavioural

modification woul d be the increa sed foraging behaviou r of fish infected with

nutri tionally demanding parasi tes such as larval cestode s.

However, althoug h separat ing indir ect from direct mech anisms of

behavioural manipulation may have heuristic value, it requires a level of

detail regarding the host–parasite interaction that is generally not available

(Milinski, 1990; Barber et al., 2000). For instance, it is not known whether

the altered swimming behaviour of cyprinid fishes harboring heavy infec-

tions of brain ‐ dwelling diplos tomatid trematod es (see Secti on 4.1) results

from physical damage to the brain itself, a build‐up of metabolic compounds

from the parasites aVecting neural or muscle function, or the secretion of

behaviour‐modifying chemicals. In this Chapter, a diVerent approach to

understanding the physiological basis of behavioural change in parasitised

fish is used.

Behaviour can be broadly described as an animal’s motor responses to

multiple perceived external stimuli, detected and transduced into aVerent
nerve signals by a number of diVerent sensory systems that are integrated by

the central nervous system (CNS) and modulated by the physiological status

of the animal. This Chapter highlights the impact of parasitic infections on

normal patterns of host behaviour by interference at each of four diVerent
physiological levels (Figure 4.2). First, parasites may influence behaviour by



Fig. 4.2. Schematic illustrating the diVerent ways in which parasite infections potentially

influence host behaviour. Parasites (P) can directly influence the quality of information received

by a host by interfering with sensory function (a) or with the transmission of input signals by

aVecting neural performance (b). Parasites can also impact directly on host physiological

condition (c) and on how host physiology and control systems (such as the CNS and ANS)

interact (d). Furthermore, parasites can aVect control systems if they cause either physical or

neurochemical disruption (e) and they may also aVect eVerent neural function (f). Finally,

parasites can impact directly on the functioning of eVectors, such as muscles (g). Numbers

relate to sections of this review dealing each type of eVect.
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aVecting the quality and/or quantity of information obtained by hosts as

they sample their environments, by aVecting the functioning of peripheral

sense organs (Section 2). Second, parasites may change the internal nutri-

tional status of fish hosts—and thus the motivational basis to respond to

external stimuli—if infection has significant energetic consequences (Section

3). Third, parasite infections may interfere directly with the control of host

behaviours by physically damaging the CNS by their site selection, by

manipulating levels of hormones or neurotransmitters, or by having neuro-

modulatory eVects (Section 4). Finally, many of the eVects that parasites

have on host respiration, circulation, locomotion, or stamina can impact on

the host’s capacity to perform normal patterns of behaviour in response to

perceived stimuli (Section 5).

The primary intention of this Chapter is to stimulate others to provide

much‐needed studies linking behaviour and physiology in parasitised fish.

With this in mind, the conclusion presents major gaps in knowledge and

highlights new opportunities to exploit postgenomic technologies.
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2. EFFECTS OF PARASITES ON THE SENSORY PERFORMANCE

OF FISH HOSTS

Because parasites cause local pathology to host tissues by their attach-

ment, movements, growth, or development, the specific sites they occupy

may have important consequences for the type and extent of host behaviour-

al change (Holmes and Zohar, 1990). Many endoparasites have a predilec-

tion for occupying sensory organs within their hosts, and damage to sensory

tissues or occlusion of sensory organs may be suYcient to bring about

changes to host behaviour. It is thought that the evolution of parasite

preferences for such sites has arisen primarily as a mechanism for evading

the host’s immune system (Szidat, 1969; Ratanarat‐Brockelman, 1974; Cox,

1994), with any associated behavioural changes arising as (potentially fortu-

itous) side eVects of immune avoidance (O’Connor, 1976). In fish, the eyes,

nares, inner ear, and lateral line are frequently used as sites of infection by

parasites (Williams and Jones, 1994). Here we examine the sensory systems

of fish that are used as infection sites by parasites and review studies that

have investigated their eVects on host behaviour and/or physiology. The

sensory systems of fish are described in detail in Chapter 2.
2.1. Behavioural EVects of Visual Impairment

A number of parasites utilise the fish eye as an infection site. Particularly

common are the metacercariae of diplostomatid trematodes, including Di-

plostomum and Tylodelphys spp., which locate in the lens, retina, or vitreous

humour. A range of freshwater species become infected with these and other

‘‘eyeflukes’’ when free‐swimming cercariae, released from aquatic snails,

penetrate the skin and travel to the eye in the host’s circulatory system

(Erasmus, 1959). In the case of D. spathaceum, the parasites invade the lens

tissue, causing parasitic cataract disease in heavy infections (Chappell et al.,

1994). Intact fish lenses are optically complex tissues with remarkable re-

solving capacity (Fernald, 1993), largely as a consequence of variable refrac-

tive index throughout their depth, which counteracts spherical aberration

(Sivak, 1990). Infected fish display behavioural changes that suggest the

physical presence of parasites in the eye, and the damage caused during

tissue migration is suYcient to impair vision. Infection with D. spathaceum is

associated with reduced visual acuity in the three‐spined stickleback Gaster-

osteus aculeatus, with infected fish initiating approaches toward motile prey

at significantly reduced distances compared to noninfected fish (Owen et al.,

1993; Figure 4.3). Similar eVects suggestive of reduced visual acuity have

been demonstrated in infected dace (Leuciscus leuciscus), which feed less



Fig. 4.3. (a) A single Diplostomum spathaceum metacercaria infecting the lens of a three‐spined
stickleback Gasterosteus aculeatus. (b) The eVect of D. spathaceum infection on the reactive

distance of three‐spined sticklebacks to aquatic prey (Asellus sp.). Bar heights are means; error

bars represent 1 standard deviation. *P < 0.05. (Data from Owen et al., 1993.)
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successfully on surface prey items and as a consequence spend a greater

proportion of time feeding than noninfected fish (Crowden, 1976; Crowden

and Broom, 1980), and in trout, which are caught less frequently by anglers

in rod‐and‐line fisheries than in gill nets when infected with eyeflukes

(Moody and Gaten, 1982). The reduced visual performance of infected fish,

and the altered time budgets and spatial distributions that result, apparently

increase their predation risk (Brassard et al., 1982), with consequences for

parasite transmission.

Other parasites, which are not restricted to infecting optical tissues, may

nonetheless impair vision if they locate in the cornea or elsewhere in the head

region. For example, xenomae of the microsporidian Glugea anomala often

form in the head, causing the eye to swell (I. Barber, personal observation)

and metacercariae of the digenean trematodes Bucephaloides gracilescens

and Cryptocotyle lingua may encyst in the cornea (Karlsbakk, 1995), with

likely but untested consequences for vision and behaviour. Parasites that

locate in lobes of the brain associated with vision or in the optical nerves

may additionally impact on vision and behaviour (see Section 4.1).

2.2. Behavioural EVects of Impaired Chemoreception

The chemosensory systems of fish are extremely well developed and

mediate many behaviours of fundamental importance (Hara, 1992; Soren-

son and Caprio, 1998) including the location of food (Jones, 1992) and

predators (Chivers and Smith, 1993). Fish in the order Ostariophysi have

the additional ability to detect alarm substance (‘SchreckstoV ’) released

from the damaged skin of conspecifics and heterospecifics, and thereby can

acquire immediate information on predator activity (Chapter 3, Section 3.4;

von Frisch, 1938; Wisenden et al., 1994). Chemoreception is also known to

play a major role in the return migrations of anadromous fish returning to

spawn in natal rivers (Chapter 7, Section 12; Hara, 1993; Lucas and Barras,

2001) and in chemical communication (Brønmark and Hansson, 2000), with

recent studies demonstrating that individuals can identify kin (Winberg and

Olsén, 1992) and even nonrelated familiar individuals (Brown and Smith,

1994; GriYths, 2003) by their odors. Moreover, recent research on stickle-

backs suggests that mate choice decisions may be mediated by odours that

relate to major histocompatibility complex allelic diversity (Reusch et al.,

2001; Milinski, 2003).

Chemosensation is achieved via at least two diVerent channels in fish:

olfaction (smell) and gustation (taste), but because both involve the detection

of waterborne molecules, the distinction is not always clear (Hara, 1993). The

primary sites of chemosensation in fishes are the olfactory epithelium situated

within the narial canals (nares), taste buds located in themouth, and taste cells
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on the skin (Sorenson and Caprio, 1998), all of which may be invaded by

parasites (Williams and Jones, 1994). Parasites locating in these organs may

aVect the sensitivity of their hosts to waterborne odours if they either restrict

the passage of water through olfactory organs or damage the olfactory

epithelium. Because fish use chemosensory detection to detect predators,

there are reasons to expect that the chemosensory abilities of hosts may be a

target of behavioural manipulation by trophically transmitted parasites.

Given the current level of interest in the role of chemoreception in fish

behaviour, it is perhaps surprising that as yet there have been no studies that

we are aware of examining the influence of parasite infections on the chemo-

sensory abilities of fish and subsequent consequences for their behaviour, and

we highlight this as an area of significant research potential (Section 6.1).

As well as impacting on the chemosensory abilities of their fish hosts,

parasite infections may also alter host odours, allowing them to be discri-

minated by conspecifics in social or sexual contexts. In laboratory trials,

mice are capable of detecting conspecifics infected with the nematode He-

ligmosomoides polygyrus based on odour cues alone (Kavaliers and Colwell,

1995; Kavaliers et al., 1998a). Parasitised fish are frequently demonstrated to

be unattractive companions or mates to individuals making shoaling or mate

choice decisions (e.g., Rosenqvist and Johansson, 1995; Krause and Godin,

1996; Barber et al., 1998) and although visual cues can be used to identify

some infections (e.g., Krause and Godin, 1996), infection‐associated odour

variation may be a potential, though untested, mechanism allowing determi-

nation of the infection status of individuals by conspecifics. Given the

importance of chemosensation to fish, it is not unrealistic to expect fish to

be capable of identifying parasitised individuals by their odours, particularly

if there are fitness costs of associating with them.

2.3. Behavioural EVects of Impaired Octavolateral Functioning

The octavolateral system of fish comprises three separate mechanosen-

sory systems—the auditory, the vestibular (or equilibrium), and the lateral‐
line systems—that are traditionally studied together because they have a

common sensory cell type as their major receptor (Schellart and Wubbels,

1998). The lateral‐line and auditory systems detect mechanical vibrations,

whereas the major roles of the vestibular apparatus of fishes are in the

control of balance and posture and in visual stabilisation (Popper and Platt,

1993; Schellart and Wubbels, 1998).

The organisation of the auditory systems of fish has been reviewed in

detail by Schellart and Wubbels (1998), and the importance of the produc-

tion and detection of underwater sound in fish behaviour was reviewed by

Hawk ins (1993) and in Chapter 2, Sectio n 6 of this volume . The auditor y
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system comprises three semicircular canals and three calcareous otolith

organs and is located in the inner ear. Underwater sound waves are detected

when movements of the fish’s body, caused by molecular vibration of the

water, cause the hair cells to oscillate with respect to the otoliths. The

orthogonally arranged semicircular canals of the inner ear form the equilib-

rium system, providing information on the three‐dimensional orientation of

the fish (Bone et al., 1995). The inner‐ear labyrinth, containing both systems,

is calcified to form a single massive structure in teleosts and is filled with a

fluid (endolymph). Parasites that inhabit the inner ear, or cause a change in

the structure of the semicircular canals or the endolymph contained within,

have the potential to impact significantly on the ability to achieve balance

and postural control and to detect underwater sounds.

The most common parasite infections of the inner ear of teleost fish are

various species of myxosporean, including Myxobolus cerebralis, which

destroy the cartilage of the inner ear of salmonids (Markiw, 1992). The main

behavioural symptom of infection is uncontrolled erratic circular swimming

at the water surface termed whirling (Uspenskaya, 1957; Kreirer and Baker,

1987; Markiw, 1992), as would be expected for a parasite that damaged the

major balance organs. However, other pathomechanisms generating the

observed whirling behaviours have been suggested (see Section 4.1) and it

is possible that a range of physiological eVects may generate phenotypically

similar behaviour eVects in parasitised fish.

An additional component of the auditory system of fishes is the swim-

bladder, which functions as a pressure‐to‐displacement transducer and lowers

the auditory threshold (Schellart and Wubbels, 1998). Parasites that inhabit

the swimbladder (see also Section 5.3) therefore potentially interfere with

sound detection, but we are aware of no studies examining this.

The lateral‐line system of fishes serves primarily as a hydrodynamic

receiver, detecting pressure changes in the water immediately surrounding

the fish (Popper and Platt, 1993; Schellart and Wubbels, 1998), and is

utilised by a range of parasites as an infection site. Metacercariae of the

digenean Ribeiroia marini are found in the lateral‐line scale canals of goldfish
Carassius auratus (Huizinga and Nadakavukaren, 1997) and philichthyid

copepods inhabit the lateral‐line sensory canals of tropical and temperate

marine fishes (Kabata, 1979; Grabda, 1991; Hayward, 1996). The latter may

be common in fish populations: 31% of corkwing wrasse (Crenilabrus me-

lops: Labridae) oV the coast of Ireland were infected with Leposphilus labrei

(Donnelly and Reynolds, 1994), with heavy infections being associated with

tumor formation. The behavioural functions of the lateral line include the

localisation of moving prey, the detection of approaching conspecifics and

predators, obstacle detection (particularly in low‐visibility conditions), and

schooling behaviour (Bleckmann, 1993).
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Studies in which lateral‐line function is experimentally impaired demon-

strate the potential for such parasites to impact on host behaviour. For exam-

ple, mechanical blocking of lateral‐line canal pores eliminates the feeding

response of mottled sculpin Cottus bairdi (Hoekstra and Janssen, 1985), and

cauterisation of the posterior lateral line nerves is suYcient to impair the ability

of saithePollachius virens to maintain accurate spatial positions within dynam-

ic swimming schools (Partridge and Pitcher, 1980). Infections with parasites

such as those detailed above are likely to impact on water flow in the lateral‐
line canals and reduce sensitivity to pressure changes; however, despite the

potential for infection‐associated behavioural change, the authors are aware

of no studies that have examined behavioural eVects of lateral‐line–dwelling
parasites.

Endoparasites such as Ligula intestinalis or Schistocephalus solidus that

grow to a large size and cause gross swelling of their hosts’ bodies also have

the potential to impact on lateral‐line function. Although there are as yet no

physiological data available, the schooling behaviour of European minnows

infected with Ligula is strikingly similar to that of saithe deprived of lateral‐
line function. In mixed infection schools, infected minnows exhibit larger

nearest‐neighbour distances (NNDs) and a greater propensity to occupy

peripheral positions within schools than uninfected conspecifics; although

they respond to a simulated avian strike by reducing their NND, they

continue to take up spatially inappropriate positions after attack (Barber

and Huntingford, 1996). Sticklebacks infected with Schistocephalus plero-

cercoids also exhibit impaired escape responses, including a reduced propen-

sity to react to a striking model heron (Giles, 1983; Godin and Sproul, 1988;

Tierney et al.,1993; Ness and Foster, 1999; Barber et al., 2005), as do roach

infected with Ligula intestinalis (Loot et al., 2002a). Because the model

predators may strike the water surface in these trials, one explanation for

the absence of a response from infected fish is that infected fish fail to sense

water pressure changes via their lateral line. Future studies of escape re-

sponse using model predators should be designed more carefully to allow a

detailed interpretation of the results and ascertain which sensory modalities

are impaired by infection.

2.4. Behavioural EVects of Impaired Electrosensation

Some fish have the capacity to produce electrical pulses that are used

actively in foraging, object detection, or communication (Bleckmann, 1993).

However, the ability to detect electric fields (electroreception) is not just

limited to these electric fish; the majority of nonteleost fish, as well as some

teleosts including the Ostariophysans and Osteoglossiformes, also have

low‐frequency electroreceptors and use these passively in prey detection,
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long‐distance orientation, and migration (Bleckmann, 1993). Despite con-

siderable research interest in electrosensation and electrobiology of fishes

(comprehensively reviewed by Moller, 1995), the authors are not aware of

any studies that have examined the impact of parasites on active or passive

electrosensory function or behaviour.
3. BEHAVIOURAL CONSEQUENCES OF PARASITE‐IMPOSED

CONSTRAINTS ON HOST PHYSIOLOGY

The internal physiological state of animals may have a considerable

eVect on their behaviour. For example, following a period of food depriva-

tion, fish will take more risks while foraging (Damsgård and Dill, 1998) and

ingest more food in a single meal than fish in better nutritional condition (Ali

et al., 2003), whereas fish that are under osmoregulatory stress often exhibit

altered locomotory and antipredator behaviour (e.g., Handeland et al.,

1996). Hence, parasites that impose constraints on the physiological status

of their hosts potentially impact indirectly on the behaviour of their hosts.

This Section focuses on the observed and potential behavioural conse-

quences of infections resulting from their eVects on host energetic status

and capacity for osmoregulation.
3.1. Behavioural Consequences of Nutritionally Demanding Parasites

3.1.1. Effects on Foraging Behaviour

All parasites utilise host‐derived resources for their growth and develop-

ment, and as such impose an energetic drain on host organisms. As a

consequence, energetic eVects of infection are commonly reported, particu-

larly when the parasites involved are large, rapidly‐growing, numerous, or

highly pathogenic. In addition, if infections reduce the competitive ability or

foraging success of hosts (for example, as a consequence of infection‐induced
damage to sense organs; see Section 2), then parasites may limit the nutrient

intake of their hosts. Fish infected with parasites that impose a significant

energetic cost may therefore be forced to increase their foraging eVort or
alter their foraging strategies to compensate.

The most detailed studies of behavioural changes induced by energetical-

ly demanding parasites have examined fish harboring the large plerocercoid

larvae of the closely related pseudophyllidean cestodes Schistocephalus soli-

dus and Ligula intestinalis, which infect sticklebacks and cyprinids respec-

tively. Infections are acquired when fish hosts feed on parasitised copepods,

and the plerocercoids grow rapidly to a large size in the peritoneal cavity of
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host fish. Evidence from laboratory and field studies shows that, during the

parasite growth phase, these parasites impose a considerable energetic drain

on their hosts. Infected wild caught fish typically have lower somatic body

condition and/or liver energy reserves (Arme and Owen, 1967; Pennycuick,

1971; Tierney, 1994; Tierney et al., 1996) as do experimentally infected fish

held under a fixed ration of 8% body weight per day over the parasite growth

phase (Barber and Svensson, 2003). Furthermore, data on the amino acid

composition of Ligula‐infected roach are consistent with those of starved

fish (Soutter et al., 1980). The energetic problems faced by infected fish are

compounded by two further factors: (1) the growing plerocercoid reduces

the space available for stomach expansion, limiting meal size (Cunningham

et al. , 1994 ; W right et al. , in press); and (2) infec ted fish are poor co mpetitors

for food (Milinski, 1990; Tierney, 1994; Barber and Ruxton, 1998) as a result

of impaired foraging performance (Cunningham et al., 1994).

Fish under nutritional stress, such as after a period of food deprivation,

typically exhibit hyperphagia on refeeding to maximise their food intake

(Ali et al., 2003). Although increasing meal size is not an option for fish

infected with cestode plerocercoids, they are able to partially alleviate the

combined eVects of infection by altering their foraging behaviour in other

ways (Milinski, 1990). First, infected sticklebacks switch foraging strategies,

taking advantage of ‘‘risky’’ food sources such as those available close to

potential predators (Giles, 1983; Milinski, 1985; Godin and Sproul, 1988;

Barber et al., 2005) and altering food selection strategies to focus on prey

types for which there is less competition (Milinski, 1984; Tierney, 1994;

Ranta, 1995; see discussion in Barber and Huntingford, 1995). Second, in-

fected fish may spend a greater proportion of their time foraging (e.g., Giles,

1987), possibly at the expense of shoal membership (Barber et al., 1995).

Intriguingly, these strategies employed by infected sticklebacks to

counter the energetic costs of infection are remarkably similar to those

documented for salmonids injected with a growth hormone (GH) supple-

ment (e.g., Jönsson et al., 1998). By stimulating growth, GH increases

metabolic demands, which must largely be met by increased nutrient intake,

and one possibility is that energetically demanding parasites may exert their

behavioural eVects on hosts through the same physiological mechanisms.

The control of food intake in fish is under the influence of a complex suite of

factors including stomach distension, the level of circulating hormones

(including insulin), and blood nutrients (including glucose) (see reviews by

Le Bail and Boeuf, 1997; Donald, 1998). Indirect evidence supporting the

hypothesis that parasites can exploit the growth hormone pathway to induce

behavioural change in their hosts comes from two separate studies. First,

mice infected with plerocercoids of Spirometra mansonoides (a close relative

of Schistocephalus and Ligula) show almost identical changes in growth and
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physiology to those given GH supplementation (see review by Phares, 1997).

Subsequent investigations have revealed that plerocercoids secrete a 27.5‐kD
protein known as plerocercoid growth factor (PGF), which has growth

hormone activity (Phares and Kubik, 1996). Second, Arnott et al. (2000)

demonstrated that three‐spined sticklebacks experimentally infected with

Schistocephalus solidus, when allowed access to unlimited food resources,

outgrew sham‐infected controls, suggesting that infections increased feeding

motivation and total food intake. As yet there is no direct evidence that a

parasite‐produced growth factor is involved in mediating foraging behaviour

in sticklebacks infected with Schistocephalus solidus, but one explanation for

their enhanced growth in laboratory studies is that they are more willing

than uninfected fish to feed under unfamiliar conditions. Future studies

should focus on whether this readiness to feed is also observed under natural

conditions, and whether it may be mediated through infection‐induced
changes to GH pathways.

Although we have focused primarily on infections that are associated

with an increase in host foraging behaviour, fish infected with highly patho-

genic infections may more typically show a reduction in food intake. Re-

ductions in voluntary meal size have been demonstrated in rainbow trout

(Oncorhynchus mykiss) infected with the kinetoplast Cryptobia salmositica

(Lowe‐Jinde and Zimmerman, 1991) and in Atlantic salmon (Salmo salar)

infected with sea lice Lepeophtheirus salmonis (Dawson et al., 1999). The

physiological mechanisms reducing appetite in these groups have not been

explicitly investigated.

3.1.2. Effects on Reproductive Behaviour

Gonadogenesis is typically delayed, impaired, or reversed in fish that are

under nutritional stress, so it is not unexpected that parasite infections are

often associated with reduced gonadogenesis or fecundity (e.g., Chen and

Power, 1972; Wiklund et al., 1996). Female common gobies (Pomatoschistus

microps) harboring the adult stage of the trematode Aphalloı̈des coelomicola

in their body cavities exhibit reduced gonad weight as a consequence of

reduced mass and energy content (but not diameter or number) of individual

ova (Pampoulie et al., 1999). The myxozoan Kudoa paniformis, which

infects fibers of the skeletal muscle system of Pacific hake Merluccius

productus, is associated with reduced fecundity of female hosts, with

increased infection intensity having more severe eVects (Adlerstein and

Dorn, 1998). Furthermore, because reproductive behaviour in fish is in-

itiated by the release of hormones from mature gonads (see Chapter 9)

then parasite infections that impair gonadogenesis through their nutri-

tional eVects are likely to have consequences for the sexual behaviour of

hosts.
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However, it is diYcult to attribute parasite‐associated changes in sexual

development solely to the energetic consequences of infection, as gonado-

genesis in fishes is under the control of pituitary gonadotropins (GTH‐I
and GTH‐II) as well as a multitude of hormones and growth factors (see

Van Der Kraak et al., 1998 for a detailed review). Yet the fact that

Schistocephalus solidus infections impair gonadogenesis in female three‐
spined sticklebacks in natural populations—with infected individuals hav-

ing smaller ovaries (McPhail and Peacock, 1983; Heins et al., 1999) that

contain fewer and smaller eggs (Heins and Baker, 2003) despite pituitary

function being apparently unaVected in this system (Arme and Owen,

1967)—suggests that the energetic eVects of infection per se may be im-

portant. In male sticklebacks, the finding that S. solidus infection does

not impair nest building and courtship behaviour in lab trials (with free-

ly‐available food), despite the fact that few infected breeding males are ever

located in surveys of natural populations (Candolin and Voigt, 2001),

also suggests that infection reduces sexual behaviour solely through its

nutritional eVects.
Parasites that localise inside the host gonads may also considerably

reduce the reproductive capacity of host fish through direct nutrient deple-

tion. Proteocephalus ambloplitis plerocercoids penetrate the ovaries of host

bass Micropterus salmoides, destroying individual oocytes and possibly uti-

lising nutrients in the yolk for their own growth (McCormick and Stokes,

1982). Not all parasite infections reduce gonad size, though. Infections with

Kudoa ovivora—a recently discovered myxozoan that lives inside the ova of

Caribbean labroid fishes—are associated with increased egg mass as the

parasite channels nutrient resources from the host into gonad development.

This benefits the parasites developing within individual ova, but as infected

ova are nonviable, infections impact negatively on host fecundity and sexual

activity (Swearer and Robertson, 1999). Roach infected with Ligula do not

engage in species‐typical spawning behaviour (Dogiel et al., 1961), but it is

not clear whether this is a consequence of direct manipulation (via pituitary

action of the worm; see Section 4.4) or an indirect eVect of the failure of

gonadogenesis.

3.2. Behavioural Consequences of Parasites with Homeostatic EVects

Although the intact teleost epidermis is relatively impervious to water, all

fishes have large areas of permeable epithelia (including the gill lamellae,

oral and narial mucosae) in contact with their aquatic medium (Bone et al.,

1995). As very few fish are isosmotic with the water they live in, they must

cope with diVusion gradients that build up across these permeable surfaces

by investing in active osmoregulation (Karnaky, 1998).
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Fish ectoparasites that damage water‐resistant epidermal tissues or per-

meable epithelia of their hosts, or which impair the functioning of osmoreg-

ulatory systems or tissues such as the gills, thus have the potential to impose

osmoregulatory stress on their hosts. The eVects of salmon lice (Le-

peophtheirus salmonis) on the osmoregulatory capacity of host fish have been

particularly well studied. Heavy infections with these parasites, which feed

by sloughing oV skin cells and damage the epidermis, result in osmoregula-

tory failure (Birkeland, 1996; Birkeland and Jakobsen, 1997), which leads to

a reduction in swimming and cardiovascular performance (Wagner et al.,

2003) and ultimately results in the cessation of swimming activity (Grimnes

and Jakobsen, 1996). As active osmoregulation is energetically expensive,

locating ideal (isosmotic) aquatic environments may have significant benefits

even to healthy fish, because emancipation from osmoregulation means that

more energy can be made available for growth (e.g., Woo and Kelly, 1995;

Riley et al., 2003). Although this option is unavailable to marine or land-

locked freshwater species, infected diadromous or estuarine fishes may be

able to locate to osmotically favourable environments to facilitate survival

and recuperation from infections. Infection‐induced osmotic intervention

may therefore be expected to impact on the migratory strategies of diadro-

mous fish, and data exists to suggest this may be the case (see Chapter 7 for

more details on fish migration).

Bjørn et al. (2001) found that anadromous sea trout Salmo trutta and

Arctic char Salvelinus alpinus returning earliest to freshwaters were those

most heavily infected with L. salmonis, suggesting that early return migra-

tions are triggered to reduce the physiological (osmoregulatory) conse-

quences of infection (see also Birkeland and Jakobsen, 1997). Boyce and

Clarke (1983) demonstrated that experimentally induced Eubothrium salve-

lini infections reduce the capacity of migratory sockeye salmon to adapt

physiologically to seawater, and suggest that, as this inability would be likely

to reduce ocean survival, infection may delay or prevent seaward migrations.

Sproston and Hartley (1941) recorded disproportionately high levels of

infection with the ectoparasitic copepod Lernaeocerca branchialis among

whiting (Merlangius merlangus, Gadidae) and pollack (Pollachius pollachius,

Gadidae) delaying annual seaward migrations in an English estuary at the

end of the winter. The authors suggest that the delay in migration could

result from chronic anemia or a physiological response to ionic imbalance

and subsequent avoidance of higher salinity water to which migrations

normally are directed. However, as it has also been suggested that heavily

infected individuals may also alter the timing of migrations to maximise fora-

ging success (e.g., Bean and Winfield, 1992), experimental studies examining

the salinity preferences of experimentally infected fish would be valuable in

separating these factors.
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4. EFFECTS OF PARASITES ON HOST CONTROL SYSTEMS

4.1. Behavioural EVects of Parasites that Invade the Central Nervous System

Like the peripheral sense organs, the CNS oVers a refuge from the host’s

immune system and therefore is attractive to parasites. Locating in the CNS

also provides parasites with the potential to directly aVect behaviour and

there is evidence that, in some cases, fine‐scale site selection may have

evolved to influence host behaviour in ways that benefit the parasites. Some

of the most commonly recorded parasites of the CNS are the metacercariae

of diplostomatid trematodes, including Diplostomum phoxini (Figure 4.4)

and Ornithodiplostomum ptychocheilus, which infect old and new world

minnows respectively. Histological studies have demonstrated that metacer-

cariae are not randomly dispersed throughout the brains of infected fish, but

are aggregated in lobes of brain concerned with vision and motor control

(Barber and Crompton, 1997; Shirakashi and Goater, 2002). Heavy infec-

tions are associated with impaired optomotor responses (Shirakashi and

Goater, 2002), altered shoaling behaviour (Radabaugh, 1980), and altered

swimming behaviour of host fish (Ashworth and Bannerman, 1927; Rees,

1955; LaVerty and Morris, 1996), suggesting that damage caused to specific
Fig. 4.4. Light micrograph of a sagittal section of two metacercariae of the digenean trematode

Diplostomum phoxini in the medulla oblongata of the brain of a European minnow Phoxinus

phoxinus.
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brain regions by large aggregations of parasites is likely to be responsible.

Such infections may have a considerable ecological impact through their

eVects on host behaviour. In a landmark study, LaVerty and Morris (1996)

found that California killifish (Fundulus parvipinnis) infected with the brain‐
encysting metacercariae of the trematode Euhaplorchis californiensis

performed more ‘‘conspicuous’’ swimming movements than noninfected

conspecifics, and in field enclosure experiments were 30 times more likely

than noninfected conspecifics to be eaten by piscivorous birds—the definitive

hosts of the parasites.

Other parasites that do not live in the brain tissues may nonetheless

damage the CNS and impact directly on host behaviour if they occupy the

cranial cavity and/or vertebral column and exert pressure on the CNS

tissues. The myxozoan Myxobolus arcticus inhabits the cranial cavity of

sockeye salmon, and infections are associated with a significant reduction

in swimming speed (Moles and Heifetz, 1998). Salmonids infected with

Myxobolus cerebralis display a behavioural syndrome consisting of se-

quences of tight turns (whirling), interspersed with periods at rest with the

tail elevated above the head, and episodes of postural collapse and immobil-

ity. Although the behavioural syndrome has previously been thought to

result from damage to the vestibular apparatus (see Section 2.3), evidence

from recent studies suggests a neurophysiological basis of behavioural

changes associated with infection. Rose et al. (2000) argue that the beha-

vioural syndrome is inconsistent with impaired vestibular function, alterna-

tively proposing that behavioural changes result from granulomatous

inflammation (associated with parasite invasion of the skull and vertebral

column), which constricts the upper spinal cord, compressing and deforming

the lower brainstem. Supportive evidence comes from studies of other myx-

ozoans, for which infection is associated with both swimming disorders and

similar host pathology (Grossel et al., 2003; Longshaw et al., 2003), and

further studies are required to determine the precise physiological basis of

whirling behaviour in infected fish.

4.2. Behavioural EVects of Parasites Impacting on the Autonomic

Nervous System

The autonomic nervous system (ANS) of fish regulates the cardiovascu-

lar system, gastrointestinal system, swimbladder function, spleen and uro-

genital system, as well as controlling the expansion and contraction of

melanophores and iris colouration (Donald, 1998). The ANS therefore plays

an important role in regulating aspects of behaviour, and studies on non-fish

taxa have demonstrated that parasite infections can impact on host ANS

function. For example, in the rat (Rattus rattus), L3 larvae of the parasitic
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nematode Anisakis simplex (a fish parasite) induce cholinergic hyperactivity

and adrenergic blockade in the whole of the small intestine, causing gas-

trointestinal symptoms that influence foraging behaviour and appetite

(Sanchez‐Monsalvez et al., 2003). In humans, although the mechanism is

not well understood, some trypanosome infections are associated with auto-

nomic dysfunction, including neurogenic cardiomyopathy and digestive

damage (Sterin‐Borda and Borda, 2000; Pinto et al., 2002). Recent studies

on brown trout Salmo trutta have shown that infections with the intestinal

acanthocephalan Pomphorhynchus laevis and the cestode Cyathocephalus

truncatus are associated with changes in the numbers of endocrine cells

in the gastrointestinal tract showing immunoreactivity to a range of

neurotransmitters (including bombesin, cholecystokinin‐8 [CCK‐8], leu‐
enkephalin and 5‐hydroxytryptamine [5‐HT], serotonin; Dezfuli et al.,

2000, 2002) known to control gut motility and digestive/absorptive processes

in fish (Donald, 1998). Behavioural studies allied to these investigations of

ANS and gut function infection would be invaluable in generating a more

complete understanding of how parasite infections impact on the foraging

ecology and growth of infected fish.

4.3. Neurochemical Interference with Host Behaviour

Brain monoamine neurotransmitters are involved in the control of

feeding behaviour (De Pedro et al., 1998), social behaviour and aggression

in fish (Winberg and Nilsson, 1993), and are sensitive to a range of stres-

sors (Chap ter 5 , Se ction 3; Winberg and Nilsson, 1993 ), immu nologic al

factors (Lacosta et al., 2000) and nutritional status (Levin and Routh,

1996). Monoamine neurotransmitters are also essential in pathways asso-

ciated with sensory and motor performance, in addition to higher brain

function (at least in mammals). Moreover, monoamines such as serotonin

are also now known to act as neuromodulators, playing an active role in the

recruitment of neurones to neuronal assemblies, resculpting neural circuits

and giving animals the flexibility to shape their behaviour in response to

the changing demands of their internal state and the external environment

(Thompson and Kavaliers, 1994; Adamo, 2002). This feature of monoa-

mines potentially provides parasites with a ready‐made mechanism for

manipulating host behaviour.

A number of studies have examined the role of neurotransmitters in the

control of behaviour and the influence of parasites in invertebrate host

models (see reviews by Adamo, 1997; Moore, 2002). Helluy and Holmes

(1990) demonstrated that the peculiar impaired escape responses of gammar-

ids infected with Polymorphus paradoxus (Bethel and Holmes, 1973) could

be precisely replicated in healthy specimens by the injection of serotonin;
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moreover, the altered behaviours could be reversed by injecting with octo-

pamine, a serotonin antagonist. More recently, Helluy and Thomas (2003)

used immunocytochemical methods to examine changes in the serotonin‐
immunoreactivity of brain regions in gammarids infected with another

behaviour‐changing parasite, Microphallus papillorobustus. Infection was

found to be associated with altered serotonergic sensitivity in specific

brain regions and altered architecture of the serotonergic tracts and

neurons, suggesting that parasites may have exerted their influence through

neuromodulatory mechanisms.

In mammals, the most detailed studies of the neurochemical basis of

parasite‐induced behavioural change have been carried out by Kavaliers and

coworkers (reviewed by Kavaliers et al., 1998b; Moore, 2002) and have

suggested a role for serotonin. In noninfected mice, brief exposure to preda-

tory threat typically induces nonopioid‐mediated, serotonin‐sensitive anal-

gesia (reduced pain sensitivity). However, Kavaliers and Colwell (1994)

found that mice infected with the coccidian Eimeria vermiformis failed to

exhibit serotonin‐sensitive analgesia when presented with a cat stimulus. In

addition, although general olfactory functioning appeared unaVected, in-
fected mice failed to avoid cat odor. Although the parasite would not benefit

from increased predation, because transmission occurs directly between mice

via fecal contamination, the observed ‘‘fearlessness’’ of infected mice may

also increase mouse–mouse social contact, which would have consequences

for transmission. As with infected gammarids, one physiological explanation

for this fearlessness of infected mice is that the parasite influences host

behaviour by interfering with serotonergic activity.

Although there is considerable research interest in the neurochemical

regulation of behaviour in fish, there is very little information on parasite

modulation. In the only study of parasite‐associated neuromodulation in

fish, Øverli et al. (2001) investigated the eVects of Schistocephalus solidus

infection status on the concentrations of neuromodulators, including nor-

epinephrine (NE) and serotonin, in the brains of three‐spined sticklebacks.

Infected fish had elevated concentrations of NE and serotonin in the tele-

ncephalons, but the clearest eVect of infection was on the serotonin metabo-

lite, 5‐hydroxy‐indoleacetic acid (5‐HIAA), which increased in the brainstem

of infected sticklebacks. As a consequence, the ratio of 5‐HIAA to serotonin

(an indicator of stress in fish) was elevated in both the hypothalamus and

brainstem regions of infected sticklebacks (Figure 4.5). One explanation for

these patterns is that the parasite induces chronic stress, but it is also possible

that the parasite manipulates the neuroendocrine status of its host directly.

Behavioural changes in sticklebacks infected with the plerocercoid larvae of

Schistocephalus solidus have been extremely well documented, and infected

fish are known to show altered risk‐taking and antipredator behaviour (see



Fig. 4.5. (a) A dissected three‐spined stickleback Gasterosteus aculeatus, and four plerocercoids

of the pseudophyllidean cestode Schistocephalus solidus recovered from its body cavity. (b‐d)
EVects of S. solidus infection on the concentration of 5‐hydroxytryptamine (5‐HT, serotonin),
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Section 3.1.1; Milinski, 1990; Barber et al., 2000 for reviews). These beha-

viours closely match the fearlessness shown by parasitised mice and gam-

marids, and because Schistocephalus solidus is transmitted when birds ingest

host sticklebacks (Smyth, 1985), it is possible that adaptive host behavioural

change in this system is mediated through neurochemical manipulation.

Further research is required to separate the potential direct and indirect

mechanisms of infection‐induced behavioural change in sticklebacks

infected with Schistocephalus solidus.

4.4. Endocrinological Interference with Reproductive Behaviour

As well as impacting on host reproduction by reducing the amount of

energy available for gonadogenesis (see Section 3.1.2), parasites may also

interfere directly with the reproductive endocrinology of their fish hosts,

with consequences for the reproductive physiology and behaviour of in-

fected fish. The tapeworm Ligula intestinalis achieves host castration by

interfering with the pituitary‐gonadal axis of fish hosts (Arme, 1968). Al-

though the precise details of the mechanism are still to be discovered (Arme,

1997), the parasite appears to act at the level of the host’s hypothalamus,

restricting gonadotropin‐releasing hormone (GnRH) secretion. This results

in poor gonad development (Williams et al., 1998), which in turn is likely to

be responsible for the impaired spawning behaviour (Dogiel et al., 1961).

With increasing interest in the mechanisms causing the increased levels of

endocrine disruption in freshwater fish, particularly resulting from anthro-

pogenic pollution events, the value of further research into the mechanistic

basis by which Ligula alters host sexual development and behaviour is clear

(Jobling and Tyler, 2003).
5. PHYSIOLOGICAL EFFECTS OF INFECTION THAT IMPAIR THE

HOST’S BEHAVIOURAL CAPACITY

5.1. Cardiovascular EVects of Parasites on Host Swimming Performance

Parasites that inhabit the heart muscle, live in the lumen of blood vessels,

or reduce the oxygen‐carrying capacity of the blood may reduce the eY-
ciency of the cardiovascular system, with likely consequences for behaviour
norepinephrine (NE), and the ratio of 5‐hydroxy‐indoleacetic acid (5‐HIAA) to 5‐HT in various

brain regions of infected fish. Open bars represent values for control (noninfected) fish and filled

bars represent values for infected fish. Bar heights are means; error bars represent 1 standard

deviation. *P < 0.05. (Data from Øverli et al., 2001).



134 IAIN BARBER AND HAZEL A. WRIGHT
and stamina of infected fish. Sanguilicolid and heterophyid digenean flukes

are understood to be the most pathogenic of the helminths that inhabit the

heart and vascular system of fishes (Williams and Jones, 1994). Infections

reduce the capacity of the blood to carry and exchange gases by causing

mechanical obstruction, by altering the number and type of blood cells, and

by causing hemorrhage (Smith, 1972). Ascocotyle pachycystis, a hetero-

phyid trematode, locates in and occludes the bulbus arteriosus of sheepshead

minnows (Cyprinodon variegatus, Cyprinodontidae), physically obstruct-

ing blood flow and reducing the time infected fish are able to swim at

their maximum sustainable velocity before becoming exhausted (Coleman,

1993). A number of species of philometrid nematodes are also known to

occupy the cardiovascular system of the fish hosts, with similar pathological

eVects.
Anemia is a commonly reported symptom of infection, particularly for

fish that are infected with parasites that feed on the blood of their hosts, such

as ectoparasitic lice and copepods. Mann (1952, 1953; cited in Grabda, 1991)

reports that the haemoglobin levels of whiting infected with the copepod

Lernaeocera were reduced from 30–40% (normal) to 20–22%. Anemia typi-

cally decreases the swimming performance of fish (Jones, 1971; Gallaugher

et al., 1995). Wagner et al. (2003) demonstrated that sublethal Le-

peophtheirus salmonis infections caused a reduction in critical swimming

speed (Ucrit) of rainbow trout. Although the behaviourally significant suble-

thal infections were not associated with anemia in that study, a subsequent

study showed that controlled blood loss from noninfected fish could

generate similar negative eVects on Ucrit (Wagner and McKinley, 2004),

suggesting that as infection levels increase a change in swimming per-

formance would accompany other morbidity eVects of infection. Para-

sitic blood‐dwelling haematozoans, including leech‐vectored kinetoplastids

such as Trypanoplasma borreli, may also impact on host swimming beha-

viour as a consequence of their eVects on renal function, osmoregulation and

hematocrit (Bunnajirakul et al., 2000).

5.2. Habitat Selection Consequences of Parasites that AVect Host

Metabolism and Respiration

Fish infected with metabolically demanding parasites, such as rapidly

growing cestode plerocercoids, may have elevated oxygen requirements with

consequences for habitat selection and swimming performance. Lester

(1971) demonstrated that Schistocephalus‐infected three‐spined stickle-

backs had increased oxygen consumption and as a result selected shallower

water habitats, with potential consequences for predation risk. Nine‐spined
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sticklebacks (Pungitius pungitius) infected with the same parasite exhibited

an increased frequency of aquatic surface respiration (gasping at the sur-

face), and when exposed to constantly decreasing oxygen tensions in experi-

mental studies were found to have a higher lethal oxygen level (Smith and

Kramer, 1987).

Infections may also reduce the level of oxygen available for host respira-

tion if they interfere with ventilation or gill function. Parasites that are

ectoparasitic on the gills damage filaments and epithelia of the secondary

lamellae and cause an increase in host mucous secretion (e.g., Ishimatsu

et al., 1996; Dezfuli et al., 2003) and potentially restrict the flow of water

over these tissues. Eggs of Sanguinicola spp. flukes, described in Section 5.1.

above, block gill capillaries causing thrombosis and necrosis of gill tissue

(Smith, 1972). Such changes are likely to impair gas exchange eYciency, with

the consequence that infected fish may be unable to withstand low oxygen

levels and be forced into seeking oxygen‐rich waters.

5.3. Buoyancy Regulation EVects of Parasites

Teleost fish rely on the swimbladder, which acts as a hydrostatic organ

by replacing parts of the fish body with gas to maintain vertical position in

the water column, so parasites that impact on swimbladder function and/or

inflation might be expected to impair the ability of fish to achieve buoyancy

regulation. Largemouth bass (Micropterus salminoides, Centrarchidae) in-

fected with the swimbladder‐dwelling nematode Eustrongylides ignotus ex-

hibit buoyancy abnormalities (Coyner et al., 2001), as do Eimeria‐infected
haddock (Melanogrammus aeglefinus, Gadidae; Odense and Logan, 1976).

Anguillicola crassus is an introduced and economically important swimblad-

der parasite of European eels (Anguilla anguilla, Anguillidae), which has

significant impact on commercial and natural populations (Kirk, 2003).

Histological studies show that Anguillicola infections cause swimbladder

pathology (Nimeth et al., 2000), and infection is associated with a change

in the composition of swimbladder gases (Wurtz et al., 1996). Although the

consequences of infection for the migratory performance of eels is not yet

known, the potential for an eVect would appear to be substantial, because

Anguillicola infection in eels is associated with a reduction in maximum

swimming speed (Sprengel and Lüchtenberg, 1991). However, whether this

is due to buoyancy eVects or to general morbidity is as yet unknown.

Buoyancy control may also be impaired if parasite infections alter the

specific gravity of fish hosts. This is most likely for fish infected with the large

plerocercoid larvae of pseudophyllidean cestodes, which have a diVerent
specific gravity than their fish hosts and can thus potentially interfere with

swimbladder inflation (Ness and Foster, 1990; LoBue and Bell, 1993).
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5.4. EVects of Parasites on Swimming Performance

Techniques for quantifying fish swimming performance are well estab-

lished, and a number of studies have documented quantitative eVects of

parasite infection. In some cases, it is likely that the eVects of the parasites

are related to energetic consequences of infection. Smith and Margolis

(1970) demonstrated that sockeye salmon smolts infected with adult Eubo-

thrium salvelini cestodes, which inhabit the intestine and reduce host growth

rates (Saksvik et al., 2001), fatigued more quickly than uninfected smolts.

Such eVects may have consequences for the migratory performance of

anadromous fish. Boyce (1979) demonstrated significant impacts of experi-

mentally‐induced Eubothrium salvelini infections on the swimming perfor-

mance of sockeye and Smith (1973) found that numbers of infected fish were

concentrated towards the end of the run, probably as a result of their

impaired swimming ability.

In most cases, there is little information available on the physiological

basis of impaired swimming performance, but the location of the parasite

may often be informative. Parasites encysting in the musculature, or other-

wise impacting on muscle development or function, clearly have the poten-

tial to interfere directly with host swimming performance. Metacercariae of

the trematode Nanophyetus salmonicola encyst throughout the musculature

and organ systems of salmonid fish, with eVects on burst swimming perfor-

mance of coho salmon (Oncorhynchus kisutch) and steelhead rainbow

trout (Oncorhynchus mykiss) smolts (Butler and Millemann, 1971). Anisakid

nematodes encysted in the musculature of host gadoids secrete meta-

bolic products (alcohol and ketones) which anesthetise host musculature

(Ackman and Gjelstad, 1975), and McClelland (1995) speculates that

this mechanism is likely to be responsible for the reported slow swimming

speed of smelt Osmerus eperlanus, Osmeridae infected with Pseudoterranova

decipiens (Sprengel and Lüchtenberg, 1991). Because the definitive hosts

of these indirectly transmitted parasites are phocid seals, which acquire the

worms after eating infected fish, reduced swimming performance could

conceivably enhance transmission.

Parasites that have significant nutritional eVects also potentially reduce

muscle mass of fish: Ligula infections in roach are associated with atrophy of

the body wall musculature (Sweeting, 1977), and in common bream Abramis

brama the same parasite reduces the mass of the body wall muscle (Richards

and Arme, 1981).

Changes in the body shape of fish infected with cestodes that grow to a

large size in the body cavity or intestine (e.g., Smith, 1973; Barber, 1997;

Loot et al., 2002b) are likely to increase the flow resistance and frictional

drag of hosts (Rodewald and Foster, 1998) and reduce the body flexibility
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necessary for fast starts, as well as being costly in terms of locomotive speed

and eYciency (Blake, 1983; Videler, 1993). The ‘‘jerky’’ swimming move-

ments characterised by increased lateral amplitude relative to swimming

speed reported from bleak (Alburnus alburnus, Cyprinidae) infected with

Ligula intestinalis (Harris and Wheeler, 1974), and the ‘‘sluggish’’ move-

ments of common shiners (Luxilus cornutus, Cyprinidae; Dence, 1958) prob-

ably result from such mechanisms. However, although infection‐associated
modifications in the swimming movements (kinematics) of host fish are

likely to be important mechanisms in determining detection and selection

by predators, this area has so far attracted little attention from researchers,

and few quantitative studies have been undertaken.

5.5. EVects of Parasites on Sound Production

The production and detection of underwater sounds is an important

compo nent of fish ecology (Chap ter 2, Sectio n 6; M yrberg and Spires ,

1980; Hawkins, 1993) and plays a significant role in many aspects of fish

behaviour including aggressive interaction, courtship, and intraspecific com-

munication. Fish are capable of using three types of mechanisms to produce

sound: by stridulation (the grinding or rubbing together of body parts such

as fins or pharyngeal teeth), by percussive action (typically involving the

swimbladder), and by performing rapid turns (which result in hydrodynamic

sounds) (Hawkins, 1993). During all types of sound production, the swim-

bladder plays a key role in amplifying the noises produced, and so parasites

that inhabit the swimbladder have the potential to interfere with the sound

production capabilities of host fish.

As discussed in Section 5.3, the swimbladder is a common site for

parasites and pathological infections may have consequences for sound

production. The coccidian protozoan Eimeria gadi infects the swimbladders

of a number of gadoid species. Odense and Logan (1976) reported that

among haddock from Nova Scotia fishing banks, prevalence of Eimeria

ranged between 4% and 58% and the swimbladders of infected fish were

filled with ‘‘a creamy viscous to yellow semisolid material, [consisting] of

various parasite stages, fibrous and cellular debris and lipid material.’’ The

authors speculate that infections would impact sound production. As court-

ship in haddock and other gadoids is a complex process, requiring subtle

posturing and the production of drumming sounds made by the vibrations

of specially adapted muscles surrounding the swimbladder (Hawkins and

Amorim, 2000; Bremner et al., 2002), it seems likely that parasites have

the potential to impact significantly on spawning success, with potential

consequences for the conservation of these threatened species (Rowe and

Hutchings, 2003).
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6. FUTURE DIRECTIONS

6.1. Parasites and the Sensory Ecology of Hosts

With significant developments in our understanding of the physiology of

the nonvisual senses of fish including chemosensation, sound perception,

and electrosensation, and an improved recognition of the pivotal role such

senses play in behaviour, the scarcity of studies focused on examining the

physiological and behavioural eVects of parasites on these systems is

surprising. It seems apparent to us that further research on the eVects of

parasites on both the odor profiles and chemosensation ability of fishes

would be highly valuable, and we highlight this as a potentially fruitful area

for collaborations between behavioural ecologists, sensory ecologists, and

parasitologists.

6.2. Extending the Range of Systems under Study

As is evident from this review, there has been a bias towards studying the

behavioural and physiological consequences of parasite infections in fresh-

water and anadromous hosts. This bias is understandable given the com-

mercial value of many of these species and the relative ease with which they

are kept in the laboratory, compared to marine species. Furthermore, our

most detailed knowledge of the physiological basis of behavioural change

associated with infection stems from studies into a small number of conve-

niently studied host–parasite systems, such as the stickleback–Schistocepha-

lus system. Although there is considerable value in developing model systems

such as this, the fact that parasite infections have such diverse eVects on

hosts means that the number of model systems developed should be

increased. Studies examining behavioural and physiological impacts of para-

sites of marine species are relatively scarce, and yet ecologists are beginning

to realise that parasites can have a major eVect on the demography and

population dynamics of marine host fish species (Finley and Forrester,

2003). The development of studies investigating behavioural consequences

of infection in marine species, and their physiological bases, are therefore to

be encouraged.

6.3. Studying Host Behavioural Change in the Postgenomic Era

Biology is moving into an exciting era, with tools developed as part of

large‐scale genome sequencing projects, such as transcriptomics, proteomics,

and metabolomics, now being routinely used in a large number of molecu-

lar biology laboratories. Fish physiologists are beginning to utilise these
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technologies to investigate the environmental and ontogenetic control of

gene expression and metabolism in their study organisms (Parrington and

Coward, 2002). These analytical tools, which allow infection‐associated
changes in gene regulation, protein expression, and metabolic activity to

be qualified and in some cases quantified (Barrett et al., 2000), can be used

to investigate physiological aspects of host–parasite interactions in systems

for which experimental infection protocols are well‐established. By combin-

ing the various-omic technologies with carefully designed behavioural exam-

ination of experimentally‐infected fish hosts, it is now possible to track

changes in the behaviour of parasitised fish and relate these to concurrent

changes in the expression of host genes and proteins. These approaches

clearly oVer a significant opportunity to further our understanding of how

parasites, through their physiological eVects on hosts, impact on patterns of

host behaviour.
7. SUMMARY

There is an increased interest from fisheries biologists, aquaculturists,

evolutionary, and behavioural ecologists in the behavioural changes in fish

hosts that are associated with parasite infections. This Chapter introduced the

various ways in which parasites may influence the behaviour of teleost fishes,

focusing particularly on behavioural changes that are induced by parasites

following infection. We systematically reviewed each of the major physiolog-

ical systems of fish (e.g., ionic balance, neurochemistry, endocrine function,

and nutritional status), the eVects of parasites on them, and examined how

infection‐associated changes in functioningmay impact on normal patterns of

host behaviour. There are few host–parasite systems for which physiological

and behavioural eVects of infection have been quantified experimentally,

but where possible those studies for which both types of data are available

were reviewed. Major gaps in knowledge were also highlighted for further

research. This Chapter ended by emphasising the value of a mechanistic

approach for understanding the evolution and likely fitness consequences

of infection‐associated host behaviour modification, and highlighting op-

portunities to exploit postgenomic technologies to further elucidate the

physiological basis of infection‐associated changes in host behaviour.
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Damsgård, B., and Dill, L. M. (1998). Risk‐taking behaviour in weight‐compensating coho

salmon, Oncorhynchus kisutch. Behav. Ecol. 9, 26–32.

Dawson, L. H. J., Pike, A. W., Houlihan, D. F., and McVicar, A. H. (1999). Changes in

physiological parameters and feeding behaviour of Atlantic salmon Salmo salar infected

with sea lice Lepeophtheirus salmonis. Dis. Aquat. Org. 35, 89–99.

Dence, W. A. (1958). Studies on Ligula‐infected common shiners (Notropis cornutus frontinalis

Agassiz) in the Adirondacks. J. Parasitol. 44, 334–338.

De Pedro, N., Pinillos, M. L., Valenciano, A. I., Alonso‐Bedate, M., and Delgado, M. J. (1998).

Inhibitory eVect of serotonin on feeding behaviour in goldfish: Involvement of CRF.

Peptides 19, 505–511.

Dezfuli, B. S., Arrighi, S., Domeneghini, C., and Bosi, G. (2000). Immunohistochemical detec-

tion of neuromodulators in the intestine of Salmo trutta L. naturally infected with Cyatho-

cephalus truncatus Pallas (Cestoda). J. Fish Dis. 23, 265–273.

Dezfuli, B. S., Pironi, F., Giari, L., Domeneghini, C., and Bosi, G. (2002). EVect of Pomphor-

hynchus laevis (Acanthocephala) on putative neuromodulators in the intestine of naturally

infected Salmo trutta. Dis. Aquat. Org. 51, 27–35.

Dezfuli, B. S., Giari, L., Konecny, R., Jaeger, P., and Manera, M. (2003). Immunohistochem-

istry, ultrastructure and pathology of gills of Abramis brama from Lake Mondsee, Austria,

infected with Ergasilus sieboldi (Copepoda). Dis. Aquat. Org. 53, 257–262.

Dogiel, V. A., Petrushevski, G. K., and Polyanski, Y. I. (1961). ‘‘Parasitology of Fishes.’’

(Translation from Russian: ‘‘Basic Problems of the Parasitology of Fishes’’ (1958). Izda-

tel’stvo Leningradskogo Universiteta, Leningrad), pp. 384. Oliver and Boyd, Edinburgh

and London.

Dobson, A. P. (1988). The population biology of parasite‐induced changes in host behaviour.

Quart. Rev. Biol. 63, 139–165.

Donald, J. A. (1998). Autonomic Nervous System. In ‘‘The Physiology of Fishes,’’ (Evans,

D. H., Ed.), 2nd edn., pp. 407–439. CRC Press, Boca Raton.

Donnelly, R. E., and Reynolds, J. D. (1994). Occurrence and distribution of the parasitic

copepod Leposphilus labrei on corkwing wrasse (Crenilabrus melops) from Mulroy Bay,

Ireland. J. Parasitol. 80, 331–332.



4. PARASITES, PHYSIOLOGY, AND BEHAVIOUR 143
Erasmus, D. A. (1959). The migration of Cercaria X Baylis (Strigeida) within the fish interme-

diate host. Parasitology 48, 312–335.

Fernald, R. D. (1993). Vision. In ‘‘The Physiology of Fishes’’ (Evans, D. H., Ed.), pp. 161–190.

CRC Press, Boca Raton.

Finley, R. J., and Forrester, G. E. (2003). Impact of ectoparasites on the demography of a small

reef fish. Mar. Ecol. Prog. Ser. 248, 305–309.

Frisch, K. Von (1938). Zur Psychologie des Fische‐Schwarmes. Naturwissenschaften 26,

601–606.

Gallaugher, P., Thorarensen, H., and Farrell, A. P. (1995). Haematocrit in oxygen transport and

swimming in rainbow trout (Oncorhynchus mykiss). Resp. Phys. 102, 279–292.

Giles, N. (1983). Behavioural eVects of the parasite Schistocephalus solidus (Cestoda) on an

intermediate host, the three‐spined stickleback, Gasterosteus aculeatus. Anim. Behav. 31,

1192–1194.

Giles, N. (1987). A comparison of the behavioural responses of parasitised and non‐parasitised
three‐spined sticklebacks, Gasterosteus aculeatus L., to progressive hypoxia. J. Fish Biol. 30,

631–638.

Godin, J. G. J., and Sproul, C. D. (1988). Risk taking in parasitised sticklebacks under threat of

predation: EVects of energetic need and food availability. Can. J. Zool. 66, 2360–2367.

Grabda, J. (1991). Marine fish parasitology: An outline. PWN‐Polish Scientific Publishers,

Warsaw.

GriYths, S. W. (2003). Learned recognition of conspecifics by fishes. Fish Fish. 4, 256–268.

Grimnes, A., and Jakobsen, P. J. (1996). The physiological eVects of salmon lice infection on

post‐smolt of Atlantic salmon. J. Fish Biol. 48, 1179–1194.

Grossel, G. W., Dykova, I., Handlinger, J., and Munday, B. L. (2003). Pentacapsula neurophila

sp. (Multivalvulida) from the central nervous system of striped trumpeter, Latris lineata

(Forster). J. Fish Dis. 26, 315–320.

Grutter, A. S. (1999). Cleaner fish really do clean. Nature 398, 672–673.
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1. INTRODUCTION

This Chapter summarises recent research on the interrelationships be-

tween social behaviour and physiology in fish, discussing the physiological

factors that determine social status, the physiological consequences of social

status, and the environmental and genetic eVects influencing these interac-

tions. So far, most of the work in this area has been concerned with

competitive and aggressive, rather than cooperative or mutualistic, interac-

tions. Thus, this Chapter will mainly cover links between physiology, com-

petitive behaviour, and social status in fish. Although we will often treat

environmental and genetic eVects separately to simplify discussion, it should
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24005-0
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be emphasised that the phenotype is determined by the often complex

interactions between genotype and environment (Pigliucci, 2001).

1.1. Why, When, and How Do Fish Compete?

Most fish species produce a large number of oVspring in a resource‐
limited environment, commonly without parental care (Sargent, 1997;

Wootton, 1998). Consequently, juvenile mortality rates are often high and

only the most eYcient competitors survive to pass their genes on to future

generations (Darwin, 1859). Competition over important resources such as

food, territories, and mates occurs in various forms depending on species,

developmental stage, and environmental conditions.

In exploitative (or scramble) competition, all individuals have access to

the resource and all try to exploit it first, but individuals do not interact

aggressively. In contrast, interference competition occurs through aggressive

exclusion of competitors (Milinski and Parker, 1991). Interference competi-

tion is theoretically expected to be favoured in situations when a resource is

economically defendable, that is, when the costs of defending the resource

are lower than the benefits of monopolising it (Brown, 1964). The economic

defensibility of a resource is dependent on the density of the competitors as

well as on the density and distribution of the resource in time and space (for

an excellent review, see Grant, 1997). In reality, modes of competition in fish

vary continuously from extreme interference competition leading to territo-

rial structures, to pure exploitative competition such as in a pelagic shoal of

herring (Clupea harengus). Resource defense is more common in structured

habitats such as coral reefs and streams than in unstructured areas like the

pelagic zone of lakes and oceans (Grant, 1997), which may be partly ex-

plained by the fact that structured habitats often are associated with a

patchy distribution of resources and, thus, a high potential for resource

defense. Interference competition is generally thought to lead to a higher

degree of resource monopolisation (unequal sharing of resources) than

exploitative competition (Lomnicki, 1988; Davies, 1991) but recent research

suggests that this relationship does not always hold true for fish (Weir and

Grant, 2004).

When population density increases, resource defense becomes too costly

and many fish species form groups. Group living may confer both benefits

and costs and the probability of joining a group theoretically depends on the

balance between these (see review by Krause and Ruxton, 2002). One benefit

of joining a group is that predators can be detected earlier (Godin et al.,

1988) and the risk of predation for each individual may decrease through

dilution (Turner and Pitcher, 1986). A large homogenous group may also

confuse a predator, making it diYcult to single out an individual for pursuit
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(Neill and Cullen, 1974). Foraging in groups may increase hunting eYci-

ency; for example, predatory jacks (Caranx ignobilis) are more eYcient at

capturing anchovies (Stolephorus purpureus) when they hunt in groups

(Major, 1978). Fish may also be able to make hydrodynamic savings

through schooling behaviour (e.g., Herskin and SteVensen, 1998).
One obvious cost of group living is that resources have to be shared with

others. In fish groups, social hierarchies often develop where the most

dominant individuals get prior access to resources. Laboratory studies

suggest that subordinate individuals in the group often have a lower food

intake and growth rate than dominants (Metcalfe et al., 1989). In field

studies, however, this relationship is less clear (Section 4; Höjesjö et al.,

2002; Martin‐Smith and Armstrong, 2002). The modes of competition in

hierarchically structured groups can include both interference behaviour

from dominants and scrambling among subordinate individuals. Several

studies suggest that fish are capable of recognising kin (Brown and Brown,

1996) as well as specific individuals (GriYths, 2003), which tends to reduce

aggression in groups as social hierarchies develop. Dominance relations in

fish are generally assumed to be linear and relatively stable (Abbott et al.,

1985; Elliott, 1994), although reversals sometimes occur (Jenkins, 1969;

Johnsson, 1997).

1.2. Measuring Dominance in Fish

Dominance has been defined many times, each definition reflecting the

methods used for identifying social rank. For example, Drews (1993) defined

dominance as ‘‘an attribute of the pattern of repeated, agonistic interactions

between two individuals, characterised by a consistent outcome in favor of

the same dyad member and a default yielding response of its opponent

rather than escalation. The status of the consistent winner is dominant and

that of the loser subordinate.’’ This definition fits well with dominance

measured in its simplest form between a dyad of fish in which one member

will yield following repeated agonistic encounters and the other will become

subordinate (Peters et al., 1980; Abbott and Dill, 1989; Øverli et al., 1999).

The simplicity of this experimental design means that behavioural interac-

tions can be easily observed and the dominant animal determined.

Among groups of fish, dominance status can be rapidly assessed by a

serial removal technique. Fish are observed to see which individual mono-

polises a food source and that individual is removed and termed the domi-

nant. The individual taking the place of the removed fish in monopolising the

food source is then removed as the second dominant and so on until

the whole group has been ranked (Metcalfe et al., 1989; Huntingford and

Garcia de Leaniz, 1997; Maclean and Metcalfe, 2001). However, although
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aggression may be recorded during the serial removal technique, focus is

placed more upon the ability to monopolise a food resource. Thus, here a

more appropriate definition of dominance may be where a central requisite is

priority access to resources in competitive situations (Clutton‐Brock and

Harvey, 1976). Among groups of fish, dominance may also be ascertained

by group observation. Usually both resource monopolisation and aggression

are measured (Li and Brocksen, 1977; Harwood et al., 2002) and observations

may be carried out in simple laboratory tanks, stream tanks designed to

simulate the natural environment of the fish (Sloman et al., 2000a; Harwood

et al., 2002), or in the natural environment (Bachman, 1984; Nakano, 1995).

One of the problems of observing larger groups of fish is that some animals

may remain inactive or absent from aggressive interactions, making it neces-

sary to consider more behavioural parameters when assigning social status to

lower‐ranking fish. However, here a linear hierarchical structure is not as-

sumed as it is with the serial removal technique, and there are methods for

assigning ranks under these conditions (Boyd and Silk, 1983).

Dominance relations are often fluid and capable of rapid change (Martin

and Bateson, 1993). Variations in both group size and environmental setting

will also aVect levels of social stress. Zayan (1991) highlights that social

stress is a physiological response, reflecting both physical (aggression) and

psychological stressors. Simple dyad interactions may therefore be influ-

enced mainly by physical encounters, whereas group interactions can involve

a more complex level of sociobiological stress. This diVerence in social

complexity is important when considering the relevance of social stress in

the natural environment.
2. COMPETITIVE INTERACTIONS

2.1. Factors AVecting their Structure

Escalated fights over resources can impose a number of costs. Prolonged

fighting increases energetic expenditure in coho salmon, Oncorhynchus ki-

sutch (Puckett and Dill, 1985) and sticklebacks, Gasterosteus aculeatus

(Chellappa and Huntingford, 1989). Fighting may also lead to accumulation

of harmful byproducts (Sneddon et al., 1999), increased risk of injury

(Abbott and Dill, 1985; Enquist et al., 1990), and reduced vigilance, increas-

ing the risk of being preyed upon (Jakobsson et al., 1995). Because of these

costs, selection has promoted the ability to assess the relative strength of an

opponent.

The development of game theoretical models during the 1970s and 1980s

(Maynard Smith, 1974) led to dramatically new insights into how animal
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conflicts are structured and resolved. In the sequential assessment model

(Enquist and Leimar, 1983), opponents are assumed to obtain increasingly

accurate information about their relative strength as the contest unfolds.

Thus, when asymmetries are large, contests are expected to be resolved

quickly without escalation. When asymmetries are small, however, escala-

tion becomes increasingly likely (Leimar and Enquist, 1984; Figure 5.1).

Recent studies on rainbow trout, Oncorhynchus mykiss, (Johnsson and

Åkerman, 1998) and male siamese fighting fish, Betta splendens (Oliveira

et al., 1998), show that fish also gain information about the fighting ability of

opponents by observing their contest success against other individuals (i.e.,

eavesdropping; see also Chapter 1, Section 5.2). This information is then

used to reduce costs in subsequent contests against these opponents.

Traits such as body size and fighting experience aVect the fighting ability

(or resource holding potential [RHP]) of an animal, thereby influencing its

chances of winning a fight, whereas variation in prior residence duration and

energetic status can aVect the value associated with a resource (i.e., payoV or

value asymmetries), and thereby the energy the contestant invests in a

conflict (for a review, see Bradbury and Vehrencamp, 1998). Table 5.1

summarises traits that have been found to aVect the outcome of competitive

interactions in fish. It is important to acknowledge that several traits can

aVect a conflict simultaneously. For example, the outcomes of territorial

contests between brown trout fry (Salmo trutta) depend on asymmetries in

size as well as prior residence (Johnsson et al., 1999; Figure 5.2).

2.2. Physiological Predictors of Outcome

Energetic status, metabolic rate, growth hormone, androgen levels, and

cortisol are interrelated physiological factors that aVect the structure and/or
outcome of competitive interactions in fish. These eVects will be discussed

briefly in this section. Physiological status may aVect both fighting ability

and/or motivation, depending on the state of the individual. The motivation

to fight for food increases with hunger level because the relative value of the

contested food increases as energy status decreases (Symons, 1968; Dill et al.,

1981; Dill, 1983). However, after prolonged food deprivation, this eVect will
be outbalanced by reduced physical strength due to nutrition deficiency

(Johnsson et al., 1996).

Metabolic rate has been found to correlate positively with dominance

status in a number of studies (Table 5.1), which may be explained by a higher

metabolic scope (Priede, 1985) resulting in higher capacity for energetically

costly activities like aggression. Alternatively, the elevated aggression

results from increased hunger levels associated with increased metabolic

demands (Symons, 1968;Metcalfe et al., 1995). Similarly, behavioural studies



Fig. 5.1. Fighting sequence in the cichlid Nannacara anomala, with increasingly escalating

interactions from (a) to (f). Generally, the more similar the contestants are in fighting ability

and/or motivation, the longer and more escalated the fight. (a) Broadside display. (b) Tail

beating. (c) Frontal orientation. (d) Biting. (e) Mouthwrestling. (f) Termination. The loser

adopts midline darkening and lowered fins. (Drawing by Bibbi Mayrhofer; redrawn with

permission from Jakobsson, 1987.)
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Table 5.1

Studies Identifying Traits that AVect the Outcome of Competitive Social Interactions in Fish

Trait Species Reference Comment

Body size Nannacara anomala Enquist et al., 1990

Oncorhynchus kisutch Rhodes and Quinn, 1998

Oncorhynchus mykiss Abbott et al., 1985

Johnsson, 1993

Oreochromis mossambica Turner and Huntingford, 1986

Salmo salar Wankowski and Thorpe, 1979

Huntingford et al., 1990 EVect only in socially

experienced fishCutts et al., 1999a

Salmo trutta Newman, 1956

Jenkins, 1969

Johnsson et al., 1999

Salvelinus fontinalis Newman, 1956

Trichogaster trichopterus Frey and Miller, 1972

Prior residence Salmo salar Cutts et al., 1999a, b

O’Connor et al., 2000

Salmo trutta Johnsson et al., 1999, 2000, 2004

Johnsson and Forser, 2002

Sundström et al., 2003

Innate aggression Oncorhynchus kisutch Holtby et al., 1993 In these studies fry aggression

towards a mirror (MIS‐test)
predicted social dominance

Oncorhynchus mykiss Berejikian et al., 1996

Salmo trutta Höjesjö et al., 2004

(continued )

1
5
7



Winning experience Macropodus opercularis Francis, 1983

Rivulus marmoratus Hsu and Wolf, 1999

Tricogaster trichopterus Hollis et al., 1995

Nutritional status Oncorhynchus mykiss Johnsson et al., 1996 EVect status dependent, negative

at moderate food deprivation

Metabolic rate Oncorhynchus masou Yamamoto et al., 1998

Oncorhynchus mykiss McCarthy, 2001

Salmo salar Metcalfe et al., 1995

Cutts et al., 1998

Salmo trutta Lahti et al., 2002

Salvelinus alpinus Cutts et al., 2001

Growth hormone Oncorhynchus kisutch Devlin et al., 1999 GH‐transgene
Oncorhynchus mykiss Johnsson and Björnsson, 1994 GH‐injection
Oreochromis hornorum Guillén et al., 1999 GH‐transgene, eVect negative
Salmo salar Abrahams and Sutterlin, 1999 GH‐transgene

Reproductive state Tilapia mariae Schwank, 1980 Measure: size of genital papilla

Tilapia zillii Neat and Mayer, 1999 Measure: gonadosomatic index

Cortisol Oncorhynchus mykiss Pottinger and Carrick, 2001 EVect negative

Sloman et al., 2001a EVect negative

L‐dopa Salvelinus alpinus Winberg and Nilsson, 1992

If not otherwise stated, the traits were found to be positively correlated with the probability of becoming dominant.

Table 5.1 (continued )

Trait Species Reference Comment

1
5
8



Fig. 5.2. Logistic regression of the probability of the territory owner winning over the intruder

as a function of their relative mass diVerence, calculated as ([owner–intruder]/owner). Data from

72 dyadic contests between wild brown trout fry (Salmo trutta). When there is no size diVerence,

owners win about 85% of the contests. Black triangles show the relative mass diVerence and

outcome of each observed contest. (Reprinted from Johnsson et al., 1999, with permission from

Blackwell Publishing.)
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on growth hormone (GH) treated and GH‐transgenic salmonids suggest that

GH increases feeding motivation, in turn elevating aggression and promot-

ing competitive exclusion (Johnsson and Björnsson, 1994; Abrahams and

Sutterlin, 1999; Devlin et al., 1999). In a study on rainbow trout, GH‐
treatment increased aggression levels but not the probability of winning

contests, suggesting that GH increases feeding motivation rather than fight-

ing ability (Jönsson et al., 1998). Interestingly, GH injections did elevate

activity levels but not the resting metabolic rate of Atlantic salmon, Salmo

salar (Herbert et al., 2001), further suggesting that GH increases feeding

motivation rather than metabolic scope (Sloman and Armstrong, 2002).

In a recent study, seventh‐generation farm salmon grew faster and had

higher plasma GH levels and pituitary GH content compared with wild fish

(Fleming et al., 2002). This suggests a possible link between growth selection,

endocrine growth regulation, and competitive behaviour, as GH increases

feeding motivation and aggression, as discussed above. Hatchery‐selected
salmonid juveniles are generally more aggressive than their wild counter-

parts, although the results from diVerent studies are highly variable (review

by Weber and Fausch, 2003).

Androgens (sex steroids) have been shown to influence aggression in a

number of studies, but their association with social status is less clear‐cut,
which will be discussed further in Section 3. Treatment with the antiandro-

gen cyproterone acetate reduces aggression and displacement fanning in

presence of another male in mature male sticklebacks (Rouse et al., 1977).

Similarly, androgen treatment increases aggression and territorial defense in
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the cichlid Oreochromis mossambicus (Billy and Liley, 1985). When andro-

gen levels in male cichlids (Haplochromis burtoni) were lowered by castra-

tion, aggression levels were reduced, whereas dominance status was

not aVected (Francis et al., 1992). In Tilapia zillii, the state of reproductive

readiness, indicated by gonadosomatic index (Neat and Mayer, 1999) or the

size of the male genital papilla (Schwank, 1980), influences the probability of

becoming dominant (Table 5.1).

Cortisol level, an endocrine indicator of stress, is negatively correlated

with the likelihood of becoming dominant in rainbow trout (Pottinger and

Carrick, 2001; Sloman et al., 2001a). Neurotransmitters also have the poten-

tial to influence dominance, as shown by oral administration of L‐dopa (an

immediate precursor of dopamine), which induced dominant behaviour in

Arctic charr, Salvelinus alpinus (Winberg and Nilsson, 1992).
3. NEUROENDOCRINE RESPONSES: SHORT‐TERM EFFECTS

OF SOCIAL STATUS

Social interaction has been connected with stress in both dominant and

subordinate animals (Blanchard et al., 1993; Creel et al., 1996). Stress in

dominant individuals may be related to the fact that they must defend their

dominant position, especially during periods of social instability (Sapolsky,

1992). The formation of a dominance hierarchy is highly stressful even for

the winner, the future dominant individual. However, subordinate animals

often continue to show signs of chronic stress, such as elevated plasma levels

of cortisol, even in stable dominance hierarchies where the level of overt

aggressive behaviour is low (Winberg and Lepage, 1998; Øverli et al., 1999).

This chronic stress experienced by subordinates in a stable dominance

hierarchy is likely to be very diVerent from the stress experienced during

hierarchy formation, and is probably more related to being constantly

threatened and a general lack of control than to receiving overt aggressive

acts. Numerous studies indicate that loss of environmental control is a major

factor inducing stress responses and in a social setting this could mean loss of

social control (i.e., social defeat; Blanchard et al., 1993).

3.1. Central Nervous Control of Stress Responses and Agonistic Behaviour

In fish as well as in other vertebrates, autonomic, neuroendocrine, and

behavioural stress responses are controlled by the central nervous system.

However, the brain is not just the source but also a target of the stress

response. Our knowledge of the central control of stress responses and

agonistic behaviour in fish is still very rudimentary. In the mammalian brain,
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the norepinephric and the corticotrophin‐releasing hormone (CRH) systems

are rapidly activated when the animal is challenged by a stressor, and these

two systems act as the principal eVectors of the generalised stress response.

Descending CRH‐containing fibers project to the medullary norepinephric

cell groups and CRH stimulates norepinephric activity, which in turn will

provoke further release of CRH, creating a positive feedback loop that

escalates the release of CRH and norepinephrine in the course of the stress

response (Huether, 1996). Brain dopaminergic and serotonergic systems are

also activated as part of the mammalian central stress response and the

serotonergic system is particularly important in the control of agonistic

behaviour (e.g., Nelson and Chiavegatto, 2001).

3.1.1. Effects of Stress and Agonistic Interactions on Brain
Monoaminergic Activity

Brain monoaminergic systems (i.e., dopamine, norepinephrine, and

serotonin) appear to act mainly as neuromodulators, adjusting the respon-

siveness of neurones to other excitatory and inhibitory inputs (reviewed

by Huether, 1996); the brain dopaminergic and norepinephric systems

might to some extent have behavioural eVects opposite to those of serotonin

(Eichelman, 1987; Winberg and Nilsson, 1992; Arregui et al., 1993; Höglund

et al., 2001). In mammals, the stress‐induced activation of norepinephric

neurons is correlated with increasing levels of arousal. Activation of the

brain norepinephric system seems to facilitate reactivity to stimuli, proces-

sing of sensory information, and active behavioural output, a fight‐or‐flight
reaction serving to regain control (Aston‐Jones, 1986; Jacobs et al., 1991;

Huether, 1996). Similarly, the dopaminergic system appears to promote

sensory processing and active behavioural responses (Sawaguchi et al.,

1990; Huether, 1996), whereas the serotonergic system seems to inhibit active

behavioural responses and promote a conservation/withdrawal response,

or what has also been described as passive or reactive stress coping (see

Section 6).

Agonistic interactions result in a rapid activation of brain monoaminer-

gic neurotransmission in several teleost species, as well as in other verte-

brates (Winberg and Nilsson, 1993a). Following fights for social dominance

in pairs of juvenile rainbow trout, subordinate fish show elevated norepi-

nephric, dopaminergic, and serotonergic activity in selected brain areas

(Øv erli et al. , 1999). Br ain norep inephric , dopaminer gic, and serot onergic

activity are often estimated by the ratio of the catabolite to the parent

monoaminergic neurotransmitter concentrations. For example, norepineph-

ric activity is estimated by the ratio of 3‐methoxy‐4‐hydroxyphenylglycol
(MHPG) to norepinephrine (NE) concentrations, dopaminergic activity

is estimated by the ratio of 3,4‐dihydroxyphenylacetic acid (DOPAC) to
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dopa mine (DA) concentra tions , an d seroto nergic activity is estimat ed by the

ratio of 5‐ hyd roxyindol eacetic acid (5 ‐ HIAA) to seroton in (5 ‐ hydroxyt ryp-
tamine , 5‐ HT ) concentra tions . Br ain levels of the monoami nes thems elves

often remain relative ly stabl e; when chan ges in MHPG/ NE, DOPAC/DA ,

and 5‐ HIA A/5 ‐ HT ratio s are obs erved, they are often mirrored by changes

in brain concentrations of their respective catabolites such as MHPG, DO-

PAC, and 5‐HIAA. However, the ratio is a more direct index of neuronal

activity than catabol ite level s per se, becau se variance related to tissue

sampl ing and total levels of monoami nes and monoami ne catabo lites are

reduced ( Shan non et al. , 1986 ).

In the study by Øver li et al. (1999) , tele ncepha lic 5‐ HIAA/5 ‐ HT rati os

were elevat ed in both dominant an d su bordinat e rainbow trout 3 hour s afte r

the term ination of figh ts for social dominance . Thi s e Vect was revers ed in

dominant fis h within 24 hour s of social interac tion, wher eas in subordi-

nates elevat ed 5‐ HIA A/5 ‐ HT rati os wer e observed in all brain regions afte r

24 hour s. Similarly, sub stantial activati on of brain catechola minergic sys-

tems (DA and NE), as indica ted by elevated M HPG/NE and DOPA C/DA

ratios, was observed after 24 hours in sub ordinates but not in dom inant

trout (Øverli et al. , 1999 ). The duratio n of fights for social dominan ce in

pairs of rainbo w trout is highly varia ble; in the study by Øver li et al. (1999) ,

correl ations were foun d between figh t dur ation and brain levels of 5‐HIA A

(in all brain regions ), MHP G (in the brains tem) , and DOPAC (in the optic

tectu m) in both dominant and sub ordinat e fish ( Figure 5.3 ). Thus , brain

monoa minergic syst ems are pro bably activated very early during dyadic

agonistic interactions in both winners and losers, even though in the winner’s

brain monoaminergic activity rapidly returns to baseline levels.

Subordinate fish continue to show elevated brain serotonergic activity

even after long‐term social interaction in stable dominance hierarchies. In

Arctic charr interacting in pairs over a 21‐day period, 5‐HIAA/5‐HT ratios

were elevated in brain regions (telencephalon, hypothalamus, and brain-

stem) of subordinates after 1 day of social interaction and remained equally

high in subordinate fish sampled after 21 days of interaction (Winberg and

Nilsson, 1993b). When interacting in groups of four for up to 11 weeks,

subordinate juvenile Arctic charr of social rank 2, 3, and 4 displayed elevated

brain 5‐HIAA/5‐HT ratios compared to dominant fish, with an inverse

correlation between social rank and brain 5HIAA/5‐HT ratios (Winberg

et al., 1991, 1992a). In rainbow trout interacting in groups of three, plasma

cortisol declined in subordinate fish after 7 days of interaction, whereas

brain 5‐HIAA/5‐HT remained elevated (Winberg and Lepage, 1998). More-

over, there was a positive correlation between the number of aggressive acts

received and telencephalic 5‐HIAA/5‐HT ratios.



Fig. 5.3. The relationship between fight duration and the concentrations of 5‐HIAA, DOPAC,

and MHPG in the brainstem in rainbow trout sampled 5 minutes following the termination of

fights for social dominance. Note that data from dominant and subordinate fish are pooled.

Spearman r and p values are given. (Reprinted from Øverli et al., 1999, with permission from

S. Karger AG.)
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Stressors other than social interaction—such as handling, confinement,

and predator exposure—also result in elevated brain 5‐HIAA/5‐HT ratios in

fish (Winberg et al., 1992b; 1993a; Lepage et al., 2000; Øverli et al., 2001),

whereas feed restriction does not (Winberg et al., 1992b). Thus, the brain

5‐HIAA/5‐HT ratio appears to provide a remarkably sensitive index of

chronic social stress in salmonid fish in pairs or small groups.

As stated above, acute social stress during the establishment of a domi-

nance hierarchy results in activation of the brain catecholaminergic (NE
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and DA) systems in both dominant and subordinate fish, but the eVects of
long‐term social interaction on the activity of these neurotransmitter systems

is less clear. EVects of social interaction on catecholamine levels in fish brains

were first reported by McIntyre et al. (1979). They found that following

2 weeks of social interaction in groups of six juvenile rainbow trout, domi-

nant fish displayed lower NE and higher DA concentrations in the brain

than subordinate fish. Also, they reported that the subordinate fish that were

most frequently attacked displayed the largest reduction in brain DA levels.

However, the fact that McIntyre et al. (1979) did not measure catecholamine

catabolite levels makes their results hard to interpret. A decreased steady‐
state level of a monoamine could indicate that the monoamine is being more

extensively used, or the opposite, that the neurotransmitter synthesis is being

downregulated due to decreased utilisation of the system. Höglund et al.

(2000) reported that MHPG/NE is elevated in the optic tectum of subordi-

nate Arctic charr as compared to isolated controls following 5 days of social

interaction in groups of three fish. Winberg et al. (1991) found that domi-

nant Arctic charr had higher concentrations of the DA metabolite, homo-

vanillic acid, in the telencephalon than subordinate fish following 2–11

weeks of social interaction in groups consisting of four fish.

3.1.2. BrainMonoamines and the Control of the
Hypothalamo‐Pituitary‐Interrenal Axis

The brain monoaminergic systems are important in the control of neu-

roendocrine release factors at the level of the hypothalamus and pituitary.

Brain 5‐HIAA/5‐HT ratios have been found to correlate with plasma levels

of cortisol (Winberg and Lepage, 1998; Øverli et al., 1999) and adrenocorti-

cotropic hormone (ACTH; Höglund et al., 2000) in rainbow trout and

Arctic charr, suggesting that brain 5‐HT has a stimulatory action on the

hypothalamo‐pituitary‐interrenal (HPI) axis. However, the role of the brain

5‐HT system in the control of the HPI axis is still not clear. For instance, 8‐
hydroxy‐2‐(di‐N‐propylamino) tetralin (8‐OH‐DPAT), a selective 5‐HT1A

receptor agonist, may have either stimulatory or inhibitory eVects on HPI

axis activity in rainbow trout depending on the dose and context. In undis-

turbed fish, 8‐OH‐DPAT stimulates the HPI axis (Winberg et al., 1997;

Höglund et al., 2002), whereas if administrated at low doses to stressed

fish, 8‐OH‐DPAT has the opposite eVect, suppressing the stress‐induced
elevation of plasma ACTH and cortisol concentrations (Höglund et al.,

2002). Similarly, stimulation of brain 5‐HT activity in rainbow trout by

feeding the fish a diet supplemented with L‐tryptophan, the amino‐acid
precursor of 5‐HT, for 7 days results in slightly elevated basal plasma levels

of cortisol. At the same time, the stress‐induced elevation of plasma cortisol

concentrations is reduced (Lepage et al., 2002, 2003).
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It has been suggested that the central NE system stimulates HPI axis

activity in salmonids (Øverli et al., 1999; Höglund et al., 2000). The brain

DA system, on the other hand, may have an inhibitory eVect, and L‐3,4‐
dihydroxyphenylalanine (levodopa, L‐DOPA) treatment, which elevates

brain DA activity, has been reported to counteract the stress‐induced eleva-

tion of plasma cortisol concentrations and brain 5‐HT activity in Arctic

charr (Höglund et al., 2001).

3.1.3. Candidate Mechanisms Mediating Behavioural Inhibition in
Subordinate Animals

Social subordination results in a general behavioural inhibition including

a suppression of aggressive behaviour (Winberg et al., 1992a; Höglund et al.,

2001), an inhibition of appetite and food intake (Øverli et al., 1998), and

lowered locomotor activity (Winberg et al., 1993b; Øverli et al., 1998). An

antiaggressive eVect of the brain 5‐HT system has been reported in a number

of vertebrates (Blanchard et al., 1991, 1993; Raleigh et al., 1991; Deckel,

1996; Deckel and Jevitts, 1997; Edwards and Kravitz, 1997; Larson and

Summers, 2001) including teleost fish (Winberg and Nilsson, 1993a; Adams

et al., 1996), and overall the behavioural eVects observed following stimula-

tion of brain 5‐HT activity are strikingly similar to those displayed

by subordinate fish. Stimulation of brain 5‐HT activity, using 5‐HT precur-

sors or selective serotonin reuptake inhibitors (SSRIs; substances that

elevate synaptic 5‐HT levels by inhibiting synaptic clearance by reuptake

of 5‐HT, e.g., prozac) inhibits aggressive behaviour (Winberg et al., 2001)

and locomotor activity (Winberg et al., 1993b). Conversely, inhibition of

5‐HT activity, using the 5‐HT synthesis inhibitor para‐chlorophenylalanine,
stimulates aggressive behaviour (Adams et al., 1996) and locomotor activity

(Winberg et al., 1993b) in teleost fish.

However, only long‐term activation of the brain 5‐HT system appears to

result in behavioural inhibition. During fights for social dominance, the

winners show a rapid but transient activation of the brain 5‐HT system

but no signs of behavioural inhibition (Øverli et al., 1999). In fact, even a

short‐term social defeat resulting in elevated brain 5‐HT activity increases

aggression in rainbow trout (Øverli et al., 2004a). In this case, an activation

of brain DA systems may counteract the behavioural eVects of an early

activation of the brain 5‐HT system (Winberg et al., 1991; Winberg and

Nilsson, 1993a).

The hypothesis that behavioural eVects of transient increases in brain

5‐HT activity observed in dominant fish are counteracted by a rapid

activation of brain catecholaminergic systems is supported by the obser-

vation that L‐DOPA treatment, which elevates brain DA activity, counter-

acts the stress‐induced activation of the brain 5‐HT system (Höglund
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et al., 2001) and increases the chance of juvenile Arctic charr winning

fights for social dominance over size‐matched conspecifics (Winberg and

Nilsson, 1992).

Another explanation for the divergent behavioural eVects of short‐
and long‐term activation of the brain 5‐HT system could be that chronic

activation of the 5‐HT system has eVects on the 5‐HT receptor expression

and/or sensitivity. Long‐term elevation of 5‐HT release could result in a

downregulation of inhibitory 5‐HT1A‐receptors at 5‐HT cell bodies (soma-

todendritic autoreceptors) and thus in a decrease in 5‐HT negative feedback,

which in turn could cause an upregulation of 5‐HT neurotransmission in

terminal fields (Mongeau et al., 1997). Stimulation of brain 5‐HT activity, by

feeding rainbow trout L‐tryptophan supplemented feed, results in suppres-

sion of aggressive behaviour, but only after feeding for 7 days. Feeding

rainbow trout L‐tryptophan supplemented feed for 3 days has no eVect on
aggressive behaviour (Winberg et al., 2001). Moreover, a 1‐week treatment

with the SSRI citalopram reduces aggressive behaviour in dominant rain-

bow trout (L epage et a l., 2005). Larson an d Summer s (2001) obtaine d

similar results when treating lizards (Anolis carolinensis) with setralin,

another SSRI.

3.1.4. Autonomic and Behavioural Effects of CRH and Other
Neuropeptides: Possible Interactions with 5‐HT

Neuropeptides, such as CRH and argininevasotocin (AVT), involved in

the control of the HPI axis may also have behavioural eVects. The CRH

distribution in the teleost brain is widespread (Peter, 1986; Pepels et al.,

2002). Stress (Ando et al., 1999), including social subordination (Doyon

et al., 2003), has been reported to increase brain levels of CRH mRNA in

rainbow trout. In fish as in mammals (Arborelius et al., 1999; Lovejoy and

Balment, 1999), CRH appears to have autonomic and behavioural eVects.
For instance, Mimassi et al. (2003) reported that intracerebroventricular

(i.c.v.) injections of low doses of CRH induce bradycardia in rainbow trout,

an eVect that is probably mediated by an increase in parasympathetic drive

to the heart. Moreover, in juvenile chinook salmon (Oncorhynchus tsha-

wytscha), central administration of CRH stimulates locomotor activity in

a dose‐dependent manner, an eVect that was blocked by concomitant

administration of a synthetic CRH antagonist, a‐helical CRH9–41 (ahCRH)

(Clements et al., 2002). In addition to its eVects on locomotor activity, CRH

administration increased the amount of time the fish spent in the center of

the test arena. Moreover, the ability to find cover was reduced in fish treated

with the CRH antagonist, ahCRH. In mammals, CRH is known to have

anxiogenic eVects, but it is not known if this can account for the increase in

the amount of time taken for fish treated with ahCRH to seek cover, or if it is
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just a result of lower locomotor activity in the ahCRH‐treated fish (Clements

et al., 2002).

Interestingly, the stimulatory eVect of CRH on locomotor activity in

juvenile chinook salmon was potentiated by acute treatment with the SSRI,

fluoxetine (Clements et al., 2003). The 5‐HT system is believed to act in a

stimulatory manner on CRH (Dinan, 1996). However, in the study by

Clements et al. (2003), fluoxetine by itself had no eVects on locomotor

activity, suggesting that the eVect on locomotor activity is not mediated by

a 5‐HT stimulation of CRH. Instead, the interaction between 5‐HT and

CRH seems to be in the other direction, with CRH stimulating serotonergic

activity, which in turn stimulates locomotor activity. This suggestion

is supported by the observation that the stimulatory eVect of CRH on

locomotor activity was abolished if CRH was administrated together with

a 5‐HT1A receptor antagonist (Clements et al., 2003).

Social subordination often results in a drastic decrease in food intake

(Koebele, 1985). In pairs of juvenile Arctic charr, the subordinate continued

to show reduced food intake for up to a week following the removal of

the dominant fish, suggesting that social subordination results in a stress‐
induced anorexia (Abbott et al., 1985;Øverli et al., 1998). Similarly, GriYths

and Armstrong (2002) found that feeding rates of subordinate Atlantic

salmon remained suppressed several days after the dominant salmon was

removed. In goldfish, Carassius auratus, CRH as well as 5‐HT has anorexic

eVects, which seem to be mediated by direct action of 5‐HT on appetite as

well as by a 5‐HT stimulation of CRH (Bernier and Peter, 2001). Thus,

interactions between the brain 5‐HT and CRH systems appear to be impor-

tant in mediating behavioural stress responses, and these two systems seem

to regulate each other by reciprocal connections.

The neurohypophysial peptide AVT, which is a potent ACTH secreta-

gogue in fish (Fryer et al., 1985; Baker et al., 1996), is synthesised by both

parvocellular and magnacellular neurons within the hypothalamic preoptic

area. AVT produced by parvocelluar preoptic neurons is mainly transported

via their axons to specific brain regions, whereas AVT synthesised by the

magnocellular portion of the preoptic area is transported to the posterior

pituitary gland for release into the circulation. Stress has been reported to

increase AVT mRNA levels of parvocellular but not magnocellular neurons

in the hypothalamic preoptic area of rainbow trout (Gilchriest et al., 2000).

Moreover, AVT released within the central nervous system alters the activity

of selective neuronal circuitry aVecting behaviour. Thus, in addition to its

role as an ACTH secretagogue and a hormone with suggested eVects
on osmoregulation and circulation, AVT also acts as a neuromodulator/

neurotransmitter with eVects on courtship and/or sexual behaviour in vari-

ous nonmammalian vertebrates (e.g., Moore and Zoeller, 1979; Boyd, 1994;
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Castagna et al., 1998). In teleosts, exogenous AVT has, for example, been

found to induce spawning reflex in hypophysectomized killifish, Fundulus

heteroclitus (Pickford, 1952; Wilhelmi et al., 1955; Pickford and Strecker,

1977), and closely related species of Cyprinodontids (Macey et al., 1974;

Peter, 1977; Liley and Stacey, 1983); to stimulate courtship behaviour in

male white perch, Morone americana (Salek et al., 2002); and to aVect the
activity of the neuronal circuits subserving vocalisation in the plainfin mid-

shipman, Porichthys notatus (Goodson and Bass, 2000a,b). Similarly, the

mammalian homologoue arginine-vasopressin (AVP) has been reported to

aVect communicative, aYliative, and aggressive behaviour in voles, mice,

and hamsters (e.g., Ferris et al., 1984, 1997; Hennessey et al., 1992; Bluthe

and Dantzer, 1993; Winslow et al., 1993). Behavioural eVects of AVT will be

further discussed in Chapter 8, Section 5.2.

3.2. The Endocrine Stress‐Response

What follows in this section is an overview of the endocrine stress

response in teleost fish, mainly focusing on the HPI axis. For more detailed

surveys on the eVect of stress on teleost endocrine systems and secondary

physiological eVects, see recent reviews by Pickering and Pottinger (1995),

Sumpter (1997), Wendelaar‐Bonga (1997) and Mommsen et al. (1999).

Stress in teleost fish results in an almost instant activation of the sympa-

thetic nervous system and an immediate release of catecholamines, primarily

epinephrine and norepinephrine, from chromaYn cells found along the

posterior cardinal vein in the region of the head kidney (Nilsson, 1984; Reid

et al., 1995; Fabbri et al., 1998). A stress‐mediated increase in sympathetic

tone and circulating levels of catecholamines will optimise cardiovascular

and respiratory functions and mobilise stored energy to meet the higher

metabolic demands associated with stressful challenges, such as agonistic

interactions.

The almost instant release of catecholamines in response to stress makes

sampling diYcult, as techniques for collecting blood are themselves invasive

and stressful, making it hard to untangle eVects of experimental treatment

from those of sampling. Cannulation techniques have been used (Gamperl

et al., 1994), but these are not suitable for studies on fish interacting in

groups, and there are no studies on the eVect of social interaction on plasma

catecholamine concentrations in fish.

On the other hand, the eVect of social interaction on the other

major stress axis, the HPI axis, is well documented. During or immediately

following social interactions, plasma levels of cortisol are elevated in both

dominant and subordinate fish (Øverli et al., 1999; Sloman et al., 2001a);

however, although dominants readily recover from this social encounter



Fig. 5.4. EVects of fights for social dominance and continued interaction in established domi-

nant‐subordinate relationships on blood plasma concentrations of cortisol in dominant and

subordinate rainbow trout, as compared to nonstressed controls. Post hoc significance levels are

indicated by asterisks, where * is used to indicate a diVerence to controls and [*] indicates a

diVerence between social ranks at a given time point. **p < 0.01, ***p < 0.001. (Reprinted from

Øverli et al., 1999, with permission from S. Karger AG.)
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with cortisol levels returning to normal, subordinate concentrations of plas-

ma cortisol generally remain elevated (Figure 5.4). The elevation of plasma

cortisol in subordinates has been widely documented in a variety of fish

species including rainbow trout (Laidley and Leatherland, 1988; Pottinger

and Pickering, 1992), coho salmon (Ejike and Schreck, 1980), European eels,

Anguilla anguilla (Peters et al., 1980), Arctic charr (Höglund et al., 2000),

and the cichlid Haplochromis burtoni (Fox et al., 1997).

An increase in interrenal cell diameter has also been documented in

subordinate fish (Ejike and Schreck, 1980; Peters et al., 1980) and is likely

to be associated with the increased synthesis and release of cortisol. In

straight‐line hierarchies formed among groups of 12 swordtails (Xiphophorus

helleri), the highest‐ranking fish showed the least adrenocortical activity

(Scott and Currie, 1980).

Not only does social stress result in the release of cortisol and its

subsequent physiological eVects, but it also has eVects at multiple levels of

the HPI axis. Sloman et al. (2002a) demonstrated that when the interrenal

cells were stimulated in situ with ACTH, subordinate rainbow trout dis-

played a lower rate of cortisol secretion than dominants, suggesting a

reduced ability of subordinates to respond to additional stressors. Social
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subordination also results in elevated CRH mRNA levels in the hypotha-

lamic preoptic area of rainbow trout, suggesting increased synthesis and

release of CRH, the main ACTH secretagogue (Doyon et al., 2003). At the

pituitary level, Boddingius (1976) found that the activity of type IV cells,

associated with producing ACTH, was significantly higher in subordinate

trout compared with dominants. Moreover, Höglund et al. (2000) showed

that subordinate Arctic charr display elevated plasma levels of ACTH,

compared to dominant fish and isolated controls.

Several other biologically active peptides, including a‐melanocyte‐
stimulating hormone (a‐MSH) and b‐endorphin are derived from the large

preprohormone, preopiomelanocortin, which gives rise to ACTH. This pre-

prohormone is processed in a tissue‐specific manner, forming ACTH

in the corticotrops of the pituitary pars distalis, and mainly a‐MSH and

b‐endorphin in the melanotrops of the pituitary neurointermediate lobe.

Social subordination results in a sustained elevation of pituitary preopiome-

lanocortin mRNA levels in juvenile rainbow trout, an eVect mainly related

to an increase in melanotropic preopiomelanocortin expression (Winberg

and Lepage, 1998). Activation of the pituitary corticotrops and an elevation

of circulating plasma levels of ACTH seem to be a general response to all

stressors (Sumpter, 1997), whereas eVects on the pituitary melanotrops and

circulating plasma levels of a‐MSH and b‐endorphin seem to depend on the

nature and/or the intensity of the stressor (Wendelaar Bonga et al., 1997).

3.2.1. Behavioural Effects of Cortisol

In addition to their physiological eVects, glucocorticoids may also have

direct eVects on behaviour. Øverli et al. (2002a) reported that short‐term
(1.5‐hour) cortisol treatment resulted in an increase in locomotor activity

of isolated rainbow trout challenged by a small conspecific intruder,

whereas long‐term (48‐hour) cortisol treatment had the opposite eVect,
suppressing the increase in locomotor activity induced by the presence

of the intruder. These behavioural eVects of cortisol seem to be context‐
dependent because similar cortisol treatments had no eVects on locomotor

activity in isolated trout not challenged by an intruder. The eVects on

aggressive behaviour showed a similar pattern: long‐term cortisol treatment

had an inhibitory eVect, whereas short‐term treatment appeared to stimulate

aggressive behaviour (Øverli et al., 2002a).

These results suggest that cortisol could be a factor contributing to the

divergent behavioural eVects of short‐ and long‐term social stress (discussed

in Section 3.1.3). Moreover, rainbow trout strains selectively bred for high‐
(HR) and low‐plasma cortisol levels (LR) in response to confinement

stress, show divergent behavioural profiles and cortisol could not be exclud-

ed as a factor mediating these divergent behavioural profiles (Section 6;
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Pottinger and Carrick, 1999, 2001; Øverli et al., 2002b). Behavioural eVects
of cortisol could be mediated through interactions with other systems

such as central serotonergic (ChaouloV, 2000; Summers et al., 2003), dopa-

minergic (Marinelli et al., 1998), or CRH systems (Schulkin et al., 1998),

and/or they may reflect behavioural eVects of brain glucocorticoid and/or

mineralocorticoid receptors. Glucocorticoid and mineralocorticoid recep-

tors have been cloned in rainbow trout (Ducouret et al., 1995; Colombe

et al., 2000) and both of these receptor types are expressed in the brain

(Teitsma et al., 1997; Sturm et al., 2005). Moreover, rapid behavioural eVects
of cortisol could be mediated by membrane‐bound steroid receptors, as has

been described in amphibians (Orchinik et al., 1991; Moore and Orchinik,

1994).

3.3. Modulation of Skin Colouration

In juvenile Arctic charr, social subordination also results in elevated

plasma levels of a‐MSH (Höglund et al., 2000). Because this hormone is well

known to cause skin darkening in poikilotherm animals, the skin darkening

observed in subordinate salmonids could well bemediated by a stress‐induced
elevation of plasma a‐MSH levels. In fact, in the study by Höglund et al.

(2000), plasma a‐MSH concentrations were positively correlated with skin

darkness (Figure 5.5).

It has long been acknowledged that subordinate salmonids may take on a

darkened appearance (Keenleyside and Yamamoto, 1962; Boddingius, 1976)

and the positive correlation between plasma a‐MSH concentrations and skin

darkening in subordinate salmonids suggests a physiological role of a‐MSH

in what is postulated to be a signal during competitive interactions.

O’Connor et al. (1999) demonstrated that the sclera of the eye and overall

body colouration darkened in Atlantic salmon that became subordinate in a

paired social encounter. Following the change in colour of the subordinate

fish, aggression level decreased, suggesting that this may act as a signal

modifying social behaviour. The dark colouration of subordinate Arctic

charr takes days to develop and probably reflects the chronic social stress

experienced by the subordinate fish, being persistent as long as the stressor

(i.e., the dominant fish) is present (Höglund et al., 2000). Rapid changes in

body colouration, signaling intent, or motivational state during agonistic

interactions are often mediated by neural mechanisms (e.g., Demski, 1992)

or rapid changes in circulating plasma catecholamine levels (Bentley, 1998).

O’Connor et al. (2000) showed that fish familiar with their opponents darken

their body colouration at lower contest intensities than those that are unfa-

miliar with their opponents, reducing the likelihood of fight escalation with

familiar opponents. The relationship between eye colour and social status



Fig. 5.5. Skin darkness of Arctic charr occupying diVerent positions in a dominance hierarchy,

social rank 1 being the dominant and social rank 3 the most subordinate fish in a group.

Measurements were performed on a linear grey scale, on which 0 is white and 255 is black,

before and after 5 days of social interaction. Controls are fish that were kept visually isolated.

*Significant diVerence from controls at time 2. þSignificant diVerence between times 1 and 2.

**p < 0.01, þþþ p < 0.001. (Reprinted from Höglund et al., 2000.)
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was investigated further by Suter and Huntingford (2002) in groups of Atlan-

tic salmon held in a seminatural environment. Dominant fish showed a stable

pale colouration of their sclera, whereas the sclera colouration of subordi-

nates was darker and fluctuated from day to day. They conclude that colour

change in salmonids is a complex response to local social events. Many

colour changes in other teleosts, for example reddening of the eye and earflaps

in male pumpkinseed sunfish, Lepomis gibbosus (see review by Guthrie and

Muntz, 1993), may be associated with signaling dominance and interindivid-

ual communication, a topic covered in greater depth in Chapter 2.

3.4. Alterations in Gonadal Hormones

Social modulation of androgen levels is widespread among teleosts (for a

review, see Oliveira et al., 2002) and social dominance and/or territoriality is

often associated with elevated levels of circulating androgens. For instance,

Cardwell et al. (1996) found that in small groups of male rainbow trout

spawning in the laboratory, dominant fish had higher plasma levels of

testosterone and 17a,20b‐dihydroxy‐4‐pregnen‐3‐one (17,20b‐P) than subor-

dinates. Similarly, in Arctic charr following 4 days of dyadic interaction in

the absence of females, dominant males showed elevated plasma levels of
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testosterone and 11‐ketotestosterone as compared to subordinate males

(Elofsson et al., 2000). In teleost fish, 11‐ketotestosterone is the dominant

androgen, whereas testosterone often occurs at high levels also in females

(Borg, 1994). In Brienomyrus brachyistius, a weakly electric fish of the family

Mormyridae, males becoming dominant show an increase in the duration of

pulsatile electric organ discharges, along with an increase in plasma levels

of 11‐ketotestosterone but not testosterone (Carlson et al., 2000). In male

Tilapia zilli, on the other hand, dyadic interactions had no eVects on plasma

levels of either testosterone or 11‐ketotestosterone (Neat and Mayer, 1999).

Thus, the eVect of social interaction on plasma androgen levels may vary

depending on species. Other factors that may aVect plasma androgen levels

in socially interacting males are the intensity of the social stress experienced

by subordinate fish and the access of subordinate males to female sexual

cues. In the field, the greater complexity of the natural environment could

reduce stress in subordinates by providing refuges and opportunities for

escape. Moreover, the more complex natural environment would make it

diYcult for dominants to exclude subordinate males completely from female

sexual cues (Cardwell et al., 1996).

In general, elevated plasma levels of androgens have been associated with

aggression. However, a stimulatory role of androgens on aggressive behav-

iour has been questioned (Monaghan and Glickman, 1992) and it is often

not clear if diVerences in plasma androgen levels between dominant and

subordinate males are the cause or the consequence of a specific social

position. In the study by Cardwell et al. (1996), elevated 11‐ketotestosterone
levels in dominant rainbow trout males appeared to be a result and not a

cause of social dominance, because plasma levels of 11‐ketotestosterone
increased in subordinate males that became dominant after the dominant

males were experimentally removed. Moreover, in the cichlid fish Oreochro-

mis mossambicus, there was a strong correlation between androgen levels

(both testosterone and 11‐ketotestosterone) measured after group formation

and the social status acquired, but no correlation between androgen levels

(both testosterone and 11‐ketotestosterone) measured prior to group for-

mation and the status subsequently achieved (Oliveira et al., 1996). This

further supports the suggestion that diVerences in androgen levels are the

consequence and not the cause of a specific social position.

Hannes (1986) reported that there was an association between aggressive

behaviour and androgen levels in dyadic interactions of swordtails, an

association that was absent in males sampled from a socially stable commu-

nity tank (Hannes, 1984). Thus, an association between androgen levels and

social status may occur only at times of social instability (Oliveira et al.,

2002). In line with this suggestion, Cardwell and Liley (1991) found

that peaks in androgen levels could be induced by experimental territorial
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intrusions in a natural population of the stoplight parrotfish (Sparisoma

viride). A recent experiment on the cichlid Oreochromis mossambicus showed

that androgen levels increased in males observing fights between other

conspecific males, whereas no increase occurred in controls. These results

indicate that androgens may act as competition hormones that respond to

the social environment, preparing the individual for competitive situations

(Oliveira et al., 2001).
4. LONGER‐TERM EFFECTS OF SOCIAL STATUS

The short‐term physiological eVects of social status have been well

documented, but long‐term physiological eVects have received less attention.

We know very little about the prolonged physiological eVects of social status
(i.e., over months to years), if indeed they occur. The examples below

illustrate long‐term diVerences in growth, life‐history strategy, and repro-

ductive function that suggest potential for long‐term changes in underlying

physiologies, but this is clearly an area that warrants future research.

Appetite suppression associated with stress‐induced anorexia (see

Secti on 3.1.3) and decreas ed nutri ent digestibi lity in sub ordinate fish ( Olsen

and Ringø, 1999) can lead to decreased growth in the short‐ and long‐term.

Whether 5‐HT and CRH systems are involved in longer‐term diVerences
in growth rates between dominants and subordinates is unclear. Growth is

one of the few indicators of physiological condition that has been measured

over long periods under both laboratory and natural conditions, and is

likely to be influenced by both physiological and behavioural factors.

Studies on growth rates in the field have yielded conflicting results. For

example, Nakano (1995) demonstrated that within groups of red‐spotted
masu salmon (Oncorhynchus masou ishikawai) living in a mountain stream,

dominant fish had higher daily growth increments. Other field studies have

found that growth is not related to social status (Martin Smith and

Armstrong, 2002; Harwood et al., 2003). Although it is likely that interrela-

tions between physiology (e.g., brain monoaminergic systems) and behav-

iour (e.g., competitive interference) are responsible for long‐term eVects of
social status on growth, the specific physiological mechanisms are yet to be

addressed.

The growth rates of juvenile salmonids can exert an important influence

on life history strategy (Thorpe, 1994). Dominant Atlantic salmon achieving

high growth rates in the first few months of life are more likely to metamor-

phose into smolts the following spring, compared to fish with lower growth

rates that stop growing and enter a period of anorexia for 4–6 months over

their first winter (Metcalfe and Thorpe, 1992; Thorpe et al., 1992). This
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phenomenon has been well documented in the laboratory and is supported

by the bimodal size distribution of Atlantic salmon found in wild popula-

tions (Heggenes and Metcalfe, 1991; Nicieza et al., 1991). A change in life

history may be an indirect eVect of social status with associated long‐term
implications for both behaviour and physiology, but it is likely to be brought

about by short‐term correlates of social status. Any physiological factor

aVecting the ability of a fish to achieve dominant status or any physiological

consequence of social status depressing growth rates has the potential to

influence subsequent life history strategy. One of the major criticisms of

many experiments documenting the physiological eVects of social stress is

the inability to demonstrate these eVects in the natural environment, as

illustrated by the varying eVects of social status on growth. Competitive

ability influences the decision of when to migrate in Atlantic salmon through

its eVects on growth (Metcalfe, 1994). Therefore, variation in salmon life

history strategy may provide a good example of how short‐term, transient

eVects of social status at crucial points in life history, perhaps only accessible

to measure in the laboratory environment, may have longer‐term eVects.
Long‐term eVects on growth rates also occur within groups of fish where

position in a dominance hierarchy is equivalent to place in line for a breeding

position. Groups of clownfish (Amphiprion percula) live within their ane-

mones and form a perfect queue for obtaining breeding positions. Each

group consists of a breeding pair and zero to four nonbreeders. Individuals

adjust their size and growth rates, and by maintaining size diVerences the

queue can remain stable and uncontested (Buston, 2004). The physiological

mechanisms that allow fish of diVerent social rank to maintain relative

size diVerences have not been investigated. However, it appears likely that

socially‐mediated changes in growth rates over long periods of time are

underpinned by physiological systems; one candidate is brain monoamines,

as demonstrated by short‐term eVects on appetite suppression. In the

African cichlid, Haplochromis burtoni, social status influences the size of

neurons containing somatostatin, a neuropeptide that inhibits the release

of growth hormone, which in turn causes reduced somatic growth in mature

territorial males. This suggests a possible mechanism responsible for socially

induced physiological plasticity allowing resources to be shifted between

growth and reproduction (HoVmann and Fernald, 2000).

There may also be long‐term eVects of social status on reproductive

physiology. Social encounters are known to aVect reproductive hormones

in the short‐term (see Section 3.4) but the long‐term eVects of social stress on
reproduction have not been well studied. Chronic confinement stress reduces

levels of reproductive hormones (Pickering et al., 1987) and quality of

gametes (Campbell et al., 1994) in trout. Stress‐related impairment of repro-

ductive function is usually attributed to elevations of plasma cortisol;
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indeed, cortisol implantation has deleterious eVects on trout reproductive

function (Carragher et al., 1989). However, there is a large gap in our knowl-

edge as to whether social status has long‐term eVects on circulating concen-

trations of plasma cortisol, but if socially‐induced elevations in cortisol (see

Section 3.2) persist for long periods of time, then reproductive function could

be disrupted. Some evidence exists for diVerences in reproductive hormones in

relation to social status in the natural environment, where dominant male

brown trout show elevated plasma 11‐ketotestosterone levels compared to

subordinates (Cardwell et al., 1996). However, in brook trout (Salvelinus

fontinalis) sampled at the same field location, dominant and subordinate

males did not diVer in plasma levels of either 11‐ketotestosterone or testos-

terone. Additionally, socially‐mediated alterations in plasma hormones

could result in altered development of subsequent oVspring as maternal

transfer of hormones to oocytes has been documented (Schreck et al.,

1991; Hwang et al., 1992).
5. ENVIRONMENTAL FACTORS AND SOCIAL RELATIONS

Fish inhabit a dynamic environment that has profound eVects on both

their social behaviour and associated physiological consequences. The eVects
of environmental factors such as food availability, habitat complexity,

predation, chemical cues, water flow rates, and pollutants on social

behaviour are therefore a key consideration when looking at behaviour/

physiology interactions. One of the major parameters influencing the degree

of social interaction, and therefore the ensuing eVects of social stress, is the
spatial and temporal prediction of food availability. A spatially and tempo-

rally predictable food source is easy to defend and monopolise. In convict

cichlids, Cichlasoma nigrofasciatum, increasing resource predictability re-

sults in dominant fish becoming more aggressive, more sedentary, and

monopolising a greater share of the food (Grand and Grant, 1994). Under

these conditions, food consumption will generally correlate with dominance

rank and the benefits of a higher growth rate are often associated with the

dominant position. If a food source is monopolised, size diVerences occur

within a population and reduced growth becomes a physiological conse-

quence of low social status. Under these conditions, physiological eVects
of subordination such as elevated cortisol concentrations are more likely

to occur. However, a reduction in predictability of food supply (e.g., by

distributing food evenly over the water surface of a tank) can reduce or

eliminate the growth benefits of dominance (McCarthy et al., 1999).

Rearing of fish in environments of diVerent physical complexity can also

aVect competitive ability. Steelhead trout (Oncorhynchus mykiss) raised in



5. SOCIAL INTERACTIONS 177
habitat‐enriched rearing tanks socially dominated size‐matched competitors

raised in conventional bare tanks. When fish from both rearing environ-

ments were placed together in a stream tank, fish from the enriched tanks

displayed higher growth rates, suggesting a physiological advantage of

their competitive dominance (Berejikian et al., 2000). Environmental enrich-

ment promotes neural growth and proliferation in the brain (Chapter 1,

Section 5.1, Jacobs et al., 2000). Recent work on rainbow trout indicates that

conventional hatchery rearing may impair the development of brain areas

linked to aggression and feeding behaviour, such as the optic tectum and the

telencephalon (Marchetti and Newitt, 2003).

The presence of an immediate predation threat can directly influence

aggressive social behaviour; social behaviour in itself may influence suscepti-

bility to predation. A visual cue to simulate predation was used by Jakobsson

et al. (1995) to investigate the predation risk associated with fighting in

mature male Nannacara anomala. A predator model was moved towards

competing fish, and the distance between the fish and the model predator

was recorded at the point where predator detection occurred. Males held

singly or involved in paired tail‐beating contests noticed the approach of

the predator significantly earlier than males involved in mouth fighting

(Figure 5.1), demonstrating that escalating fighting behaviour incurs an

increased risk of predation. Martel and Dill (1993), using predator‐
conditioned water as a chemically‐mediated predation threat, also found a

reduced amount of aggressive behaviour performed by coho salmon, Oncor-

hynchus kisutch, towards a mirror stimulus. The clear relationship between

intensity of social encounter and short‐term physiological eVects of social

status (Øverli et al., 1999; Sloman et al., 2000b) suggests that both habitat

complexity and predation threat can potentially influence physiological

correlates of social status.

Olfactory cues can alter fish social behaviour. Many fish species preferen-

tially associate with familiar individuals, and this can aid in stabilising social

structures such as shoals and dominance hierarchies (e.g., Barber and Ruxton,

2000). Salmonid fish are able to distinguish kin from nonkin according to

olfactory cues, and aggressive interactions can be higher among nonkin

groups of both Atlantic salmon and rainbow trout (Brown and Brown,

1993). GriYths and Armstrong (2000) demonstrate that the presence of

pheromonal cues in the water can influence levels of aggression between kin

and nonkin and that recirculation of water, which is likely to concentrate

pheromones, increases aggression in dominant fish towards nonkin subordi-

nates. As well as recognising a conspecific as kin or nonkin, olfactory cues can

be used to identify a conspecific’s social status. This recognition can lead to

acceleration of the process of individual recognition and hierarchy stabilisa-

tion as seen in pairs of Nile tilapia, Oreochromis niloticus (Giaquinto and
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Volpato, 1997). In general, the specific pheromones involved in individual

recognition have not been identified, but pheromone‐induced behaviours rely

upon the physiological ability to detect pheromones by olfaction (Chapter 2)

and to process the information received (Chapter 1). Physical environmental

conditions, such as backcurrents and local water flow patterns that can carry

olfactory cues, can therefore strongly aVect social interaction.
Dominance hierarchies formed within stream and river environments are

subject to seasonal fluctuations (e.g., associated with both water speed and

depth) such as a reduction in water current speed increasing intraspecific

aggression of Arctic charr (Damsgård et al., 1997). Sloman et al. (2001b)

found a nonsignificant increase in aggression among groups of brown trout

following reduced water levels. In control groups, dominance was correlated

with higher growth rates and liver condition (a measure of both hepatoso-

matic index and glycogen content) but in groups of fish exposed to lowered

water levels the dominance/high growth association was lost, although dom-

inant fish still maintained higher liver conditions. Drought aVected the

physiological condition of the fish indirectly through its eVect on the behav-

iour and structure of the dominance hierarchy; those fish that were domi-

nant under control conditions were no longer able to successfully compete

and maintain their growth advantage. Similar results were found with

increased flow rates simulating spate conditions (Sloman et al., 2002b).

Increased flow rates may increase the necessity for swimming and asso-

ciated energy expenditure, thus reducing the amount available for competi-

tive interactions. Enforced swimming of Arctic charr at a moderate speed

can reduce aggression, although not necessarily the degree of food mono-

polisation shown by aggressive individuals (Adams et al., 1995). Swimming

ability (including fast‐start performance) of poikilotherms is reduced at

lower temperatures, potentially increasing vulnerability to homeothermic

predators (e.g., birds) during winter (Fraser et al., 1993). In addition,

switches from diurnal to nocturnal behaviour have been documented in

Atlantic salmon (Valdimarsson et al., 1997). It is possible that seasonally‐
reduced aggressive behaviour could be stimulated by an increased predation

risk. Whether physiological mechanisms are also linked to seasonal changes

in aggression in fish is not completely known, but there is some evidence in

mammals that melatonin is associated with aggression (Jasnow et al., 2002),

which could be linked in to circadian rhythms (Chapter 6).

Some studies have considered the eVects of parasites on competitive

ability. Hamilton and Poulin (1995) found no eVect of the dignean trema-

tode parasite Telogaster opithorchison on the aggression and competitive

ability of male upland bullies (Gobiomorphus breviceps). However, there is

some evidence that parasites can aVect the competitive ability of sticklebacks

(Chap ter 4, Section 3, Barber and Ruxt on, 1998 ). Anthr opogen ic alteratio ns
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of an environment can aVect the formation and maintenance of dominance

hierarchies, for example, contamination of aquatic habitats with trace metals

(Sloman et al., 2003a,b). Some trace metals (e.g., cadmium) interfere

with the olfactory ability of trout and will impair the detection of phero-

mones, altering competitive interactions and hierarchy formation (Sloman

et al., 2003a). Moreover, some of the physiological diVerences that exist

between ranks of fish as a result of their social position can influence

susceptibility to aquatic pollutants. Subordinate rainbow trout take up more

copper and silver across their gills than their dominant counterparts due

to socially ‐ media ted di V erences in ionoregul ation (Chapter 10, Sec tion 5;
Sloman et al., 2002c, 2003c).
6. GENETIC FACTORS AFFECTING SOCIAL RELATIONS

AND STRESS

Studies on animal behaviour have demonstrated that individuals diVer in
behavioural traits in much the same way as humans diVer in personality

traits, and that such behavioural diVerences between individuals (even with-

in populations) appear to be adaptive (Clark and Ehlinger, 1987; Wilson

et al., 1994; Wilson, 1998; Gosling, 2001). Some individuals, in ecological

studies often referred to as ‘‘bold,’’ are highly aggressive and approach

unfamiliar objects quickly. Such individuals are also prone to develop

routines and display very low behavioural flexibility when presented with

a challenge. In contrast, other individuals often referred to as ‘‘shy’’ or

‘‘timid’’ behave quite diVerently. They very rarely start a fight, approach

new objects with marked caution, do not develop routines, and are

much more flexible in their behaviour (Huntingford, 1976; McLeod and

Huntingford, 1994; Verbeek et al., 1994; Wilson et al., 1994).

Various behavioural and neuroendocrine studies, predominantly on ro-

dents, have stated the existence of two distinct ‘‘personality types,’’ each

associated with a set of behavioural and physiological characteristics. In

these studies, two divergent personalities usually referred to as proactive (or

active) and reactive (or passive) coping styles are recognised (Bohus et al.,

1987; Koolhaas et al., 1999, 2001). When challenged, proactive animals are

characterised in terms of their behaviour by being more aggressive, showing

higher general activity, and, in terms of their physiology, by displaying

a predominant sympathetic activation (fight/flight reaction; Bohus et al.,

1987; Koolhaas et al., 1999, 2001). On the other hand, animals with a

reactive coping style respond to the same challenge with immobility and

lack of initiative, and physiologically by a predominantly parasympathetic/

hypothalamic activation (a conservation/withdrawal reaction; Bohus et al.,



180 JÖRGEN I. JOHNSSON ET AL.
1987; Koolhaas et al., 1999, 2001). Thus, compared to proactive animals,

reactive animals show higher HPA/HPI axis reactivity and therefore a larger

increase in plasma glucocorticoid levels in response to stress (Koolhaas

et al., 1999, 2001). As discussed above, animals referred to as bold and shy

in ecological studies diVer in behavioural traits in a way resembling the

stress‐coping styles described in rodents or personality traits in humans.

However, because these studies usually do not include physiological vari-

ables, the physiological traits associated with shy and bold behavioural

profiles are not known.

Still, several studies on rainbow trout suggest the presence of diVerential
coping styles akin to those described in mammals. For instance, van Raaij

et al. (1996) observed diVerential behavioural strategies in rainbow trout

subjected to hypoxia. The behavioural strategy appeared to be highly related

to survival, because nonsurviving fish displayed strenuous avoidance behav-

iour but surviving fish remained calm. These behavioural diVerences were

associated with marked diVerences in plasma catecholamine levels, which

were four‐ to fivefold higher in the fish that panicked and showed low

survival, compared to fish that remained calm during hypoxia (van Raaij

et al., 1996). In contrast, the elevation of cortisol tended to be higher in quiet

fish (van Raaij et al., 1996).

When rainbow trout are transferred from a holding tank to visual

isolation in an experimental aquarium, it usually takes some days for the

fish to resume feeding. Øverli et al. (2004b) showed that within pairs of

rainbow trout, the fish that resumed feeding first nearly always won the

subsequent fights for social dominance. Similarly, when challenged by a

smaller conspecific intruder, rainbow trout that most rapidly resumed feed-

ing after transfer to social isolation in experimental aquaria showed shorter

attack latencies and a higher number of attacks towards the intruder than

fish that took longer to resume feeding (Schjolden et al., 2005).

Furthermore, HPI axis reactivity, as indicated by changes in plasma

cortisol concentrations in response to transfer to a novel environment,

appears to be a stable individual trait in rainbow trout. In size‐matched

pairs of rainbow trout consisting of one fish showing consistently low and

one fish showing consistently high plasma cortisol levels in response to

experience of a novel environment, the fish showing low plasma cortisol

became dominant in 10 out of 12 cases (Schjolden et al., 2005). By contrast,

in the study by Øverli et al. (2004b), there was no indication of divergent

HPI axis reactivity in fish subsequently winning or losing dyadic fights for

social dominance. However, among fish becoming dominant, confinement‐
induced changes in plasma cortisol levels were negatively correlated

with aggressive behaviour (Øverli et al., 2004a). These results suggest that
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divergent stress coping strategies akin to the proactive and reactive coping

style described in mammals may exist in rainbow trout.

Stress coping patterns of individuals appear more stable within rather than

between contexts, and part of the variation in coping patterns is probably

related to previous experiences and life history. However, at least in rodents,

diVerent stable coping strategies appear to coexist within populations, and

these strategies appear to be largely innate. In rainbow trout, HPI axis reactivi-

ty, as indicated by the elevation of plasma cortisol concentrations induced by

confinement, appears to be a heritable trait (Pottinger and Carrick, 1999).

Strains of rainbow trout, one showing consistently high plasma cortisol

levels (HR) and the other consistently low plasma cortisol levels (LR) in

response to confinement stress, have been created through selective breeding

(Pottinger and Carrick, 1999). In addition to divergent HPI axis reac-

tivity, these two strains of rainbow trout also show divergent behavioural

profiles, suggesting that they have been selected for divergent stress coping

strategies. In staged fights for social dominance in size‐matched pairs of HR

and LR rainbow trout, the LR trout became dominant in 43 out of 46 cases

(Pottinger and Carrick, 2001). Moreover, LR trout grow faster than the HR

fish when reared in mixed groups (although growth rates are similar when

reared apart), further suggesting that LR trout are more aggressive and thus

competitively superior in the highly constant and predictable hatchery envi-

ronment (T.G. Pottinger, unpublished observation). Thus, the hatchery

environment may select for an aggressive LR‐like strategy. When transferred

to social isolation, LR trout resume feeding faster than HR trout (Øverli

et al., 2002b). Moreover, Øverli et al. (2001) reported that brain 5‐HT

turnover is higher in LR fish than in HR trout. Together, these results

suggest that LR and HR trout are displaying divergent stress coping styles,

LR fish being proactive and HR fish reactive. As stated above, in rodents,

proactive animals are more aggressive, rely more on environmental cues, and

show a smaller elevation in plasma glucocorticoid levels in response to a

stressor than reactive animals (Koolhaas et al., 1999, 2001). Furthermore, as

in LR rainbow trout, proactive male rats show higher brain 5‐HT turnover

than reactive male rats (Koolhaas et al., 2001).

Thus, the concept of coping strategies seems to address a fundamental

issue in evolutionary biology that can be observed in many species. Studies

on feral populations suggest that the individual diVerentiation in coping

style may be highly functional in population dynamics, with divergent

phenotypes having diVerential fitness depending on environmental condi-

tions (Clark and Ehlinger, 1987; Wilson, 1998; Koolhaas et al., 1999,

2001). Relative fitness of divergent stress coping strategies is also likely to

be aVected by frequency‐ and density‐dependent selection.
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7. CONCLUSIONS

The aim of this Chapter was to provide insight into the complex inter-

relationships between social relations and physiology in fish, summarising

the current state of knowledge. Section 2 showed how a number of interact-

ing physiological factors influence the structure of contests and the outcome

of competition for social dominance. Section 3 went on to discuss the

complex neuroendocrinological stress response associated with alterations

of social status in hierarchical systems and the resulting behavioural eVects.
The long‐term physiological eVects of social status are less well known, but
Section 4 provided some examples of the interrelationships between social

status and fitness‐related traits such as growth rate and reproduction. Sec-

tion 5 explored how biotic and abiotic environmental variation influences

social relations and associated physiological consequences. Finally, Section

6 discussed how genetic factors (i.e., selection) can generate stress‐coping
phenotypes with distinct physiological and behavioural characteristics. Al-

though this chapter reflects considerable progress in a flourishing field of

interdisciplinary research, knowledge is still lacking in many important

areas.

First, knowledge of the central control of stress responses and social

behaviour is still very rudimentary, and the specific physiological mechan-

isms responsible for long‐term eVects of social status on growth and

reproduction are yet to be addressed. Secondly, the physiological traits

associated with behavioural profiles, such as shy or bold personality types,

are not known. Perhaps most importantly, the present knowledge is almost

exclusively based on laboratory studies in simple environments. Given the

considerable influences of environmental conditions on physiology and be-

haviour, can we really extrapolate laboratory findings to the wild? Although

growth rates have been measured in wild populations in relation

to dominance, few other physiological parameters have been considered.

To further understanding of how social behaviour interacts with physiology,

more physiological correlates must be measured in the field. Admittedly

this is diYcult to achieve with the more traditional, often terminal, labo-

ratory measures such as plasma cortisol and brain monoamines. There is

now a need to develop noninvasive or minimally invasive techniques for

measuring physiological parameters as correlates of social relations in the

natural environment (e.g., Goddard et al., 1998; Höjesjö et al., 1999). Such

development, in conjunction with continuing to further our knowledge of

laboratory‐measurable indicators of social relations, will help us to improve

our understanding of how physiology and behaviour relate during social

interactions.
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Øverli, Ø., Winberg, S., Damsgård, B., and Jobling, M. (1998). Food intake and spontaneous

swimming activity in Arctic charr (Salvelinus alpinus L.): Role of brain serotonergic activity

and social interaction. Can. J. Zool. 76, 1366–1370.

Øverli, Ø., Harris, C. A., and Winberg, S. (1999). Short‐term eVects of fights for social

dominance and the establishment of dominant‐subordinate relationships on brain mono-

amines and cortisol in rainbow trout. Brain Behav. Evol. 54, 263–275.

Øverli, Ø., Pottinger, T. G., Carrick, T. R., Øverli, E., and Winberg, S. (2001). Brain monoam-

inergic activity in rainbow trout selected for high and low stress responsiveness. Brain

Behav. Evol. 57, 214–224.

Øverli,Ø., Kotzian, S., andWinberg, S. (2002a). EVects of cortisol on aggression and locomotor

activity in rainbow trout. Horm. Behav. 42, 53–61.

Øverli, Ø., Pottinger, T. G., Carrick, T. R., Øverli, E., and Winberg, S. (2002b). DiVerences in

behaviour between rainbow trout selected for high‐ and low‐stress responsiveness. J. Exp.
Biol. 205, 391–395.

Øverli, Ø., Korzan, W. J., Larson, E. T., Winberg, S., Lepage, O., Pottinger, T. G., Renner,

K. J., and Summers, C. H. (2004a). Behavioural and neuroendocrine correlates of displaced

aggression in trout. Horm. Behav. 45, 324–329.
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1. INTRODUCTION

Circadian rhythmicity in behaviour and metabolism is a ubiquitous

phenomenon in biology, documented in such diverse species as unicellular

organisms, plants, invertebrates, and vertebrates. The reason is quite clear:

the survival of all of these organisms depends on adapting to the regular

changes of their environment, defined mostly by the 24‐hour period of

earth’s rotation relative to the sun. Importantly, the organisms can immense-

ly benefit from predicting when the day or night comes and, with it, changes

in illumination, temperature, or food availability. Anticipating these envi-

ronmental changes allows organisms to adjust all of their metabolic and

behavioural processes in advance and to do everything ‘‘on time.’’ Hence,

biological clocks have evolved, and even in the absence of any environmental
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cues they autonomously oscillate with a circadian (circa ¼ about, dia ¼ day)

period.

The intrinsic period of circadian clocks can be somewhat shorter or

longer than 24 hours and can be adjusted (reset) to the environment by

gradually shifting the oscillation phase until it coincides with the environ-

mental cycle and then stabilises (entrains). Such entrainment can be induced

by diVerent environmental cues, called zeitgebers (‘‘time givers’’) or synchro-

nisers. Light appears to be the strongest of these synchronisers and, as a

result, a large amount of data characterising light‐dependent intrinsic oscil-
lations has been collected over the years. In addition, other critical environ-

mental parameters changing daily or annually (such as environmental

temperature, food availability, and predation risk) can also aVect the phase
of intrinsic clocks and, in some species, may even play a more important role

than light.

Conceivably, every cell in the body can contain an intrinsic clock mecha-

nism. Although some cells may initiate oscillations only in response to

specific internal or external factors, others constantly express this function.

The continuously oscillating cells and structures specialising in providing

circadian signals to the entire organism are called central oscillators. The

most renowned of them is the suprachiasmatic nucleus (SCN) of the hypo-

thalamus in mammals, a neuronal structure defining the majority (if not all)

of the circadian rhythms in this group The autonomous oscillations dis-

played by peripheral cells and tissues may remain independent or can syn-

chronise with each other and with the central oscillators, organising complex

networks and aVecting multiple physiological functions in a species‐specific
manner.

The circadian system of fish follows the same general design as in other

vertebrates and invertebrates; they show circadian rhythms of activity, food

intake, and some physiological parameters (Table 6.1). The existence of an

elaborate network of coexisting or competing central and peripheral circadi-

an oscillators and a large number of circadian clock genes in fish, when

compared to other vertebrates, may explain some specific characteristics

such as instability in their circadian rhythms, spontaneous shifts between

diurnal and nocturnal activity, and dramatic seasonal changes in activity

patterns.

A principal circadian hormone, melatonin, and melatonin‐producing
organs, the pineal gland and retina, also play a central role in the circadian

rhythms of fish and their entrainment to changing environments. Rest in fish

is under both circadian and homeostatic control, showing distinct beha-

vioural and pharmacological features of sleep. A sleeplike state can be

induced in fish by diVerent hypnotic agents and melatonin, further suggesting

that rest in fish is analogous to sleep in higher vertebrates.



Table 6.1

Self‐Sustained Circadian Rhythms (and Attempts to Find Such) in Fishes

Parameter

Common name

(or family) Latin name

Lighting

and tau Reference Comment

Body colour

change

Mummichog Fundulus

heteroclitus

LL and dimLL:

22.5–26.5 h

Kavaliers and

Abbott, 1977

Hypophysectomy

abolishes Rhythm

Cell proliferation

in retina

(Cichlid) Haplochromis

burtoni

DD: ca. 24 h Chiu et al., 1995

Demand‐feeding European sea bass Dicentrarchus

labrax

LL: 21.3–26 h Boujard et al.,

2000

Groups of 50 fish

European sea bass Dicentrarchus

labrax

LD 40:40 min:

22.5–24.5 h

Sánchez‐Vázquez
et al., 1995a

Singles and groups

of four

European sea bass Dicentrarchus

labrax

DD: no rhythm

detected

Sánchez‐Vázquez
et al., 1995b

After many days

under a restricted

feeding schedule

Rainbow trout Oncorhynchus

mykiss

LL: 24.6–26.0 h Chen and

Tabata 2002

After many days

under a restricted

feeding schedule

Rainbow trout Oncorhynchus

mykiss

LL: >24 h Sánchez‐Vázquez
et al., 2000

Pinealectomy does

not abolish rhythm

Rainbow trout

European

catfish

Oncorhynchus

mykiss

Silurus glanis

LL (trout):

23–30 h

Bolliet et al., 2001 Groups and

individuals

were tested, but

no difference

detected

DD (catfish):

20–26 h

Rainbow trout Oncorhynchus

mykiss

LL: 16–32 h Chen et al., 2002a Longer tau in groups

than in individuals

(continued )
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Demand‐feeding
(ambulatory)

Bluegill sunfish

Largemouth

bass

Lepomis

macrochirus

Micropterus

salmoides

DD: ca. 24 h Davis, 1964 Rhythm lasts for

only 2 days

after a restricted

feeding schedule

Electric

discharge

(Gymnotid) Gymnorhamphi‐
chthys

hypostomus

DD and LL:

23.5–25.4 h

Schwassmann,

1971

Well‐defined rhythm;

also a review of

the older literature

Locomotion,

demand‐
feeding

Goldfish Carassius

auratus

DD: 22.2–27.5 h Sánchez‐Vázquez
et al., 1996

Rhythms lacked

constancy and

damped out

within a few days

LD 45:45 min:

23.0–24.8 h

Brown

bullhead

Ictalurus

nebulosus

LD 45:15 min:

21.5–23.8 h

Eriksson and

Van Veen, 1980

No rhythm found in

DD, LL, or dimLL

Rainbow

trout

Oncorhynchus

mykiss

LD 45:45 min:

21.9 h (feeding)

Sánchez‐Vázquez
and Tabata, 1998

More fish expressed

rhythm under

LL than LD 45:

45 min or dimLL

LL: 26.2 h

(feeding) and

25.8 h

(locomotion)

Locomotion American shad

(Characin)

Alosa

sapidissima

dimLL: no rhythm

found

Katz, 1978

Anoptichthys

jordani

DD: ca. 24 h Erckens and

Weber, 1976

Cave‐living
population;

rhythm damps

out after 1–4 day

LL: ca. 24 h

Sea catfish Arius felis DD and LL: ca. 24 h Steele, 1984

Table 6.1 (continued )

Parameter

Common name

(or family) Latin name

Lighting

and tau Reference Comment
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Mexican Tetra Astyanax

mexicanus

DD: 21.9–25.9 h Erckens and

Martin, 1982a

River‐living
populationLL: ca. 24 h

Mexican tetra Astyanax

mexicanus

DD: no rhythm

found

Erckens and

Martin, 1982b

Cave‐living
population

Shanny Blennius pholis DD: 23–25 h Gibson, 1971 Only after many days

of LD in the lab

Goldfish Carassius

auratus

DD: 24.4 Iigo and

Tabata, 1996

Only half of all

individuals

were rhythmic

dimLL: 26.0

LL: 25.2 h

Goldfish Carassius

auratus

LL: >24 h Kavaliers, 1981a More stable rhythms

in groups than in

individuals

Goldfish Carassius

auratus

DD: 21.5–28.8 h Sánchez‐Vázquez
et al., 1997

Rhythm better

detected at

bottom than at

top of tank

Goldfish Carassius

auratus

DD and LL:

ca. 24 h

Spieler and

Clougherty,

1989

After many days

under a restricted

feeding schedule

White sucker Catostomus

commersoni

DD: <24 h Kavaliers, 1981b Long‐lasting rhythm

White sucker Catostomus

commersoni

DD: 22.4–23.5 h

(single) and

24.6–26.0

(groups of 25)

Kavaliers, 1980a Better defined rhythm

in groups of 25

than in individuals

Herring Clupea

harengus

DD: ca. 24 h Stickney, 1972 Rhythm damps

out after 2 days

Lake chub Couesius

plumbeus

DD: 24.8–28.1 h Kavaliers and

Ross, 1981

Seasonal variation

in tau

Lake chub Couesius

plumbeus

DD: 24.8–28.1 h Kavaliers, 1978 Seasonal variation

in tau

Lake chub Couesius

plumbeus

DD: ca. 25 h Kavaliers, 1980b In both intact and

pinealectomized

individuals

(continued )
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Lake chub Couesius

plumbeus

DD: 24.6–26.9 h Kavaliers, 1979 In both intact and

pinealectomized

individuals

Lake chub Couesius

plumbeus

DD: >24 h Kavaliers, 1980c In both intact and

pinealectomized

individuals

Zebrafish Danio rerio DD: many averages,

all >24 h

Hurd and

Cahill, 2002

Larvae

Inshore hagfish Eptatetrus

burgeri

DD: <24 h Kabasawa and

Ooka‐Souda, 1989
Well defined and

long‐lasting rhythm

Inshore hagfish Eptatretus

burgeri

DD: 22.8–25.1 h Ooka‐Souda and

Kabasawa, 1995

Well defined and

long‐lasting
rhythm; phase‐
response curve

to light

Inshore hagfish Eptatretus

burgeri

DD: 23.0–24.7 h Ooka‐Souda
et al., 1985

Nice transient cycles

after LD shift

Northern pike Esox lucius DD: 24 h Beauchamp

et al., 1993

Actograms

not shownLL: 25.25 h

Mummichog Fundulus

heteroclitus

LL: >24 h Kavaliers, 1980d Better defined

rhythm in groups

of 25 than in

groups of 5 or

in individuals

DD: >24 h

Yellow wrasse Halichoeres

chrysus

dimLL: 24.2 h

on average

Gerkema

et al., 2000

16 tested individually;

well defined

rhythms;

phase‐response
curve to light

Table 6.1 (continued )
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Common name

(or family) Latin name

Lighting

and tau Reference Comment
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(Wrasse) Halichoeres

tenuispinnis

DD: 23.6–24.3 h Nishi, 1989 Well defined rhythm

LL: 23.5–23.7 h

Horn shark Heterodontus

francisci

DD and LL: no

rhythm for

horn shark

Nelson and

Johnson, 1970

Only one individual

tested; relation

between presence

of sleep and

of rhythm

Swell shark

Cephaloscyllium

ventriosum

DD and LL: 23.4 h

and 24.4 h for

swell shark

Stinging catfish Heteropneustes

fossilis

DD: <24 h Garg and

Sundararaj, 1986

Pinealectomy

abolishes rhythm

Rosy tetra Hyphessobrycon

rosaceus

LL: no rhythm Thinès, 1967 Groups of 12 fish;

two cycles onlyDD: ca. 24 h

Channel catfish Ictalurus

punctatus

DD and LL: no

rhythm found

Goudie et al.,

1983

Arctic lamprey Lampetra

japonica

DD: 20.0–23.5 h Morita et al.,

1992

Pinealectomy

abolishes rhythm

Burbot Lota lota DD: 21.2–23.5 h Kavaliers,

1980e

Seasonal variation

in tau; well

defined and

long‐lasting
rhythms

Oriental

weatherfish

Misgurnus

anguillicaudatus

DD: 22.0–28.2 h Naruse and

Oishi, 1994

No more than 50%

of fish showed

rhythm

(River loach) Nemacheilus

evezardi

DD: ca. 24 h Pati, 2001 In both cave‐dwelling
and surface‐
dwelling

populations

(River loach) Noemacheilus

barbatulus

dimLL: ca. 24 h Burdeyron and

Buisson, 1982

Groups of 9 fish;

individuals are

arhythmic

(continued )
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Pink salmon Oncorhynchus

gorbuscha

LL: 20.9–26.4 h Godin, 1981 Juveniles; only half

the fish were

rhythmic

dimLL: 20.0–35.6 h

Sea lamprey Petromyzon

marinus

dimLL: ca. 23 h Kleerekoper

et al., 1961

Only one individual

European

minnow

Phoxinus phoxinus LL: no rhythm

found

Harden Jones,

1956

Bluefish Pomatomus

saltatrix

dimLL: ca. 24 h Olla and

Studholme, 1972

One group of 6 fish

(Bagrid catfish) Pseudobagrus

aurantiacus

DD and LL:

no rhythm found

Mashiko, 1979

Longnose dace Rhinichthys

cataractae

DD: 21.6–23.6

on average

Kavaliers, 1981c Seasonal variation

in tau

Amur catfish Silurus asotus DD: 22.5–27.3 h Tabata et al.,

1989LL: 20.1–27.0 h

LD 45:15 min:

20.9–27.5 h

Amur catfish Silurus asotus DD: 24.3–26.2 h Tabata et al.,

1991

Neither pinealectomy

nor blinding

abolish rhythm

LL: 21.2–25.6 h

dimLL: 25.9–26.3 h

Slender wrasse Suezichthys

gracilis

LL: depends on

species, but

generally <24h

Nishi, 1990 Well‐defined rhythm

Cleaner wrasse

Table 6.1 (continued )
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Threadfin

wrasse

Thalassoma

cupido

DD: activity often

suppressed

Labroides

dimidiatus

Cirrhilabrus

temminckii

Slender wrasse Suezichthys

gracilis

LL: >24 h Nishi, 1991 In Japanese with

English

summary; rhythm

dependent on

presence of

refuge (sand)

DD: activity

suppressed

(Heptapterid) Taunayia sp. DD: no rhythm

found

Trajano and

Menna‐Barreto,
2000

Cave‐living

Tench Tinca tinca LD 40:40 min:

20.8–28.6 h

Herrero et al., 2003 Rhythm detected in

only half the fish

DD: 21.0–26.4 h

Dark chub Zacco

temmincki

DD: 23.9 h Minh‐Nyo

et al., 1991dimLL: 26.1 h

Viviparous

blenny

Zoarces

viviparus

DD: ca. 24 h Cummings and

Morgan, 2001

Mixed with a stronger

circatidal rhythm

Bluegill sunfish Lepomis

macrochirus

DD: ca. 24 h Reynolds and

Casterlin, 1976a

Scant details of

methods and results

Largemouth

bass

Micropterus

salmoides

LL: ca. 24 h Reynolds and

Casterlin, 1976b

Scant details

of methods

and results

Atlantic salmon Salmo salar DD: 23.5–24.2 h Richardson and

McCleave, 1974

Only 5 out of 30

individuals were

rhythmic in DD

LL: no rhythm found

Locomotion,

oxygen

consumption

Lemon shark Negaprion

brevirostris

Dim LL: ca. 24 h Nixon and

Gruber, 1988

One individual tested

(continued )

2
0
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Oxygen

consumption

Nile tilapia Oreochromis

niloticus

LL: ca. 24 h Ross and

McKinney,

1988

DD: ca. 24 h

River puVer fish Takifugu

obscurus

DD: 22.7–24.8 h Kim et al., 1997 In singles as well

as in groups

Parental

behaviour

Convict cichlid Cichlasoma

nigrofasciatum

DD: ca. 24 h Reebs and Colgan,

1991

Rhythm only 2

cycles longRainbow cichlid

Herotilapia

multispinosa

Threespine

stickleback

Gasterosteus

aculeatus

LL: no rhythm found Sevenster

et al., 1995

Also no rhythm of

self‐selection
of light

Response

to light

Lake chub Couesius

plumbeus

DD: ca. 24 h Kavaliers, 1981d In blind and

pinealectomized

individuals

Self‐selection
of light

Pumpkinseed

sunfish

Lepomis

gibbosus

Self‐selected: no
rhythm found

Colgan, 1975

(River loach) Nemacheilus

evezardi

Self‐selected: only
one cycle measured

Pradhan

et al., 1989

Tested in groups

of 16 fish

Melatonin

production

Northern pike Esox lucius DD: 24–27 h Bolliet et al.,

1997

Pineal cell culture

Ayu Plecoglossus

altivelis

DD: averages

25.7–26.1 h

Iigo et al.,

2003a

Pineal organ

culture

Ayu Plecoglossus

altivelis

DD: 26.1 h Iigo et al, 2004 Pineal organ

culture

Many of these rhythms lasted no longer than 10 days. Many were also hard to distinguish visually on actograms and required periodogram

analysis for detection.

Tau, period of free‐run; DD, constant darkness; LL, constant light; LD, light–dark cycle.

Table 6.1 (continued )

Parameter

Common name

(or family) Latin name

Lighting

and tau Reference Comment
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Remarkable intra‐ and interspecies variability in the design and function

of the circadian systems in fish (Table 6.1) add challenge to the study of

their circadian rhythmicity, but also could provide unique insights into the

general mechanisms of biological timekeeping in vertebrates.

2. CIRCADIAN CLOCK GENES

The discovery in insects and mammals of a network of circadian clock

genes and the proteins they encode, with a possibility to study them in vivo

and in vitro, provided a remarkable breakthrough in our understanding of

the circadian system and its development. Some of these genes define intrin-

sic circadian oscillations, whereas others influence the distribution of the

circadian message. The genetic regulation of circadian rhythm generation in

fish appears to be similar to the general scheme described in Drosophila and

in mice (Dunlap, 1999). It is based on a self‐sustaining transcriptional–

translational feedback loop, in which the expression of the clock genes is

periodically suppressed by their protein products. The oscillation involves

heterodimerisation of CLOCK and BMAL proteins, members of the basic

helix‐loop‐helix PAS superfamily of transcription factors, which bind to the

E‐box DNA motif. This complex activates expression of the circadian clock

genes Period (Per) and Cryptochrome (Cry). Then, PER and CRY proteins

form complexes that enter into the nucleus and repress the CLOCK‐BMAL

dependent transcription of their own genes, thereby generating approxi-

mately a 24‐hour period molecular oscillator (see Okamura, 2003 for a

review). This loop also controls the rhythmic expression of the repressor

REV‐ERBa, which is required for rhythmic Bmal1 transcription. Such a

second loop appears to promote an overall robustness of the circadian

oscillator. The negative feedback loop, reinforced by a positive transcrip-

tional loop, can be reset by external time cues (predominantly a light–dark

cycle) synchronising the intrinsic processes with the periodically changing

environment (Glossop et al., 1999).

Our knowledge of the molecular mechanisms of the fish circadian system

is based mainly on studies conducted in zebrafish (Cahill, 2002). A distinct

feature of the zebrafish circadian system is a large number of circadian clock

genes, although all of them appear to be homologs of the circadian clock

genes known in other species. This phenomenon is likely to stem from whole

or partial genome duplication in some teleosts (Postlethwait et al., 1998;

Leggatt and Iwama, 2003; Le Comber and Smith, 2004).

So far, three zebrafish Clock genes (zfClock1, 2, and 3) and three Bmal

genes (Bmal1, 2, and 3) have been cloned (Whitmore et al., 1998; Ishikawa

et al., 2002). In mammals, Clock expression does not oscillate but Bmal



208 IRINA V. ZHDANOVA AND STÉPHAN G. REEBS
expression does (Oishi et al., 1998; Shearman et al., 2000). In contrast, in

zebrafish, all of the Clock and Bmal genes show robust rhythmic expression

under a light–dark cycle or in constant darkness (Cermakian et al., 2000;

Ishikawa et al., 2002).

Three zebrafish Period genes are homologs of the mammalian Per1,

Per2, and Per3. At least two of them, Per2 and Per3, are expressed early

in zebrafish development. Their diVerential spatiotemporal expression sug-

gests that they play distinct roles in the establishment of the embryonic

circadian system (Delaunay et al., 2000, 2003).

Zebrafish have six Cry genes (zCry1a, 1b, 2a, 2b, 3, and 4) (Kobayashi

et al., 2000). Four of them (zCry1a, 1b, 2a, 2b) have high sequence similarity

to mammalian Cry genes. They are rhythmically expressed in the retina,

pineal, brain, and other zebrafish tissues and their products can inhibit

CLOCK‐BMAL mediated transcription. zCry3 and zCry4 have higher se-

quence similarity to the Drosophila Cry gene and their protein products do

not aVect CLOCK‐BMAL mediated transcription.

Further studies in other fish species would substantiate the data collected

in zebrafish and help determine the basis for interspecies variability in

circadian rhythms and the circadian plasticity exhibited by these vertebrates.

3. ENTRAINMENT TO LIGHT

Three major properties of a light‐dependent circadian system include

photoreception, intrinsic oscillation, and ability to communicate circadian

phase information to the local environment (to peripheral oscillators, for

example). Apparently, such a ‘‘trio’’ can be present within one cell because

unicellular organisms can show robust intrinsic circadian rhythms. More-

over, all these properties are retained by specialised photosensitive cells in

phylogenetically advanced species. Both retinal photoreceptors and photo-

sensitive cells of the pineal gland contain circadian clocks and secrete melato-

nin, a bioamine that can convey circadian messages either to the nearby

surroundings (retinal melatonin) or to the entire organism (pineal melatonin).

Furthermore, it has recently been shown that multiple tissues in verte-

brates, including peripheral ones, can directly detect light and entrain to it,

and can express circadian clock genes (Whitmore et al., 2000). This suggests

that cell‐autonomous circadian oscillation modulated by environmental

light is a more widespread phenomenon than previously thought.

It is also becoming increasingly clear that the circadian system does not

rely only on the cone‐ or rod‐based opsins, although they are likely to play

some role in light entrainment. Several new photopigments have been iden-

tified in fish retinas, pineal glands, brain and peripheral tissues (see Foster
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et al., 2003 for a review). Such photopigments include three isoforms of

vertebrate‐ancient (VA) opsin (Soni and Foster, 1997; Soni et al., 1998;

Kojima et al., 2000; Moutsaki et al., 2000; Minamoto and Shimizu, 2002;

Jenkins et al., 2003), melanopsin (Bellingham et al., 2002; Jenkins et al.,

2003; Drivenes et al., 2003), cryptochromes (Kobayashi et al., 2000; Cerma-

kian and Sassone‐Corsi, 2002), and tmt‐opsin (Moutsaki et al., 2003). These

molecules became candidates for a putative ‘‘circadian photoreceptor.’’ It

remains to be elucidated which of them play critical roles in circadian

systems. So far, it appears that several rather than one photopigment might

be involved in photic entrainment.

3.1. Centralised Circadian Oscillators

In fish, the existence of a centralised neuronal central clock structure,

analogous to the mammalian SCN, has not yet been documented. However,

another evolutionary conserved circadian structure, the pineal gland (epiph-

ysis cerebri) plays an important role in fish circadian rhythmicity via its

strictly periodic secretion of melatonin. Melatonin is also produced by the

retina, providing a local paracrine signal. Analysis of the temporal para-

meters of melatonin secretion by the pineal gland and retina and their role

in diVerent physiological functions allows interesting comparisons between

the centralised and peripheral circadian clocks.

The pineal gland is one of the first brain structures to develop in fish. For

example, in zebrafish, the pineal gland develops by 19 hours postfertilisation

and, almost immediately, becomes responsive to light and starts secreting

melatonin (Kazimi and Cahill, 1999; Danilova et al., 2004). If the embryos

are exposed to a light–dark cycle during these early stages of development,

their pineal glands secrete melatonin in a distinct circadian pattern, persist-

ing after the embryos are moved to constant conditions. However, if the

embryos are kept in constant darkness from the start, the circadian rhythm

of melatonin production does not develop and melatonin is secreted contin-

uously at a relatively low level (Kazimi and Cahill, 1999). Thus, the pineal

gland in zebrafish has intrinsic circadian oscillators but these may need to be

‘‘turned on’’ by the environmental light–dark cycle.

Fish show a surprising variety of tissue‐specific circadian adaptations,

which are well reflected in peculiarities of melatonin secretion and function.

This might be explained by fish having more genes for encoding the same or

similar proteins than mammals or birds, presumably due to a duplication of

the teleost genome early in the course of evolution. For example, as opposed

to mammals having one gene that encodes a limiting melatonin‐synthesising
enzyme, arylalkylamine‐N‐acetyltransferase (AANAT), fish have at least two

of them (Begay et al., 1998; Mizusawa et al., 1998, 2000; Coon et al., 1999;
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Benyassi et al., 2000). Similarly, mammals appear to have two genes for

melatonin receptor proteins, but zebrafish have at least five of them (Reppert

et al., 1995). Such an abundance of proteins with similar functions may be at

the root of the high functional and tissue specialisation shown by fish,

resulting in more complex and often unpredictable patterns of circadian

adaptations in cells and organs of diVerent fish species.

In the vast majority of vertebrates, including mammals, the pineal gland

and the retina secrete melatonin only at night, and in both structures

melatonin synthesis is inhibited by bright light. This is not necessarily true

in fish, at least for the retina.

Pineal glands in teleosts (e.g., zebrafish and pike) are directly photosen-

sitive and contain intrinsic circadian clocks. Similarly to mammalian pineals,

they secrete melatonin exclusively at night under a light–dark cycle, or

exclusively during what would be nighttime (subjective night) under con-

stant darkness. Pinealectomy can significantly disrupt circadian rhythmicity

in these fish (as has been reported in white suckers, burbot, and catfish),

presumably because their pineal glands serve as central circadian clocks

(Kavaliers, 1980e; Garg and Sundararaj, 1986).

In contrast, the pineal glands of salmonids, though photosensitive, lack

an intrinsic circadian oscillator (Gern and Greenhouse, 1988; Max and

Menaker, 1992; Iigo et al., 1997a; Falcon, 1999). In the absence of an

SCN‐like ‘‘master’’ clock or an intrinsic clock in the pineal gland, melatonin

production in these species is under exclusive light control, occurring at any

dark period, whether it is during their subjective day or at night (Masuda

et al., 2003). Consequently, pinealectomy does not dramatically alter their

circadian rhythmicity, as shown by studies conducted in trout (Sánchez‐
Vázquez et al., 2000).

Even more remarkable are the diVerences between melatonin rhythms

in fish retinas. In some fish (e.g., sea bass, trout, or pike), the retina produces

melatonin during the day, contrary to the ‘‘rule.’’ In these species, nighttime

light pulses stimulate retinal melatonin production and at the same time

inhibit melatonin secretion by the pineal gland (Zachmann et al., 1992; Iigo

et al., 1997b; Garcia‐Allegue et al., 2001; Falcon et al., 2003). Studies in

European sea bass show other diVerences in the pineal‐retinal relationship;
for example, stable circadian rhythms of nighttime pineal melatonin pro-

duction can be associated with seasonally‐adjustable retinal melatonin syn-

thesis (Garcia‐Allegue et al., 2001) and alterations in retinal melatonin

production can attenuate the pineal secretory activity, despite independent

photosensitivity in this species (Bayarri et al., 2003). Such remarkable varia-

bility in melatonin rhythms underscores the overall plasticity of the fish

circadian system reflected in circadian patterns of behaviour, as discussed

in detail below.
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3.2. Peripheral Circadian Oscillators

Along with centralised clock structures, such as the pineal gland, fish

have multiple peripheral oscillators in a variety of tissues, if not in all of

them. This has been shown by documenting periodic expression of zebrafish

circadian clock genes in isolated tissues, such as the heart or the kidney

(Whitmore et al., 1998). Importantly, these peripheral tissue pacemakers, at

least in zebrafish, are responsive to light and thus can be reset and entrained

independently of the central circadian structures or photic input via the

retina (Whitmore et al., 2000). In addition, the peripheral clocks appear to

be able to entrain to other zeitgebers, such as feeding time (Tamai et al.,

2003).

Central and peripheral oscillators can retain a similar circadian phase or

be out of phase with one another by up to 12 hours. However, peripheral

oscillators are likely to have a high degree of independence from central

circadian signals, because there appears to be no time lag between pace-

makers in the brain and the periphery in responding to a zeitgeber. Such a

time lag would be expected in hierarchical structures that feature a leading

‘‘master’’ clock (Figure 6.1).

A complex network of coexisting central and peripheral clocks, coordi-

nated to maintain physiological integrity, poses an interesting and challeng-

ing system to decipher. Depending on environmental or internal processes,

the relative contribution of centralised circadian signals (such as circulating

melatonin) and local clocks in peripheral organs can probably vary. More-

over, some oscillators may stay dormant, allowing a central oscillator to

define the major rhythm, until the central clock activity is altered or special

events ‘‘wake up’’ the local clocks.

3.3. Melatonin: Functional Significance

Conveying a circadian message to the immediate surrounding or to far‐
away structures and organs requires some delivery mechanisms. Presumably,

there are multiple mechanisms, both neuronal and hormonal, that allow

central clocks to achieve this. However, we still know very little about those

pathways, with the exception of one of them involving the bioamine melato-

nin. Documenting changes in melatonin secretion proved to be an excellent

way to monitor circadian phase and its changes. Similarly, studying the

eVects of increased or reduced melatonin levels during certain hours of

the day provided important data on some of the physiological eVects
of the circadian clock (for a review, see Zhdanova and Tucci, 2003).

Melatonin produced by the pineal gland and melatonin produced by

the retina have diVerent physiological roles. The pineal gland provides its



Fig. 6.1. Circadian oscillation in Clock gene transcript levels in a variety of tissues dissected

from zebrafish maintained on 14:10 light‐dark cycle (LD). (A) Clock oscillations in cultured

zebrafish kidneys in constant darkness over a 5‐day period. (B) Re‐entrainment of cultured

hearts placed on alternate light/dark cycles for 5 days. Hearts were dissected from an identical

group of fish, and then placed onto out‐of‐phase light/dark cycles in ‘‘side‐by‐side’’ incubators,
illuminated with a fiber‐optic light source. Note that hearts in the DL reversed cycle re‐entrain
after only 1 day in the new lighting regime. (C) Clock oscillations in a zebrafish cell line when

placed on a light‐dark cycle. *Increased Clock expression. ZT time, ‘‘zeitgeber time,’’ with ZT0

corresponding to lights on time; OD values, optical density measurements of Clock gene

expression from (A). (Adapted from Tamai et al., 2003.)
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hormonal circadian signal to the entire organism, whereas the retina utilises

its melatonin mostly for local, paracrine functions. In fish, this is further

highlighted by the existence of two forms of the key enzyme for melatonin

synthesis and diVerential expression of the genes encoding them in the

pineal gland (AANAT 2) and retina (AANAT 1) (Benyassi et al., 2000). This

way, not only the physiological functions but also the timing of melatonin

production by these organs may diVer, as mentioned above.

In the retina, the circadian or light‐dependent fluctuations in retinal

dopamine and melatonin production define some of the critical light–dark

adaptations in this major photoreceptive organ. For example, under a light–

dark cycle or in constant darkness, dopamine release from isolated fish

retina has a circadian pattern, being high during subjective day and low

during subjective night (Li and Dowling, 2000). This daily fluctuation in

retinal dopamine enables light adaptation in advance of the actual changes

in illumination and can aVect light sensitivity. Melatonin, acting via its

specific receptors, defines this daily fluctuation in retinal dopamine levels,

attenuating nighttime dopamine release (Figure 6.2), activating rod input

and decreasing cone input through dopamine‐mediated D2‐like receptor

activation (Ribelayga et al., 2004).

The multiple physiological roles of daily variations in circulating mela-

tonin and in the aYnity of melatonin receptors from diVerent tissues are

only starting to emerge in all of their variety and complexity. Because, in

the majority of fish species as well as other vertebrates, melatonin is

secreted only at night and is suppressed by bright light, the duration of

photoperiod is inversely related to the duration of melatonin production.

While providing a circadian signal to multiple tissues and organs, melatonin

aVects such diverse processes as reproduction, locomotor activity, feeding,

or sleep in fish.

Mating and spawning exhibit daily and seasonal variations, promoting

oVspring survival. Increased melatonin production, associated with short

photoperiods, can significantly aVect reproduction in fish (Zachmann et al.,

1992). In male sea bass, daily rhythms of pituitary LH positively correlate

with the duration of melatonin production, and its daily rhythm of storage

and release is altered by nighttime light exposure, which suppresses melato-

nin synthesis (Bayarri et al., 2004). In masu salmon, a short photoperiod is

known to stimulate gonadal maturation via activation of the brain‐pituitary‐
gonadal axis. Melatonin treatment administered during long photoperiods,

in such a way as to simulate melatonin profile during a short photoperiod,

accelerates testicular development in this fish (Amano et al., 2000). However,

it is important to appreciate that these eVects of melatonin depend on the



Fig. 6.2. The retinal clock uses melatonin to control the circadian release of dopamine. Isolated

retinae were maintained for 56 hours in total darkness and constant temperature in a culture

medium containing no drugs, melatonin (1 nM), or luzindole (1 mM). (A) Continuous applica-

tion of melatonin (filled squares) abolished the rhythm of dopamine release by decreasing
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maintenance of its normal circadian pattern. Increasing melatonin to supra-

physiological levels and keeping them high throughout the day not only

abolishes melatonin’s promoting eVect on reproduction but also lowers

the gonadosomatic index and plasma testosterone levels in fish (Amano

et al., 2004).

The role of melatonin in fish locomotor activity and sleep has been

studied in zebrafish (Zhdanova et al., 2001). Similar to diurnal primates

(Zhdanova et al., 2002), melatonin treatment attenuates locomotor activity

in this diurnal fish and induces a sleeplike state. This sleep‐promoting eVect
of the hormone is mediated via specific melatonin receptors because melato-

nin receptor antagonists attenuate or block its eVects (Figure 6.3). The

location of the structures responsible for this eVect of melatonin remains

unknown.

Interestingly, melatonin administration has also been reported to influ-

ence food intake and diet selection in fish. In goldfish, intraperitoneal

injection of melatonin inhibited food intake, whereas melatonin adminis-

tration into the cerebral ventricles did not produce such eVect (Pinillos

et al., 2001). Similarly, oral administration of melatonin inhibited total food

intake and reduced carbohydrate intake in sea bass (Rubio et al., 2004).

Knowledge of specific sites of melatonin actions in fish is critical for

understanding its functions. Circadian patterns of melatonin production can

be complemented by circadian variations in melatonin receptor density or

aYnity. In the goldfish brain, for example, a circadian variation in melatonin

receptor (binding site) density has been documented under both entrained

and constant conditions (i.e., under a light–dark cycle and in constant

darkness), whereas the receptor aYnity to its ligand remained stable (Iigo

et al., 2003b; Figure 6.4). It is not yet known whether other fish also exhibit

daily or seasonal variations in melatonin receptor density or melatonin

receptor aYnity, and whether such variations might be coordinated in

diVerent tissues.
Further studies are needed to establish whether other circadian phenom-

ena in fish—such as histamine levels in goldfish brain (Burns et al., 2003),

steroid levels in Japanese char (Yamada et al., 2002), or electric discharges in

gymnotid electric fish (Deng and Tseng, 2000)—are also under the control of

melatonin production.
daytime levels to the nighttime values. (B) Continuous application of the selective melatonin

receptor antagonist luzindole (filled circles) abolished the rhythm of dopamine release by

increasing the nighttime values to the daytime levels. Each data point represents mean values

�S.E.M. for 5 independent retinae. Open circles represent a positive control performed at the

same time, but with no test drugs added. Hatched and filled bars indicate the subjective day and

night, respectively. (Adapted from Ribelayga et al., 2004.)



Fig. 6.3. Melatonin and diazepam aVect locomotor activity in zebrafish via specific membrane

receptors. Pretreatment with the specific antagonist for melatonin receptors, luzindole, blocked

the decline in locomotor activity induced by (A) melatonin, but not by (B) diazepam or (C)

pentobarbital. Pretreatment with specific benzodiazepine receptor antagonist, flumazenil,

blocked reduction in locomotor activity following (B) diazepam, but not (A) melatonin or (C)

pentobarbital treatment. Control solutions are vehicles for each treatment used. Data are

expressed as mean � S.E.M. group changes (%) in daytime locomotor activity, measured for

2 hours after treatment, relative to basal activity. N ¼ 30 for each group. **P < 0.01. (Adapted

from Zhdanova et al., 2001.)
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4. ENTRAINMENT TO OTHER ENVIRONMENTAL CUES

In addition to the strong eVect of light, other environmental factors such

as water temperature and chemistry, food availability, social interaction, or

predation risk could be considered as potential synchronisers. So far, there

are only limited data available regarding these potentially entraining stimuli

in fish. For example, daily variations in water chemistry (most notably

oxygen content) have not been tried or reported as synchronisers of fish

rhythms, at least to our knowledge.

4.1. Temperature

In homeothermic animals, temperature is considered to be a much weaker

synchroniser than light. However, in poikilothermic vertebrates, ambient tem-

perature can greatly influence metabolism and behaviour, including circadian

periodicity (Rensing and RuoV, 2002). Surprisingly, however, there seem to

be no examples of entrainment by temperature cycles in fish. Only a few

chronobiological studies in fish have mentioned temperature, the majority

analysing it in conjunction with seasonal variations (e.g., Yokota and Oishi,



Fig. 6.4. Daily variations of melatonin levels in the plasma (A) and the Kd (B) and Bmax (C)

of melatonin‐binding sites in the brain of the goldfish reared under LD 12:12. Solid and open

bars along the X‐axis represent the dark phase and the light phase, respectively. Plasma

melatonin levels and the Bmax of melatonin binding sites in the brain exhibited significant

daily variations (ANOVA, P < 0.05) with no variation in the Kd. Kd, melatonin aYnity for

its receptor in radioligand binding experiments; Bmax, receptor density. (Adapted from Iigo

et al., 2003b.)
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1992; Aranda et al., 1999a). For example, lake chubs captured in winter display

longer free‐running periods in constant darkness than individuals captured in

summer (Kavaliers, 1978; Kavaliers and Ross, 1981). The reverse relationship

is observed in burbot and longnose dace (Kavaliers, 1980e; 1981c). It is not

clear whether this reflects an endogenous circannual rhythm of circadian

periodicity or simply an aftereVect of temperature and/or photoperiod at

the time of capture. Because both photoperiod and temperature change with

seasons, it will be necessary to resort to an experimental approach to determine

the relative influence of each in seasonal variation.

When studying the eVects of temperature on circadian clocks, it is

diYcult to tell whether the eVects represent true entrainment or simply a

temperature‐dependent change in metabolism that could aVect clock out-

comes, activity, or endocrine rhythms. For example, melatonin production

can be modified by water temperature, producing a masking eVect on its

endogenous rhythm (Zachmann et al., 1992; Max and Menaker, 1992;

Iigo and Aida, 1995). Normal melatonin production by the pineal gland

typically occurs during the night (i.e., during a colder phase of the 24‐hour
cycle). On the other hand, studies on isolated pineal glands from white

sucker, lamprey, and sea bass show that low temperatures suppress melato-

nin production and attenuate its circadian rhythm (Zachmann et al., 1992;

Samejima et al., 2000; Garcia‐Allegue et al., 2001; Masuda et al., 2003).

Similarly, changes in water temperature are associated with changes in the

amplitude of fish plasma melatonin levels in vivo (Iigo and Aida, 1995;

Garcia‐Allegue et al., 2001). Because melatonin provides a centralised circa-

dian signal to all the cells of the organism, modification of this signal is one

of the ways water temperature could aVect the amplitude of circadian

responses in fish. However, the extent to which such changes in melatonin

secretion may aVect the phase of circadian clocks under normal conditions

is not yet clear.

4.2. Food Availability

When food delivery is restricted to the same time every day, fish, like

other animals, display food‐anticipatory activity (FAA) under a light–dark

cycle (e.g., Spieler and Noeske, 1984; Laguë and Reebs, 2000a,b; Aranda

et al., 2001; Chen and Purser, 2001; Chen and Tabata, 2002; for a review, see

Sánchez‐Vázquez andMadrid, 2001). Even when maintained under constant

lighting conditions, fish can rapidly synchronise their activity pattern to

restricted food availability (e.g., Davis and Bardach, 1965; Gee et al., 1994;

Naruse and Oishi, 1994).

Studies in mammals suggest the existence of a separate food‐dependent
circadian oscillator(s) because SCN lesions do not abolish FAA. Fish may
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also have such a separate entraining pathway. For example, in medaka

(Weber and Spieler, 1987) maintained under light–dark cycle and fed once

a day, a daily rhythm of agonistic behaviour was entrained to the feeding

schedule and persisted during a starvation period. In contrast, the daily

rhythms of egg laying and courtship remained entrained to the light–dark

cycle and were not aVected by the time of food availability in this species.

Similarly, trout held under constant light and a food restriction protocol

displayed both a free‐running rhythm, presumably defined by a light‐
dependent oscillator, and another one corresponding to the feeding sched-

ule (Bolliet et al., 2001). Goldfish have yielded data that suggest food

could be as strong a synchroniser as light (Aranda et al., 2001). Experiments

with goldfish and sea bass have also provided data consistent with

the existence of a food‐entrainable oscillator (Sánchez‐Vázquez et al.,

1995a,b; 1997).

Thus, light and food‐dependent oscillators could coexist and interact

with each other. Their relative power may vary between diVerent fish species

and this might depend on the habitual diurnal‐nocturnal activity patterns

and feeding habits. In a diurnally active trout, relying on its visual system to

find food, light is a stronger zeitgeber; however, in a nocturnally active

catfish, which uses its barbells to detect food, food availability has been

shown to be a better entraining factor (Bolliet et al., 2001).

It is also possible, however, to envision a circadian mechanism that

would allow FAA based only on a light‐entrainable oscillator. In such a

model, the animal could store in memory a representation of the circadian

phase at which meals are delivered. When clock time approaches the marked

phase on a light‐entrained oscillator, FAA would take place. Reebs and

Laguë (2000) obtained some evidence for such a mechanism in golden

shiners: FAA in trained fish disappeared when the light–dark cycle was

removed, but persisted for a few days when the daily meals were withheld.

Their results, however, could not eliminate the possibility of a food‐entrain-
able oscillator linked to the light‐entrainable one, disrupted by the damping

out of the latter when the light–dark cycle was removed.

The mechanisms involved in FAA remain unknown, as well as the

location(s) of any putative feeding‐entrainable oscillator in fish or other

animals. Perhaps multiple peripheral oscillators could be synchronised by

food intake processes and/or energy availability, providing a powerful

enough signal to entrain behavioural patterns. Interestingly, the properties

of feeding‐entrainable oscillators may depend more on meal size than

on the amount of dietary energy supplied, suggesting that part of the

FAA mechanism might involve gut distension (Sánchez‐Vázquez et al.,

2001).
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4.3. Social Environment

Many fish live in groups, ranging from small aggregates to shoals and

schools (see Chapter 5). Social factors might aVect the entraining properties

of diVerent synchronisers and define circadian patterns of activity and food

intake.

When tested in laboratory conditions, groups of fish typically show more

robust circadian rhythms than isolated animals, whether they are entrained

by light or by a feeding schedule. This has been documented in killifish

(Kavaliers, 1980d), white sucker (Kavaliers, 1980a), goldfish (Kavaliers,

1981a), and trout and catfish (Bolliet et al., 2001). It is diYcult to evaluate

whether these instances reflect a direct eVect of social factors on the circadi-

an oscillator of fish, or more simply a social facilitation of movement that

increases the chance of detection by the activity‐recording devices.

In golden shiners, hungry individuals can discern the FAA of conspeci-

fics and join them (Reebs and Gallant, 1997). They can also follow shoal

leaders who know where and when food is available (Reebs, 2000). This

attention to the activity of others raises the possibility that fish might display

social entrainment of circadian activity and feeding rhythms, as has already

been shown in various mammals (Bovet and Oertli, 1974; Crowley and

Bovet, 1980; Marimuthu et al., 1981). However, there have been no pub-

lished attempts thus far to rigourously demonstrate social synchronisation

of circadian activity rhythms in fish.

In an opposite vein, intraspecific competition for limited resourcesmay also

result in circadian rhythm fragmentation in fish groups. For example, trout

were found to be almost exclusively diurnalwhile individually isolated, but they

displayed both diurnal and nocturnal feeding behaviour soon after they were

put in groups (Chen et al., 2002a,b). The nocturnal feeding gradually decreased

and disappeared after about 10 days of grouphousing. This phenomenon could

be explained either by subordinate individuals initially, but not permanently,

being forced to feed at an unfavorable time (night) or by an overall initial stress

of resocialisation following isolation, which could temporarily disrupt the

circadian rhythms in fish of diVerent hierarchical ranks.
Thus, social environment per se may serve as an entraining signal but can

also disrupt entrainment to other synchronisers. High plasticity of the fish

circadian system, discussed below, may contribute to this phenomenon.

4.4. Predation Risk

Predation risk plays an important part in fishes’ lives (Chapter 3; Smith,

1997). However, there is no evidence that predatory attacks occurring daily

at the same clock time can entrain circadian rhythms. Time‐place learning
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(the ability to associate specific locations with specific daily times, a process

that is known to rely on circadian clocks for the estimation of time; see also

Chapter 1) can develop in some fish when food is used as a reward (Reebs,

1996) but not when predatory attacks are simulated (Reebs, 1999). When

threatened, fish seem to rely more on a general decrease in activity rather

than shifting the timing of activity (e.g., Pettersson et al., 2001). Given the

abundance of fish predators in nature, probably active at all times of day

and night as a whole, it may be unrealistic to expect that a mechanism could

have evolved to entrain circadian oscillators to predation risk.

5. CIRCADIAN RHYTHMS AND DEVELOPMENT

External development in fish can be successful only if all the critical

processes are provided by the egg (e.g., nutrition) or develop very early in

ontogenesis. Based on this assumption, in fish the circadian system appears

to be critical for the embryo’s adaptation.

A study of the expression of one of the circadian clock genes, Per3,

during zebrafish development showed a remarkable picture of an inherited

functional circadian clock (Delaunay et al., 2000). A circadian rhythm of

Per3 expression corresponding to that in the female was observed in un-

fertilised eggs, in the fertilised eggs prior to initiation of embryonic tran-

scription, and in the developing embryos maintained under constant light or

constant darkness. This rhythm can be entrained by light to either circadian

or ultradian (e.g., light–dark 8:8 hours) periods. It should be noted, however,

that the downstream eVect of this clock (the expression of specific proteins

under circadian regulation) seems to require embryonic development of the

pineal gland and axonal connections. These data suggest that the products

of the maternal clock gene play an important role in early fish development,

along with the newly emerging circadian structures of the embryo itself.

Early onset of melatonin secretion by fish pineal glands, which occurs

prior to hatching (Kazimi and Cahill, 1999; Roberts et al., 2003; Danilova

et al., 2004), can provide a unifying neuroendocrine circadian signal, syn-

chronising internal physiological processes with each other and with the

periodically changing environmental conditions. This embryonic melatonin

may both synchronise and potentiate development. In the zebrafish embryo,

melatonin treatment can promote the S phase of the cell cycle and accelerate

zebrafish growth and hatching via specific melatonin receptors, abundantly

expressed starting 18 hours postfertilisation (Danilova et al., 2004).

Circadian entrainment of young zebrafish larvae by light–dark cycle

synchronises and enhances the S phase in the skin, heart, and gut, with peak

levels observed around 3 hours before lights‐on time (Dekens et al., 2003).
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These data further suggest that circadian rhythmicity plays an important

role in early vertebrate development and may synchronise entry into the

S phase and mitosis.

6. CIRCADIAN RHYTHMS AND PLASTICITY OF

BEHAVIOURAL PATTERNS

The existence of a circadian clock within an animal imposes restrictions

on the periodicity of this animal’s activity, but not necessarily on the phasing

of its activity relative to the light–dark cycle. Though this does not happen

easily in humans, it is possible for some animals to live a diurnal life one day,

and then switch to a nocturnal mode a few days later (or vice versa). Such

cases are particularly numerous in fishes (for a review, see Reebs, 2002).

Whether a fish is diurnal or nocturnal at any one time seems to depend

mostly on food availability. For example, goldfish are diurnal when fed by

day and nocturnal when fed at night (Spieler and Noeske, 1984; Gee et al.,

1994; Sánchez‐Vázquez et al., 1997) and can change the timing of their

general activity when the timing of food availability suddenly changes

(Aranda et al., 2001; Sánchez‐Vázquez et al., 2001). Similarly, golden shiners

can anticipate the arrival of food day or night, or during both day and night

simultaneously (Laguë and Reebs, 2000b; for similar results in rainbow

trout, see Chen and Tabata, 2002). Many species appear to be able to feed

both visually and nonvisually (Diehl, 1988; Ehlinger, 1989; Collins and

Hinch, 1993; Mussen and Peeke, 2001) and can vary their diet so that they

are able to feed during the day or at night (Ebeling and Bray, 1976; Johnson

and Dropkin, 1995; Pedersen, 2000) or forage at the time when food is more

nutritious (Zoufal and Taborsky, 1991).

The choice between day‐ and night‐living can also be influenced by

competition, ontogeny, and light intensity, inasmuch as these factors all

have a bearing on food availability. In addition to Chen et al. (2002a,b)

already mentioned in Section 4.3. examples of intraspecific competition

resulting in a temporal segregation of activity include Randolph and Clemens

(1976) in channel catfish and Alanärä et al. (2001) in brown trout. Ontogenic

shifts in activity patterns are widely documented (Reebs, 2002) and may

reflect a strategy to alleviate competition between age classes, or a change

in diet as the gape of a fish increases with growth; unfortunately, neither

of these two hypotheses has been formally tested. The role of light inten-

sity in helping or hindering food detection has been invoked to explain

diurnal versus nocturnal activity in such studies as Løkkeborg (1998) and

Thetmeyer (1997).
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Predation risk may also determine whether a fish is diurnal or nocturnal,

though the evidence here is weak, being inferential (there is no denying that

one sensory modality is less available to predators during the night, and so it

may pay for prey to be nocturnal) rather than experimental. One of the most

interesting arguments involving predation risk to explain plastic activity

rhythms in fish originated from a series of studies on Atlantic salmon. Fraser

et al. (1993, 1995) experimentally confirmed that Atlantic salmon become

proportionally more nocturnal when water temperatures are low, even when

photoperiod is held constant. They argued that cold fish were more sluggish

and felt more vulnerable to attacks by warm‐blooded predators such as

birds and mink (see also Chapters 3 and 5). Accordingly, such fish confined

their activity to the relative safety of darkness at night. Warm fish could

aVord the risk of foraging by day and reap the benefit of better foraging

due to good lighting conditions. Interestingly, in those individuals for

whom foraging success was more important (e.g., salmon with low energy

reserves or preparing to migrate at sea), the switch to nocturnalism in the

cold was less pronounced, suggesting that the higher imperative for foraging

tipped the balance towards increased diurnalism, despite the predation risk

(Metcalfe et al., 1998; see also Valdimarsson et al., 1997; Metcalfe et al.,

1999; Johnston et al., 2004).

Many other examples are known of switches between diurnal and noc-

turnal activity as summer makes way for winter (e.g., Andreasson, 1973;

Müller, 1978; Cook and Bergersen, 1988; Clark and Green, 1990; Grant and

Brown, 1998; Sánchez‐Vázquez et al., 1998; David and Closs, 2001, 2003).

There is no solid evidence, however, to show whether these shifts are caused

by changes in photoperiod, temperature, or food availability. One exception

is research by Aranda et al. (1999a,b) on sea bass, in which experimental

manipulations of photoperiod and temperature were tried. The results in-

dicated that neither factor was at work, suggesting that the switch to noc-

turnal living shown by sea bass in winter is under the influence of a

circannual clock.

It seems that freshwater species are more prone than marine ones to

switch back and forth between diurnalism and nocturnalism (Reebs, 2002).

Perhaps this reflects the fact that freshwater environments tend to be less

stable than the sea, and therefore may have yielded fewer evolutionary cases

of sensory specialisation for particular conditions, including daytime or

nighttime. Being able to fare relatively well by day or by night, freshwater

species can choose to be nocturnal as well as diurnal, depending on food

availability and perhaps also temperature (Reebs, 2002).

The physiological mechanism that binds activity (permanently or not) to

a particular phase of the circadian clock is unknown for any animal or plant
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taxon. Because of their flexibility in this regard, fish may represent a

promising subject for future studies on this question.

7. CIRCADIAN RHYTHMS AND SLEEP

A rest–activity cycle, its regulation by the internal circadian clock, and its

entrainment to environmental cues are evolutionary conserved phenomena.

However, in higher vertebrates, rest is associated with sleep, a distinct beha-

vioural and physiological state. Brain activity during sleep shows recognisable

electrophysiological patterns significantly diVerent from those observed

during wakefulness. Moreover, sleep in mammals is not a uniform process

but a series of alternating states, called ‘‘slow wave’’ (SWS) and ‘‘rapid eye

movement’’ (REM) sleep. In addition to diVerences in brain activity during

SWS and REM sleep, the peripheral organs and systems are in a diVerent
functional mode.

So far, the physiological function of sleep and its principal molecular

mechanisms remain obscure. However, a substantial body of evidence on

the regulation of sleep processes identifies two major forces driving sleep

initiation and maintenance. They include a homeostatic control, defining an

increase in sleep propensity proportional to the time spent awake, and a

circadian control, determining a window of high sleep propensity or of in-

creased wakefulness within each 24‐hour period. The circadian mechanisms

may synchronise sleep with daytime or nighttime, depending on whether the

animal is nocturnal or diurnal.

Typical behavioural features of sleep include prolonged behavioural

quietness, species‐specific postures, elevated arousal threshold, and rapid

reversibility from quietness to activity in response to moderately intense

stimulation (Campbell and Tobler, 1984). These features are common to

many fish species, with some completely ceasing their activity and others

only slowing it down (Clark, 1973; Tauber, 1974; Shapiro and Hepburn,

1976; Karmanova, 1981; for reviews, see Reebs, 1992, 2002). The increase in

arousal threshold associated with such sleeplike state can be substantial. For

example, blueheads, Spanish hogfish, and several species of wrasses could

be lifted by hand to the surface at night before ‘‘waking up’’ (Tauber, 1974).

Zebrafish larvae (7–14 days old) demonstrate sleeplike behaviour even

at an early developmental stage (Zhdanova et al., 2001). Long periods

of immobility in zebrafish larvae are associated with either floating with

the head down or staying in a horizontal position close to the bottom of a

tank. A nocturnal decline in motor activity in these diurnal fish is accom-

panied by a significant increase in arousal threshold relative to daytime



Fig. 6.5. Daily variation in locomotor activity and arousal threshold in larval zebrafish

maintained in constant darkness and a compensatory reduction in locomotor activity and

increase in arousal threshold following rest deprivation. (A, B) Zeitgeber time (ZT) and hori-

zontal white/black bars indicate subjective day versus subjective night, according to 12:12 light–

dark cycle prior to the beginning of recording, with ZT0 corresponding to lights on time. Each

data point represents mean � S.E.M. group locomotor activity for preceding 2 hours of

recording (computerised image analysis data in pixels per minute). N ¼ 60 for each group.

The rest deprivation was scheduled either (A) during subjective night (ZT18–ZT24) or (B) during

subjective day (ZT0–ZT6). Closed diamonds, rest deprivation group; open squares, control

group. (C) Arousal threshold was measured in constant darkness during subjective day (ZT3–5)

or subjective night (ZT15–17).N¼ 20 for each group. (D) Changes in daytime arousal threshold

(% of basal) starting an hour after daytime or nighttime rest deprivation. White bars, control;

striped bars, rest deprivation. N ¼ 20 for each group. *P < 0.05; **P < 0.01. (Adapted from

Zhdanova et al., 2001.)
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(Figure 6.5) and is maintained in constant darkness, confirming that

sleeplike state in larval zebrafish is under the control of a circadian system.

As in mammals, preventing fish from resting or sleeping results in

subsequent increases in sleeplike behaviour, as has been shown in cichlids

(Tobler and Borbely, 1985) and zebrafish (Zhdanova et al., 2001). Daytime

rest deprivation in zebrafish larvae does not significantly aVect rest beha-
viour thereafter, though some decrease in daytime locomotor activity and

elevat ion in the arousal thres hold ha ve been notice d ( Figure 6.5 , B and D).

In contrast, nighttime rest deprivation resulted in a significant decline in

daytime locomotor activity and in a heightened arousal threshold, compared



Fig. 6.6. Melatonin and conventional sedatives promote rest behaviour in larval zebrafish.

Melatonin, diazepam, and sodium pentobarbital (barbital) significantly and dose‐dependently
reduced zebrafish locomotor activity (A, C, E) and increased arousal threshold (B, D, F). Each

data point represents mean � SEM group changes in a 2‐hour locomotor activity relative to

basal activity, measured in each treatment or control group for 2 hours prior to treatment

administration. Arousal threshold data are expressed as the mean � SEM group number of

stimuli necessary to initiate locomotion in a resting fish. Closed diamond, treatment; open

square, vehicle control. N ¼ 20 for each group. (Adapted from Zhdanova et al., 2001.)
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to basal recordings. These data further confirm that sleeplike states in fish

are under both circadian and homeostatic control.

Furthermore, a sleeplike state can be induced in fish with common

hypnotic agents, such as benzodiazepines or barbiturates (Figure 6.6), sug-

gesting that at least some of the mechanisms of sleep regulation must be

similar in fish and mammals. Diurnal zebrafish are also sensitive to the sleep‐
promoting eVects of melatonin (Figure 6.6), similar to diurnal monkeys

and humans.

The lower vertebrates have obvious anatomical limitations for the ex-

pression of some of the electrographic patterns commonly found in mam-

malian sleep. For example, it is unlikely that animals such as fish with only a

rudimentary neocortex, if any, would generate the brain waves characteristic

of mammalian slow‐wave sleep. However, the neurons with sleep‐promoting
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properties are contained in structures within the isodendritic core of the

brain, extending from the medulla through the brainstem, hypothalamus,

and up into the basal forebrain (see Chapter 1 for details on brain anatomy;

for a review, see Jones, 1993). Thus the lower vertebrates, with their ‘‘limbic

brain,’’ possess most of the brain structures that have been found to regulate

the sleep process in mammals.

New methodological approaches, such as monitoring the expression of

genes related to spontaneous sleep processes or inducing sleep by hypnotic

agents, might help clarify the extent to which sleeplike states in fish are

similar to those in mammals.

8. SUMMARY

Circadian rhythms play a critical role in fish development and daily

activities. Although a major circadian ‘‘master’’ clock, like the SCN of

mammals, has not yet been identified in fish, indirect evidence suggests that

a light‐entrainable oscillator is present in fish brain. Furthermore, the struc-

tural and functional design of fish circadian systems is remarkably compli-

cated. Photosensitive CNS‐related clock organs (the pineal gland and

retina), peripheral photosensitive tissues with autonomic circadian clocks,

and presumed food‐ or temperature‐entrainable circadian oscillator(s) all

make for complex circadian machinery that must remain well coordinated

and still be able to ensure physiological adaptation to a periodically changing

environment.

Such a multilevel structure of partially independent oscillators may

explain the high interspecies variability observed in piscine circadian systems

and substantial individual plasticity in fish behaviour and physiology. Study-

ing these features will continue to contribute to a better understanding of

the principal mechanisms involved in circadian clock functions.

Data accumulated so far show that rest in fish has fundamental simila-

rities to the behavioural manifestations of sleep in higher vertebrates. Anal-

ogous to sleep in mammals, fish show a compensatory rest rebound,

reducing locomotor activity and increasing arousal thresholds after a period

of rest deprivation, suggesting that fish exert a homeostatic control on rest

behaviour. Furthermore, rest in fish is regulated by the circadian system,

because periodic reduction in locomotor activity and increase in arousal

threshold are maintained in constant darkness and occur during the subjec-

tive night. These observations, together with the hypnotic eVects of melato-

nin and sleep‐inducing agents of the benzodiazepine and barbiturate

families, indicate that rest behaviour in fish can be considered a sleeplike
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state. Studying sleep in fish may prove to be very productive in deciphering

both the enigmatic function and the physiological mechanisms of sleep.
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1. INTRODUCTION

The ecology, distribution, and behaviour of migrating fishes are areas of

research that have received considerable attention with numerous historical

reviews (e.g., Harden‐Jones, 1968; Hasler, 1971; Leggett, 1977; McDowall,

1988) and several recent syntheses (e.g., Dodson, 1997; Lucas and Baras,

2001; Metcalfe et al., 2002). The physiological basis for some aspects of

migration have been recently reviewed (e.g., Ueda and Yamauchi, 1995;

Hogasen, 1998); however, there have been no reviews that focus on the

integration of physiology with behaviour and ecology. Here we explore the

linkages between behaviour, environmental conditions, and physiological

cues and constraints to understand the mechanisms that underlie and

control migrations.

About 2.5% of all fish species undertake migrations (Riede, 2002, 2004),

so why devote an entire chapter to understanding the physiology underlying

behaviour of such a small group of species? First, migrations can be remark-

able. They can involve synchronous movements of an entire population of

thousands to millions of fish. Thus, the low number of migratory fish species

belies the overall abundance of fish involved in migrations. Second, many

migratory species figure prominently in large fisheries (e.g., Atlantic cod,

Gadus morhua; bluefin tuna, Thunnus thynnus; Pacific and Atlantic salmon,

Oncorhynchus spp., Salmo salar; sturgeon, Acipenser spp.; herring, Clupea

spp.; Pacific hake, Merluccius productus; and menhaden, Brevoortia spp.).

Understanding their migratory behaviour is critical to their management.

Third, migratory species seem to be at twice the risk of extinction than

nonmigrating ones. About 4% of all fish species and 7.2% of all migratory

fish species are listed as ‘‘threatened with extinction’’ (Riede, 2002, 2004).

Successful conservation of migratory species will require an understanding

of the mechanisms responsible for migratory behaviours.

2. MIGRATIONS: DEFINITION, TYPES, AND PREVALENCE

Over the past several decades, there have been many attempts to define

or describe migration. Many have adopted an ecological or physiological

basis for this endeavor. Others have focused on the magnitude and scope of
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movements. Unfortunately, this has limited the development of a broad

intertaxa general definition (see review in Dingle, 1996). In his review of

plant, animal, and fungi transport behaviours, Dingle (1996) attempted to

generate a universal definition through a summary of key characteristics that

identified migration as a distinct and specialised behaviour with evolutionary

underpinnings. Migrations would involve most of the following:
1. Persistent movement of greater duration than occurs during station

keeping or ranging;

2. Straightened‐out movements which diVer from those during station

keeping or ranging;

3. Suppression or inhibition of responses to stimuli that normally would

arrest movements (e.g., feeding);

4. Activity patterns particular to departure and arrival; and

5. Specific patterns of energy allocation to support movements.
Endler (1977) described migrations as long‐distance movements made

by large numbers of individuals in the same direction at the same time.

Northcote (1978, 1984, 1997) used concepts consistent with several of those

mentioned above to generate criteria to define general fish migrations:
1. Individuals must cyclically move among at least two, but maybe more,

separated and distinctive habitats (e.g., between a spawning and a

feeding area);

2. Movements must be directed and usually involve active swimming;

3. Movements must occur within a reasonably predictable time frame

and sequence; and

4. A large segment of the population must be involved in the movements.
Fish migrations have been categorised and described based on origin,

destination, function, and direction of movement. Migrations entirely within

seawater, and the fish that make these migrations, are termed oceanodro-

mous. Migrations between freshwater and marine environments are termed

diadromous. There are three types of diadromy. Fish undertaking spawning

migrations from seawater to freshwater are termed anadromous, whereas

spawning migrations from freshwater to seawater are termed catadromous.

Migrations between freshwater and seawater for nonreproductive purposes

(e.g., feeding) are termed amphidromous. A potamodromousmigration occurs

solely within a stream or river (or between a lake and a river), whereas

those that take place solely in a lake are termed limnodromous (McDowall,

1988). Of the approximately 35,000 species of fish, 874 species (about 2.5%)

are known to undertake migrations (57% oceanodromous, 16% anadro-

mous, 10% potamodromous, 8% amphidromous, 8% catadromous, 1%

limnodromous; Riede, 2002, 2004).
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3. COSTS AND BENEFITS OF MIGRATION

The evolutionary basis for migration is that the fitness benefits and costs

associated with residing at a particular location change with the stages of a

fish’s lifecycle so that fitness advantages are gained by migrating from

habitat to habitat. Each individual fish, within the context of its life history

pattern, has the objective of surviving and maximising its genetic contribu-

tion to the next generation (i.e., lifetime fitness). Specific to a life stage,

migration confers a number of benefits (Northcote, 1978) but these come

at a cost. Each phase of migration force fish to deal with a number of

ecological needs:
1. To accumulate surplus energy for growth and maturation;

2. To survive (e.g., avoid predators, harsh environmental conditions,

starvation); and

3. To get positioned geographically to do well in the next life history

stage or phase of migration.
These ecological needs are both interrelated and in conflict. Clearly,

feeding can expose fish to predators or alter their geographic positioning.

Therefore, avoiding predation and getting well positioned geographically

for the next phase of migration may require ignoring feeding opportuni-

ties. To complicate these already demanding behavioural problems, fish are

exposed to a dynamic range of environmental conditions and are faced with

important time limitations on completing the diVerent phases of migration

(Healey, 2000). For example, there are times when migrations may be

impossible (e.g., ice over lakes, water velocities that are too high, inappro-

priate tides and water temperatures, etc.). These challenges are intimately

associated with physiological capabilities and processes, which can aVect an
individual’s ability to meet specific life history stage objectives. This inter-

section of physiology, life history variables, and behaviours is increasingly

being recognised as central to ecology (Ricklefs and Wikelski, 2002).

To address these needs and challenges, migratory fish must make three

general types of decisions:
1. Should a migration be initiated?

2. If the decision is yes, then when should the migration start?

3. How will migrants swim and behave during the migration?
Decisions made by individual fish likely reflect an assessment of how well

it is doing in its present location, what other conspecifics around it are doing,

and how much time it has left to complete a particular migratory phase. This

will lead to decisions reflecting a tradeoV between asset accumulation and
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asset protection, mediated by the fish’s assessment of its current state relative

to some state‐dependent payoV function and time constraints (Houston

et al., 1988; Mangel and Clark, 1988). It is these considerations that provide

the basis for the decisions used for migration within each stage.
4. SALMONIDS AS MODEL SPECIES

The study of behavioural physiology of fish migrations is a relatively new

area of interdisciplinary research, and information for most migratory spe-

cies is nonexistent. We must thus look to a few species and systems that can

be used as models. The focus of this chapter will be predominantly on the

salmonids because, with the exception of catadromous migrations, this

group of fish exhibits all the migration types, and most of the migration

studies that have linked behaviour to physiology have examined salmonids.

The behavioural physiology of migration has been explored for some life

history stages in a few nonsalmonids and, where applicable, the results of

these studies will be incorporated into our review. Although only able to

draw from a limited number of species (17 in total: 10 salmonidae, 3

scombridae, 1 cottidae, 1 gadidae, 1 clupeidae, 1 centrarchidae) and studies,

it is hoped that this review will stimulate research in this area and in

particular serve as a catalyst for the examination of other species and

systems not reviewed herein.

Of all salmonids, sockeye salmon (O. nerka) is perhaps the single

best model species because a considerable amount of research has recently

focused on migration physiology of this species, and studies exploring lin-

kages between behaviour and some aspects of physiology have been con-

ducted on nearly every migratory phase. Thus, one can generate the most

complete life‐history perspective with work done on sockeye. However, even

with a focus on sockeye, treatment of each migratory phase is uneven,

reflecting the relative amount of behavioural physiology information avail-

able. Although other fish may not share all the same migratory phases,

the migratory behaviour of most species is reflected in some subset of the

migratory phases of sockeye.
5. SOCKEYE SALMON MIGRATORY PHASES

Here we briefly review eight general migratory phases for sockeye salm-

on, most of which pertain at least somewhat to all anadromous salmonid

species. We must emphasise that defining the start and end of some phases is

somewhat arbitrary but necessary to provide a framework for describing and
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analysing the interactions among behaviour, physiology, and environment.

Sockeye eggs develop and hatch as alevins in gravel/cobble substrates, most

commonly in rivers but sometimes in lakes. The first phase of migration is

from the substrate to the water surface to fill the swim bladder. The next

phase of migration is the movement of alevins from the spawning grounds to

a nursery lake, where juvenile sockeye salmon (fry) grow typically for 1 or

2 years, unlike most other salmon species that either spend 1–2 years in a

river or migrate directly to the sea. In the nursery lake, sockeye fry exhibit

intralake movements, often including diel vertical migrations. After lake

rearing, fry undergo the most studied phase of migration when they migrate

downstream to the ocean and smoltify in preparation for entry into the

seawater environment. In the ocean, juveniles engage in a directed coastal

migration, and then migrate oVshore to exploit rich feeding grounds and

grow rapidly (up to 3 kg, though other salmon species may reach 20 kg)

while traveling thousands of kilometers for a period of 2–3 years. When

sexual maturation is initiated, sockeye salmon start a directed return migra-

tion towards the coast and their natal river. In the final phase of migration,

sockeye re‐enter freshwater and migrate upriver, in some cases covering

more than 1000 km as they travel home to their natal stream.

Below we explore each phase of sockeye salmon migration, emphasising

linkages between behavioural decisions, environmental variability, and

physiological cues, capabilities, and constraints. If available, information

from other salmonids and nonsalmonids are included. For each phase we

start with a brief general description, and provide details on factors aVect-
ing its initiation, and the physiological, behavioural, and environmental

changes associated with migration. Readers requiring detailed information

on life history, ecology, distribution, and evolution of Pacific salmon in

general or sockeye in particular should examine other sources (e.g., Groot

and Margolis, 1991; Groot et al., 1995; Hendry and Stearns, 2004).
6. PHASE 1: LARVAL DEVELOPMENTAL MIGRATION

Emergence of larval fish from eggs is a stressful and critical period for all

fishes, but there is very little known about the interplay between physiology

and behaviour. Fertilised sockeye eggs develop into alevins over several

months, protected by the gravel cover of the redd and obtaining energy from

endogenous yolk stores. When yolk stores are almost entirely depleted, ale-

vins undertake their first migration to find food. Leaving the protection of the

gravel substrate, alevins swim to the surface of the lake or river to fill the swim

bladder with air, which is essential for regulating buoyancy (Saunders, 1965).

In doing so, they often encounter moving water and predators for the first
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time. Until emergence, alevins are photonegative; even when they do emerge,

it occurs at night, presumably to reduce predation threat (Bams, 1969).

6.1. Migration Initiation and Physiological Changes

The timing of emergence is critical. It coincides with the time when

endogenous yolk reserves are dwindling, when swimming muscles are ade-

quately developed, and when environmental conditions are optimal, but

the specific environmental cues and physiological reactions responsible for

initiating this migration are unclear. Emerging sockeye larvae are negatively

buoyant and, at this stage, are physostomous: a duct connects the swim

bladder to the pharynx, allowing gulps of air to pass into the swim bladder.

Proper development of this duct and its control systems represents an

essential physiological requirement. Nevertheless, the rate of alevin develop-

ment is variable with respect to temperature. By being synchronised to the

thermal regimes of the spawning stream, emergence can coincide with opti-

mal food supplies (e.g., plankton blooms in nursery lakes; Brannon, 1987).

A shift to positive phototaxis (e.g., orientation to light) may play a role in

emergence. Photic sensitivity increases coincident with elevated thyroid

hormones (thyroxine) in brook charr (Salvelinus fontinalis) (Meisenheimer,

1990), as well as with the development of paired and median fins in rainbow

trout (O. mykiss; Carey and Noakes, 1981).

The common behaviour in sockeye is repeated attempts to visit the

surface, using primarily pectoral fins (Harvey and Bothern, 1972) and punc-

tuated with periods of rest until neutral buoyancy is achieved (Bams, 1969).

Perhaps larvae have a limited development of the caudal musculature at this

stage. Alevin benefit behaviourally from swim bladder buoyancy regulation

because, when threatened, young sockeye expel air, sink to the bottom, and

reinflate the bladder at the surface only when the perceived danger is past.

The disadvantage of surfacing (announcing their whereabouts to predators)

disappears later in ontogeny, when the swim bladder gas gland has devel-

oped and they vary buoyancy (albeit slower) through gas diVusion between

the blood and swim bladder. Gas exchange is primarily a cutaneous route in

these small fish and the primary initial role for the gills is for ionoregulation

(Rombough and Ure, 1991). Dense capillary networks encompassing the

yolk sac likely assist with cutaneous gas exchange.

7. PHASE 2: MIGRATIONS TO LARVAL FEEDING GROUNDS

After hatching, many species migrate to a nursery area by either passive

drifting (as is common in many oceanodromous species) or volitional swim-

ming. River spawning is by far the most common strategy among most
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anadromous and amphidromous fish and larvae often migrate downstream

to other riverine, estuarine, or marine environments (McDowall, 1988). For

sockeye, this migration typically involves fry moving from spawning areas to

a nursery lake, unless they spawn in a lake. Fish spawned in lakes also make

an initial migration, but this is characterised by dispersal along shorelines

and eventual movement into deeper waters (Burgner, 1962).

7.1. Migration Initiation and Control

The mechanisms proposed for initiating and controlling fry migrations

include: light, temperature and water flow relative to size, age, and swim-

ming performance. Some evidence for sockeye suggests genetic control of

migration timing and behaviour that includes racially specific responses to

diVerent water velocities (Brannon, 1972). Population‐specific morphology

influences swimming stamina in coho salmon (Taylor and McPhail, 1985).

Nocturnal, negative phototaxis and rheotaxis (i.e., orientation to water

currents) are also key behaviours. Fry are dark‐adapted, emerge from gravel

at night and usually migrate nocturnally to nursery lakes, presumably to

reduce predation risk (Beauchamp, 1995). If fry fail to reach the nursery

area in one night, they usually hold during the day, resuming migration

at night. Sockeye fry even delay downstream migration if they encounter

nocturnal light pollution from urban areas (Tabor et al., 2004) but

suVer increased predation (Tabor et al., 2004), highlighting the importance

of evolved phototactic responses to natural light regimes in controlling

downstream migration and protecting fry from predation.

Overall, rheotaxis is likely the dominant orienting mechanism in the

river. Outlet fry swim upstream to nursery areas (positive rheotaxis) and

inlet fry swim downstream (positive rheotaxis). These two types of juveniles

face diVering constraints; thus, physiological and behavioural adaptations

involved with these migrations also diVer. Outlet fry must minimise drift and

either actively swim, often at an angle to the current, to prevent being swept

downstream, or exploit near bank regions of lower velocity (McCart, 1967).

Thus, decisions of outlet fry regarding when and where to move will depend

on locomotory capabilities and energy stores more so than inlet fry which,

although they do actively swim downstream, can also rely on passive drift

(Hartman et al., 1962). Outlet fry experience increased risk of predation

because, although they emerge from gravel at night, it is often daylight by

the time they stop downstream drift and undertake upstream swimming

(Brannon, 1972). Within the nursery lake, light and celestial cues apparently

become the principal orientating mechanisms (Brannon, 1972), but magnetic

compass orientation is possible during low‐light conditions (Quinn, 1980;

Quinn and Brannon, 1982).
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Minimising energy use is essential when migrating to nursery habitats,

particularly for fry that were spawned in outlets because yolk material is

nearly depleted and feeding opportunities within the tributaries are generally

limited (Brannon, 1972; for exceptions see McCart, 1967). The relationship

between time and energy required to reach nursery areas is poorly understood.

Some populations do not feed because they have suYcient yolk, whereas

others feed even when yolk is not fully depleted (Brannon, 1972). The lack

of feeding may reflect predator‐avoidance taking precedence over energy

needs, or simply a lack of available food en route. Initial migratory activity

tends to be individualistic, but fish rapidly adopt schooling behaviours. The

fact that fry swim as well as drift suggests the decision to migrate is made with

ample energy stores. At the same time, fish spawned in tributaries switch to

positive phototactic and rheotactic behaviours. Interestingly, outlet fry can

emerge as positively rheotactic but switch during their migration to being

negative rheotactic, such asWeaver Creek sockeye (Figure 7.1), which migrate
Fig. 7.1. Map of northwest region of North America and northeast Pacific Ocean showing

locales, landmarks, and major current patterns that are associated with salmon migration

phases. Within the Fraser River watershed, letters indicate location of spawning grounds for

major sockeye populations that are discussed in Figure 7.6 and sections of the text: Weaver (W),

Gates (G), Chilko (C), Horsefly (H), Adams (A), Early Stuart (E). Numbers indicate sites

where adult sockeye were captured and biopsied during coastal and spawning migrations (see

Figure 7.3).
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downstream from their spawning stream but then migrate upstream to their

rearing lake.

7.2. Physiological Changes

Using eggs and milt to create full‐sib crosses from two reproductively

isolated sockeye populations, one inlet and one outlet, Patterson et al.

(2004a) discovered diVerences in enzymatic physiology for these groups.

Outlet fry had higher mass specific activities for lactate dehydrogenase,

citrate synthase, and cytochrome c oxidase, as well as higher protein specific

activities of lactate dehydrogenase. The authors suggested that increased

muscle development and anaerobic capacity were adaptations required by

outlet fry for successful upstream migration to the nursery lake. Outlet fry

also had larger eggs, which produced larger fry with higher absolute meta-

bolic capacities and presumably more advanced muscle development. Thus,

because selective pressures on this migratory phase diVer among populations

(or species) (Patterson et al., 2004a), selection should be for high energy

accrual into eggs to create fry that are strong swimmers, traits that were not

necessarily present in or needed by the parents, which migrate only short

distances from the ocean to spawning grounds (see Section 12). This would

potentially add emergent fry migration to the list of possible factors shaping

egg size in salmonids, which include diYculty of adult migration (Kinnison

et al., 2001), incubation environment (Quinn et al., 1995), and resource

availability (Hutchings, 1991).
8. PHASE 3: VERTICAL MIGRATIONS IN LAKES

Vertical migrations are the most widespread daily migration in the

aquatic world, occurring throughout oceans and lakes by vertebrates and

invertebrates, juveniles and adults alike.

8.1. Migration Initiation and Control

For the first weeks of lake residence, both migratory and nonmigratory

sockeye fry concentrate in the littoral (near shore) area, noted for higher

primary productivity and predator density compared with the pelagic (open

water) zone. With growth, fry move to pelagic regions, where gradients

(both seasonal and vertical) in prey abundance, light intensity, and temper-

ature exist, leading to seasonal and diel patterns of vertical migration that

vary according to a lake’s physiochemical properties (Clark and Levy, 1988).

In general, surface waters are favoured for feeding. Light intensity appears
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to be the primary orienting stimuli during diurnal vertical migrations, with

temperature being the primary stimulus for nocturnal migration and distri-

bution. Indeed, diel alterations in light intensity (Novales‐Flamarique et al.,

1992) influence the timing of vertical migrations. However, feeding oppor-

tunities are limited to dawn and dusk, presumably reflecting the increased

predation risk at the surface and the energy use of vertical migrations.

Vertical migrations also provide behavioural thermoregulation. Crepus-

cular feeding activity of sockeye fry in warm epilimnetic waters, interspersed

with time in cold hypolimnetic waters, clearly suggests that fry are not

selecting for a single optimal temperature (Brett, 1971). Brett suggested that

this thermoregulatory behaviour maximises growth because growth conver-

sion eYciency peaks at 11.5 �C, whereas growth optimum occurs at 15 �C
(Brett, 1971). Because sockeye salmon rarely reach satiation under field

conditions (Brett, 1971), bioenergetic constraints conserve energy when food

is limited. Moreover, with reduced daily rations, maximum food conversion

eYciency occurs at progressively lower temperatures (Brett et al., 1969;

Brett, 1971). Bear Lake sculpin (Cottus extensus) migrate to warmer water

after feeding to promote digestion and enhance growth and so after feeding

on benthos during the day, they ascend nocturnally to warmer surface water

(Wurtsbaugh and Neverman, 1988). Thus, this daily vertical migration is

an adaptation to exploit thermal gradients and maximise energy intake,

which contrasts with that used by sockeye salmon where their thermoregu-

latory strategy is to lower metabolic rate, conserve energy when food is not

abundant, and minimise predation risk.

Anadromous fry must either grow suYciently to smolt in the subsequent

spring (i.e., during one growing season) or delay smolting and spend a

second growing season in freshwater (sockeye in northern lakes may spend

3 or more years in freshwater before migrating; Burgner, 1991). Bimodal

growth and smoltification have been linked in a number of studies. However,

how fish sense their size and suppress this cascade of physiological processes

associated with smoltification is unknown. The benefit of a large smolt size is

improved ocean survival. The tradeoVs of spending extra seasons to achieve

this is greater predation risk (overwinter survival is size dependent), greater

competition for food (intra‐ and interspecific), increased exposure to winter

hypoxia, and more likely exposure to numerous parasites.

8.2. Physiological Changes

The visual ability of 3‐cm sockeye fry is such that an average‐sized prey

item of 1.2 mm in length can be detected up to a distance of 7.8 cm (Novales‐
Flamarique and Hawryshyn, 1996). This distance is similar to the intermit-

tent swimming distance of rainbow trout as it searches for prey (Browman
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et al., 1994), highlighting the linkages between movement, vision, and prey

detection. Under varied photic conditions, their retina with a square mosaic

and predominant double cone surface area would maximise photon catch,

increasing chances of prey detection and predator avoidance (Novales‐
Flamarique and Hawryshyn, 1996). In turbid lakes, vertical migration is less

common, probably because visual acuity is reduced for both the fry and its

predators.

Scheuerell and Schindler (2003) determined that juvenile sockeye salmon

were not simply tracking their prey when they migrated vertically, but

instead focused on maintaining a constant light environment, so that fish

exploited an ‘‘antipredator window’’ where foraging potential and minimis-

ing predation risk were not mutually exclusive. In this regard, detection of

light quality is also important. Prey detection and predator avoidance

are enhanced by ultraviolet sensitivity, which develops in yearling sockeye

(Novales‐Flamarique and Hawryshyn, 1996). Due to scattering and attenu-

ation, ultraviolet light only penetrates several centimeters below the water

surface. Fry are known to feed in this surface zone (Novales‐Flamarique

et al., 1992).

Tuna also migrate vertically. Fascinating discoveries have accrued from

field telemetry (reviewed in Gunn and Block, 2001) that clearly show tuna

regulate their red skeletal muscle temperature warmer (e.g., in Pacific bluefin

tuna, 6.2–8.6 �C; Marcinek et al., 2001) than surrounding waters. This

endothermic adaptation enables foraging dives to deep, cool waters without

losing locomotory capacity to capture prey (Marcinek et al., 2001; Brill

et al., 2002). In fact, bluefin tuna have been observed to use the entire water

column in some locations (Brill et al., 2002). However, other tissues must

operate at ambient temperature because of rapid heat exchange across the

gills (Block, 1994). This creates a problem for the heart because it must work

to supply blood to the endothermic red muscle; cold temperature decreases

heart rates in fish, negatively aVecting functioning of the sarcolemal L‐type
calcium channel, which delivers calcium to control the force of cardiac

contraction (Shiels et al., 2002). Consequently, the ability of tuna hearts to

function at cold temperature may be critical to the animal’s ability to forage

at colder depths. The bluefin tuna heart continues to pump at 2 �C, unlike
other tuna (Blank et al., 2004), an adaptation that probably allows bluefin

tuna to exploit colder, more northerly latitudes. The ability of salmon and

tuna hearts to pump eVectively at cold temperatures is in part related to

adrenergic stimulation of the L‐type calcium channel in salmonids (Shiels

et al., 2003) and enhanced ventricular sarcoplasmic reticular Ca2þ ATPase

activity in bluefin tuna (Blank et al., 2004). Some marine pelagic fish,

including billfish, have evolved a heater organ that allows the optic muscles
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to be warmed above ambient, illustrating the additional importance of vision

for these predatory fish (Block, 1994).

9. PHASE 4: SMOLTING AND MIGRATION TO SEA

All fish that leave freshwater to enter the marine environment must

undergo physiological changes similar to those characterised by smolting in

salmon.A suite of physiological, morphological, biochemical, and behaviour-

al changes accompany smoltification, a process that has been extensively

covered in entire chapters and books (e.g., Hogasen, 1998). Our discussion

draws on smoltification only where it is relevant to the interaction of beha-

viour and physiology in downstream migration. There are several behaviour-

al components to this migration, discussed separately, that involve decisions

about migration initiation, smoltification, and movement patterns. This

migratory phase is one of the best studied from physiological and movement

perspectives; however, few studies have linked detailed behaviours or individ-

ual‐specific behaviours with aspects of physiology. Though smolting does not

play a role in downstream migrations of potamodromous fish, the transition

from freshwater to seawater associated with amphidromous and catadro-

mous fish may well reflect similar physiological and biochemical processes

to those of anadromous fish, though there is scant research on this.

9.1. Migration Initiation

Salmon prepare for the downstream migration well before initiating

downstream movements (Groot, 1982) and use seasonal cues to do so.

Usually during their first summer growing season, fry must decide whether

they are going to smolt or not the following spring. A fast growing ‘‘trajec-

tory’’ can reflect either an inherent fast growth ability or an environmental

opportunity for fast growth. Dominant salmon tend to grow faster and

larger and so social dominance may play a role in segregating a population

of fish into those that smolt and those that do not during the first summer

(see Chapter 5, Section 4). Fast‐growing fry enter the winter period (prior to

downstream migration) larger and presumably with lower predation risk,

which may partially oVset the increased predation risk tradeoV associated

with feeding more to grow faster.

The exact trigger to begin migration is unknown. Current evidence

suggests that an innate, endogenous circannual rhythm is the primary

controlling factor (Ueda and Yamauchi, 1995) that is triggered by the

annual photoperiod cycle. The process of smoltification, however, is directly

linked with initiating this migration. A short photoperiod (10 light:14 dark)
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acts to prime the fish and a long photoperiod (16 light:8 dark) induces

smolting. Thorarensen et al. (1989) showed that brief exposure of coho fry

to low‐intensity nocturnal light slowed growth and inhibited smoltification.

Later, Thorarensen and Clarke (1989) showed through the use of skeleton

photoperiods that it was not the number of accumulated hours of exposure

to light that initiated smolting, but rather the time during the day when light

is experienced. Temperature, by regulating the rate of growth, is a modifying

factor, just as is food availability (Clarke et al., 1981; see also Chapter 6).

9.2. Smoltification and Other Physiological Changes

Smoltification is a complex physiological process involving changes to

gill, kidney, and intestinal functions and especially ion and water exchange

systems. Smoltification facilitates a directed migration by changing body

shape and metabolism, and by reducing feeding (McCormick and Saunders,

1987). The transition between hypo‐osmotic freshwater and hyper‐osmotic

marine conditions imposes the largest physiological challenge associated

with this migration and, along with predation during the migration to sea,

can result in high rates of mortality.

The endocrine control of the physiological changes associated with

smoltification has been well described elsewhere (Iwata, 1995; Ueda and

Yamauchi, 1995). The hypothalamus and possibly the pineal gland likely

receive information about light, temperature, and food status and, through

the pituitary gland, trigger the release of hormones that aVect physiology,
behaviour, and morphology. The interrenal gland, urophysis (caudal neuro-

secretory gland), thyroid gland, and corpuscules of Stannius all secrete

hormones that typically target gill, kidney, and intestinal epithelia and

influence osmoregulation, ionoregulation, growth, and presumably smoltifi-

cation (see Ueda and Yamauchi, 1995). Strong evidence exists that the

premigratory increase in Naþ/Kþ‐ATPase activity is predictive of future

migratory behaviour. Using confamilial brown trout (S. trutta), Nielsen

et al. (2004) measured ATPase activity in small gill biopsies and used the

measurement to accurately predict those individuals that were going to

migrate to the ocean. Fish preparing for migration had elevated levels of

gill Naþ/Kþ‐ATPase activity 2–3 weeks before migrating, highlighting the

level of preparedness and the fact that decisions regarding migration are

made much earlier than when actual migration commences. A recent multi-

variate study of the physiology of smolting chinook salmon (O. tshawytscha)

revealed that combined indicators of nutritional status, tissue damage, lipid

metabolism, and stress were all important (Wagner and Congleton, 2004).

Interestingly, smoltification‐related indicators did not contribute to the
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observed variation. This study is one of the first multivariate studies of

migration (and in animal physiology) and reveals the power of analyses that

look at composite variables rather than individual ones.

Premigration, chum salmon (O. keta) fry are negatively rheotatic, but

treatment with the thyroid hormone makes them positively rheotactic

(Iwata, 1995). Thus, the natural surge of thyroxine that occurs 2 weeks

before downstream migration in underyearling sockeye salmon is likely an

important trigger for downstream migration. Similarly, plasma thyroxine

levels peak in masu salmon (O. masou) during the new moon and it is during

or immediately after this period that peaks in downstream migration have

been observed (Yamauchi et al., 1984; see also Chapter 1, Section 5.4.1. of

this volume). Thyroxine may also be associated with the disappearance of

ultraviolet sensitive cones in the eyes of sockeye salmon experiencing smol-

tification, (Beaudet et al., 1997) but the functional and behavioural signifi-

cance of alterations in ultraviolet photosensitivity are currently unknown

(Browman and Hawryshyn, 1994). In addition to thyroxine, growth hor-

mone, insulinlike growth factor, and cortisol all increase during smolting

and contribute to development of gill chloride cells, which are the primary

site for ion regulation in seawater fish (McCormick and Saunders, 1987).

Some migrating sockeye salmon fail to adapt to seawater, resulting in

mortality. Although it is unclear what percentage of fish enter the ocean

volitionally only to die because of osmoregulatory incompetence, it is clear

that stress is a contributing factor. Franklin et al. (1992) compared the

physiological status of successfully and unsuccessfully adapted sockeye.

Successful adaptation was characterised by a brief but large fluctuation in

cortisol, and plasma ionic concentrations rose initially but were regulated

after 24–48 hours. Salmon that failed to adapt to seawater exhibited elevated

cortisol and haematocrit, unregulated plasma ionic concentrations, severe

dehydration, and ultimately death. Recently, Price and Schreck (2003) eval-

uated the eVects of diVerent stressors on the saltwater tolerance in juvenile

chinook salmon. Stress reduced the saltwater preference of smolts that

would normally select for full‐strength seawater. Moreover, the stress of

rearing coho smolts in a hatchery has been shown to elevate plasma cortisol,

downregulate gill cortisol receptors, reduce saltwater tolerance, reduce rela-

tive swimming speed, and inhibit rapid recovery from exhaustion relative to

wild coho (Brauner et al., 1994). Thus, even though smoltification prepares

fish for seawater residency by elevating cortisol, high cortisol levels are

indicative of, and cause, physiological stress by decreasing corticosteroid

receptors (Shrimpton and Randall, 1994). Therefore, migrants are in a

conflicting physiological state between factors promoting smolting and those

inhibiting it.
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9.3. Swimming, Behaviour, and Energy Use Patterns

Migration usually begins within days of ice breakup (most sockeye

nursery lakes are covered by ice), which varies considerably among

stocks and species. It is believed that sockeye have the most well developed

direction finding abilities of all salmonids (Hoar, 1976) and that interindi-

vidual and population‐specific diVerences seem to exist in the direction‐
finding strategies used to locate lake outlets. Migration out of lakes is mainly

during dawn and dusk, likely using an innate compass that directs move-

ment. Groot (1972) experimentally confirmed that sockeye can use a sun‐
compass and polarised light cues. During periods of low light or overcast

conditions, orientation can occur with use of the Earth’s magnetic field

(Quinn, 1980).

The downstream migration requires modifications to swimming abilities,

energy storage, and energy use tactics (Groot, 1982). Fish eat little during

this migration and appear energy deficient (Stefansson et al., 2003). Reduced

condition in Atlantic salmon is associated with increased catabolism of

carbohydrates, lipids, and proteins (Sheridan et al., 1985; Sheridan and

Bern, 1986), which is accompanied by declining values of plasma nutritional

indices (triglycerides, cholesterol, and total protein). Atlantic salmon

increase white muscle phosphofructokinase several‐fold and heart size

37–69% during smoltification (Leonard and McCormick, 2001), which

appears adaptive for downstream and possibly ocean migration by enhanc-

ing metabolic capacity.

Downstream migrating smolts orient with the flow and, by actively

swimming downstream, generate ground speeds that often exceed that of

the water flow in hydraulically simple reaches (Smith et al., 2002). Active

downstream migration may reduce predation risk and ensure prompt arrival

at the ocean. In reaches with flow turbulence or obstructions, sockeye may

orient themselves upstream and pass through tail first (Hartman et al., 1967).

Turbulence resulted in 1.3‐ to 1.6‐fold increases in swimming costs of

juvenile Atlantic salmon relative to nonturbulent areas (Enders et al.,

2003). Thus, energy requirements are strongly influenced by environmental

and geomorphological conditions aVecting hydrology. Changing river

environments can have a large eVect on ocean arrival times. For example,

in the Columbia River system, downstream migrations are prolonged by

several weeks as a result of dams (Giorgi et al., 1997). The prolonged

migration, as well as the energetic costs and physiological disturbances

associated with dam passage, can deplete energy and markedly aVect smolt

and marine survival. This problem is exacerbated in years with low flows or

poor near‐shore ocean productivity.
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10. PHASE 5: DIRECTED COASTAL MIGRATION

The directed coastal migrations of juvenile salmon, and most other

species, are poorly studied in terms of linkages between behaviour and

physiology. The behavioural information that exists for salmonids is largely

anecdotal from observations of distribution surveys coupled with growth,

energy, and movement modeling exercises.

10.1. Behaviour and Energy Use Patterns

Some of the most detailed observations of juvenile behaviour during

coastal migration arise from research conducted on Fraser River salmon

(Figure 7.1). Groot and Cooke (1987) found that the direction and ground

speed of smolts were consistent with surface water circulation patterns along

the coast. However, Peterman et al. (1994), who modeled juvenile move-

ments, discovered that coastal circulation patterns alone were insuYcient to

explain the migration patterns. Instead, if fish chose to swim at an average

speed of about 4 cm/s to the northwest, then there was a good match

between observed and modeled movements, which suggests young sockeye

actively swim and are assisted by the wind‐driven surface currents. In

contrast to the constant speed of migration in this model, visual observa-

tions revealed sporadic movements, with fish holding and actively feeding in

areas before moving to other locations (Healey, 1967). In particular, juve-

niles congregated in sheltered bays, taking advantage of food concentrating

hydraulic features like eddies and tidal shear zones, which allow them to

minimise energetic costs of foraging while maximising energy intake. In view

of this intermittent active migration behaviour, it must involve directed

swimming speeds considerably greater than 4 cm/s. Intermittent migration

may allow the fish to take maximum advantage of favourable tidal surface

currents (e.g., Levy and Cadenhead, 1994; Forward and Tankersley, 2001).

Fish attain eYciency in terms of energy expended per distance traveled

by swimming at speeds with a low cost of transport (COT; Brett, 1995).

Figure 7.2 illustrates our calculation of COT using Brett’s respirometry data

for 18‐cm sockeye and clearly shows three important points. Foremost, COT

increases with temperature. Second, optimum swimming speed increases

with increasing temperature. Third, at all temperatures COT is essentially

independent of swimming speeds close to the optimum; that is, it is relatively

insensitive to a wide range of swimming speeds, such that COT remains

within 10% of optimum between 0.8 and 2.0 body lengths (BL)/s (14–36

cm/s) at 10 �C. Thus, physiological plasticity ensures a broad range of

migratory speeds without compromising energy expenditure unduly.



Fig. 7.2. Relationships between cost of transport (COT) and swimming velocity for juvenile

sockeye at diVerent water temperatures. Optimal swimming speeds are those which minimise

COT. Across all temperatures, large ranges of swimming speeds are very close to the optimal

speed. (Adapted from Brett, 1995.)
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Later during coastal migration, sockeye move further from shore

(Healey, 1991; Jaenicke and Celewycz, 1994), which is possibly a dispersal

behaviour, tuned to finding foraging patches in response to lower abundance

of large zooplankton during the mid to late summer (Healey, 1991). Despite

low average prey abundances in these locales, their growth rates are rapid

and so sockeye must then be capable of cueing in on small‐scale patchiness in
their zooplankton prey. Mortality is high during this phase of migration and

rapid growth has been postulated to be an eVective means of reducing

predation mortality as larger fish are less vulnerable to predation (Wood

et al., 1993; see also Chapter 3). Beamish et al. (2004) have shown that slow

growth during the first marine year of juvenile coho salmon in coastal British

Columbia is associated with high mortality. They suggest that critical

weights and energy reserves must be attained before autumn if fish are to

survive poor winter feeding opportunities. Though speculative, periods of

active feeding, punctuated by periods of active migration, may be the best

tactic to address the tradeoVs between energy accumulation, survival, and

positioning.
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Little is known about the physiology of salmonids after they have

initiated directed coastal migration. During the early phases of coastal

migration, Atlantic salmon postsmolts mobilise energy, reducing lipid and

glycogen stores, allocate protein to somatic growth, and ultimately decrease

plasma levels of growth hormone (Stefansson et al., 2003). Thus, juvenile

salmon in coastal waters employ a strategy of rapid anabolic growth at

the expense of energy reserves presumably to increase immediate survival

potential (MacFarlane and Norton, 2002).
11. PHASE 6: OPEN OCEAN MIGRATION

Unlike the coastal migration phase (Section 10), open ocean migrations

involve fast growth during early stages, and rapid accumulation of energy

reserves during later stages. This phase is the most poorly studied for

all anadromous fish. Behavioural patterns have largely been inferred from

distributional data obtained either from sampling fish in diVerent locations
or from recapturing marked fish. Energetic information has been generated

from knowledge of growth, food availability, and physical oceano-

graphic features. There is virtually no data on the physiological aspects of

this migration. Thus, our discussion will focus on linkages that have been

investigated between behavioural and energetic patterns.
11.1. Behaviour and Energy Use Patterns

After about 1 year as ocean residents, sockeye move oV the conti-

nental shelf into the open ocean. For Fraser River sockeye, whose ocean

distribution have been well examined, a transition into the Gulf of Alaska

(Figure 7.1) occurs that seems to be dependent on current patterns and

temperature (French et al., 1976; Walter et al., 1997). Subsequently, in open

ocean their migration is dominated by the Alaskan Gyre (Healey, 2000).

Speeds of the sub‐Arctic current (Figure 7.1) are about 10–25% of the

normal cruising speed of the fish (Thomson et al., 1992) and might be

expected to have a significant influence on oceanic migrations. Walter

et al. (1997) argued that swimming speeds required to override the influence

of ocean currents would be prohibitively costly (i.e., a nonoptimal COT) and

that little directional preference should be exhibited. Regardless of whether

these fish make one (Walter et al., 1997) or two (French et al., 1976) seasonal

‘‘loops’’ of the Alaskan Gyre for each year at sea, it is clear that currents play

a dominant role in determining the migration pattern of sockeye salmon in

the Gulf of Alaska.
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In the Gulf of Alaska, sockeye salmon must locate regions favourable to

growth, as demonstrated by an order of magnitude change in salmon growth

potential over a narrow range of sea surface temperatures (ca. 6–7 �C; Rand,

2002). Even so, the Alaskan Gyre has a complex thermal structure, with

temperatures ranging from <1 �C to >15� C, depending on season and year.

The search for zones of positive growth potential may lead fish to avoid

areas of high temperature, particularly when food is scarce, because of the

energetic cost of routine metabolic rates at high temperature. Moreover, the

southern distributions of sockeye and other salmon in the Gulf of Alaska

have sharp thermal limits, which are higher in summer than in winter,

implying that fish migrate further north in winter than in summer and are

behaviourally adapting to colder water to conserve energy when winter food

supplies are low (Welch et al., 1998). These behaviours may be analogous to

those reported for Albacore tuna (Thunnus alalunga) in relation to thermal

fronts (Laurs et al., 1977).

Bioenergetic modelling of sockeye ocean migration suggests that finding

food in the most energetically eYcient manner is the most important activity

enabling successful completion of subsequent phases of migration and

spawning. To achieve their typical final ocean weights, sockeye must obtain

near maximum rations virtually continuously during their ocean life (Hinch

et al., 1995; Davis et al., 1998). Analysis of the distribution of opportunities

for positive growth based on temperature and prey (i.e., zooplankton)

patterns indicate that most of the Gulf of Alaska is not a good growing

environment (Rand et al., 1997). Zooplankton distribution is heterogeneous

and exhibits patch structure on scales of tens to several hundreds of kilo-

meters (Rand and Hinch, 1998a). Thus, sockeye must have finely tuned

physiological systems enabling detection and evaluation of subtle diVerences
in oceanic thermal and growth potential conditions.

Ogura and Ishida (1992) followed open ocean movements for about a

week by attaching depth‐sensing acoustic transmitters to four coho salmon

in the central North Pacific Ocean. All fish tended to swim within a few

meters of the surface and ground speeds (�10–20 km/day) were less than half

of the typical speeds exhibited by maturing salmon during their directed

migrations towards the coast (see Ogura and Ishida, 1995). Slower ground

speeds can be accounted by two behaviours: occasional depth forays (gener-

ally <50 m) for periods of a few minutes to a few hours that seemed more

prevalent at night; and horizontal meandering, particularly at night, occa-

sionally backtracking (Ogura and Ishida, 1995). These movement, speed,

and diel patterns fit with the conclusion of bioenergetic models that fish are

expending most of their energy searching for patches of food (i.e., not

swimming fast, making depth forays), and when they find food, they attempt

to remain near it (i.e., backtracking).
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Open ocean distribution and potential migration patterns have

been studied in other pelagic fish such as tuna and billfish using satellite

‘‘pop‐up’’ transmitter telemetry (see Akesson, 2002; Gunn and Block, 2001),

but there has been little work on their energetics or physiology at sea, with

the exception of research on Atlantic cod that examined the role of thyroid

hormones on migration (Comeau et al., 2001). In that study, the researchers

determined that levels of T3 and thyroxine both increase at the start of the

autumn migration. They suggest that thyroid hormones may facilitate

the onset of the autumn migration by enhancing metabolism, sensory physi-

ology, and swimming capacity (Woodhead, 1970). In particular, T3 may

have had an excitatory eVect on metabolism. The authors presume that the

external cue for thyroid hormone expression and thus migration initiation is

alteration in photoperiod.
12. PHASE 7: DIRECTED MIGRATION TO THE COAST AND

NATAL RIVER

Foraging remains an important activity for the fish during this phase.

Salmon gain about half of their mature mass during their last 6 months at

sea, so they must forage continuously en route to the coast (Hinch et al.,

1995). This is the period when most of the energy reserves needed for upriver

migrations and spawning are accumulated. However, how they balance their

time budget for foraging and directed migration is unknown. Considerable

behavioural and bioenergetic modelling and direct observations of move-

ments using telemetry have helped understand growth patterns of Pacific

salmon and mechanisms for locating natal rivers. Assessments of reproduc-

tive states and experiments evaluating initiation factors also exist. However,

few studies have truly integrated the physiology and behaviour behind

decisions by migrants regarding timing and swimming activity.

12.1. Migration Initiation

The cues and physiological mechanisms responsible for the decision to

depart the open ocean environment are poorly understood, but the decision

seems to be closely related with the initiation of gonadal maturation, which

is regulated mainly by the hypothalamo‐pituitary‐gonadal axis (Ueda et al.,

2000b). Specifically, changing levels of reproductive hormones seem to

be the key. Gonadotropin‐releasing hormone (GnRH) triggers the initiation

of gonad growth in salmon (Ueda and Yamauchi, 1995) and the onset of

gonadal growth is associated with the shift from foraging to homing

migration. Sockeye salmon in Lake Toya, Japan that were implanted with
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artificial GnRH ceased feeding in open water and began homeward migra-

tion prematurely (Kitahashi et al., 1998). Artificial release of GnRH in

sockeye salmon in Lake Shikotsu, Japan, caused increased levels of serum

steroid hormones and increased development rate of gonads (Sato et al.,

1997). GnRH appears to accelerate gonadal maturation specifically by ele-

vating levels of serum DHP (Fukaya et al., 1998). Japanese chum salmon

showed a distinct pattern of increasing testosterone and estradiol concentra-

tions as fish migrated from the open ocean to spawning areas (Ueda et al.,

2000b). Injection of testosterone in experimentally castrated masu salmon

stimulated migratory behaviours (Munakata et al., 2001), further supporting

the notion that gonadal maturation is a key factor responsible for migration

initiation in this species. The trigger for the initial release of GnRH is not

clear, but some have suggested that changing photoperiod plays a role.

However, body size and energy levels must also have a role because Pacific

salmon that do not reach a critical size early in the year are likely to delay

spawning and remain in the ocean for an additional year (Groot and

Margolis, 1991). Possibly, photoperiod triggers GnRH release only if a

certain growth or energy accrual threshold is realised.

12.2. Direction and Speed of Migrations

The arrival time of salmon populations to the Pacific coast seldom varies

by more than a week on either side of the long‐term average. Modelling

studies have explored how ocean circulation patterns influence homeward

migration behaviour in Pacific salmon in terms of direction and timing

(Thomson et al., 1992; Healey et al., 2000). For some species and stocks,

the choice of migration route has important implications for energy and time

conservation. For example, Fraser sockeye travelling with a strong com-

pared with a weak sub‐Arctic current (Figure 7.1) would reach the coast

much farther north (Thomson et al., 1994), causing them to reach the Fraser

River later unless they swam faster. On the other hand, ocean currents can

facilitate salmon migrations, as shown by Healey et al. (2000) who modeled

the eVects of the 300 km in diameter Sitka Eddy, located northwest of the

Queen Charlotte Islands (Figure 7.1). The rotation of the eddy had a

negligible eVect on the latitude at which salmon reached the coast, but

slightly boosted migration speed and conferred a modest energy benefit.

As mesoscale eddies are a common feature of surface circulation in the

Alaskan Gyre (Mysak, 1985; Thomson et al., 1990), other eddies might

influence homeward migration.

Tagging studies on Fraser River sockeye suggest that movements

from the open ocean to the natal river are well directed and rapid, averaging

20–30 km/day but as fast as 60–70 km/day (Groot and Quinn, 1987).
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Maturing sockeye, chum, and pink (O. gorbuscha) salmon in the Bering Sea

(Figure 7.1), tagged with acoustic telemetry transmitters, traveled at similar

speeds (�30–50 km/day; Ogura and Ishida, 1995), whereas nonmature chi-

nook salmon moved much slower (<20 km/day). Similarly, sockeye return-

ing to the natal rivers in British Columbia (Quinn and terHart, 1987; Quinn

et al., 1989) traveled 20–25 km/day, with periods of strongly directed swim-

ming interspersed with wandering behaviours. The wandering could be

related to either currents in coastal areas being stronger, more variable,

and less predictable than that in the open ocean, or responses to incorrect

route selections into deep inlets or fjords, or some element of foraging.

Tagged salmon did not seem to be timing their coastal migrations to take

advantage of tidal flows, though they did appear to use selective tidal

transport in estuaries (Quinn et al., 1989). Average swim speeds of acousti-

cally tagged sockeye in coastal areas near natal rivers were close to the

energetically optimal speed (Quinn et al., 1989).

12.3. Physiological Changes

During homeward migration, salmon are physiologically preparing for

the next and final migration phase, which involves freshwater entry, high

activity exercise, and eventual reproduction. Even swimming patterns may

change to save energy as fish approach the coast. Sockeye slow their migra-

tion and drift with tidal currents as they near natal estuaries (Levy and

Cadenhead, 1994), a behaviour not observed in nonnatal estuaries.

Salmon must also position themselves at the mouth of the river at a time

that coincides with some level of osmoregulatory preparedness for freshwater

and when river conditions (e.g., temperature and discharge) are appropriate

for enabling the upriver migration. Returning adults should avoid low‐salini-
ty plumes in the same way that outmigrating smolts do, but only if that water

does not contain odours of their natal river. Encountering low‐salinity water
that smells like ‘‘home’’ could not only direct fish towards natal rivers but

also lead to the initiation of the upriver migration (Døving and Stabell, 2003).

Based on samples taken from maturing sockeye intercepted 700 km and

250 km away from the mouth of the Fraser River (Figures 7.1 and 7.3), it is

clear that fish are preparing for the transition to freshwater well before they

enter freshwater. For example, gill Naþ/Kþ ATPase activity is lower at 250

km than the levels found �700 km away, yet both locales are full‐strength
seawater (Figure 7.1). Also, the reproductive hormone titers in plasma

suggest that the reproductive machinery is already in full swing at both

locations. For example, estradiol increased from 2.5 to 5 ng/ml between

the Queen Charlotte Islands and Johnstone Strait and remained at this level

when the fish reached the river (Figure 7.4). Gonadosomatic index is also



Fig. 7.3. Mean (þSE) plasma chloride concentrations (open bars) and gill Naþ/Kþ ATPase

activity (solid bars) based on biopsy samples from adult sockeye (Adams River population)

collected at eight sites that span the physical extent of the directed coastal and upriver spawning

migrations. Sites are numbered according to migration sequence and correspond to locales in

Figure 7.1. Sites are classified based on general habitat types and their salinity transitions

(ocean, estuary, river). Plasma chloride data are missing for site 7. The sampling procedure

may have caused some stress to fish so comparisons are best made with the plasma ion values for

postexercise rather than the routine resting state values in Table 7.1. (Adapted from A. P.

Farrell, unpublished data.)
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increasing, suggesting lipid deposition in eggs is active and vitellogenin levels

are elevated. This suggests relocation of lipid stores within the fish because

they have ceased feeding. Understanding the endocrine control of this pro-

cess has eluded research to date. As with smoltification, physiological

changes are being made several weeks before the transition from seawater

to freshwater and several months before spawning.

12.4. How Do Ocean Migrants Find Their Natal Rivers?

Much debate centers on the sensory cues and physiological systems used

by salmon to direct homeward migration, owing in part to disparities among

studies and species. Indeed, the controversy regarding salmonid orientation



Fig. 7.4. Plasma levels of selected hormones (mean �1 SE, A‐cortisol, B‐11 ketotestosterone,

C‐estradiol, D‐testosterone) from Early Stuart sockeye salmon sampled during upstream spawn-

ing migration in 2001 (0 km ¼ mouth of Fraser River). At 200 km, fish negotiate a very diYcult

hydraulic barrier (Hell’s Gate) where plasma cortisol levels are significantly elevated. This stress

is also associated with depression of all three sex hormones. (Adapted from A. P. Farrell,

unpublished data.)
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is long‐standing (e.g., Nordeng, 1971). Døving and Stabell (2003) advanced

a generalised scenario to describe homing orientation. In the open ocean,

salmon should swim with small scale vertical and horizontal oscillations,

which could allow them to sample odours from diVerent water layers.

Salmon recognise four major aquatic odourants (amino acids, bile salts,

steroid hormones, and prostaglandins) at very low concentrations (Døving

et al., 1980; see also Chapter 9). Freshwater layers containing characteristic

odours of the natal stream, collectively termed the home stream olfactory

bouquet (Carruth et al., 2002), would play a dominant role in the final stages

of locating the natal river (Hasler and Scholz, 1983; see also Chapter 1,

Section 5.4.1 of this volume). The attraction of adults to freshwater is the

converse of the behaviour of outmigrating juvenile salmon.

Døving and Stabell (2003) further postulate that all phases of migration

discussed in this chapter may be based on rheotactic responses to conspecific
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odours. Smoltification and downstream migration involves a shift from

positive to negative rheotaxis, which could be triggered by the presence of

chemical signals from conspecifics in its population. During sexual matura-

tion, salmon are proposed to switch from negative to positive rheotaxis in

response to the same set of chemical signals. Døving and Stabell (2003)

further suggest that odour trails may be followed to and from feeding areas

in the open ocean during a full migration cycle.

This orientation model assumes that ocean dwelling salmonids detect

natal odours; however, other sensory systems are needed to bring fish to the

proximity of these odours. Acoustic tracking of sockeye in Lake Toya,

Japan has been revealing in this regard (Ueda et al., 1998, 2000a). Fish

carrying magnets found spawning areas just as quickly as control fish,

suggesting that geomagnetic cues did not play a strong role in homing

behaviour. In contrast, blinded fish released in the middle of the lake had

diYculty locating their spawning area only 7 km away. Vision was clearly of

paramount importance for homing behaviour, and fish may be using a sun

compass, polarised lighting patterns, or, as they approach land, memory of

landmarks (Ueda et al., 1998). Blinded fish did locate spawning areas after

days of random swimming, presumably by using olfactory cues, which they

eventually encountered.

Olfactory nerve studies on chum and masu salmon have revealed that

amino acids elicit olfactory responses and that salmonids can discriminate

among diVerent intensities of these chemicals (Sato et al., 2000). Ocean

migrating adults might be able to cue in on amino acids, pheromones, or

population‐specific odours released by ocean‐bound juvenile migrants

(Groot et al., 1986). This latter possibility lends theoretical support to the

Døving and Stabell (2003) model. However, Quinn et al. (1989) present

arguments against this odour‐based model. As sockeye approach the mouth

of the Fraser River, vertical questing movements begin (Quinn and terHart,

1987) and are particularly frequent at inlets that do not contain natal rivers.

Other environmental variables could play roles as orientation cues,

particularly as fish approach natal rivers. For instance, coastal temperature,

which can be aVected by riverine input, could be used, as could presence of

conspecifics or predators, which may be higher near riverine areas. Migrants

often begin to school in conspecific groups close to river mouths but whether

this is simply a consequence of similar timing of arrival and limited space, a

recognition of conspecifics, or an antipredator mechanism is unknown.

Though diVerent species of salmon may enter the same river at similar

times, their behaviours at the river mouth can be quite distinctive. Sockeye

salmon entering Alberni Inlet (west coast of Vancouver Island; Figure 7.1;

Spohn et al., 1996) and near the Fraser River mouth (Rick Thomson,

unpublished data, 2003) show a clear preference for the deep, cold, halocline
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rather than warmer, less saline, surface waters. Ironically, this exposes

sockeye to very low oxygen concentrations (�4 mg O2/L). This behavioural

strategy brings into question the dogma that salmon are generally hypoxia

sensitive. It may be that behavioural selection of cold temperature moderates

the hypoxia sensitivity, as has been shown for isolated rainbow trout hearts

(Overgaard et al., 2004), as well as slowing routine metabolic rate. In

contrast to sockeye, pink salmon entering the Fraser River occupy much

shallower and less saline parts of the water column prior to river entry (A. P.

Farrell, unpublished data, 2003).
13. PHASE 8: ADULT UPRIVER MIGRATION TO NATAL STREAM

Migration upriver for purposes of reproduction is common among

potamodromous fishes, ranging from small cyprinds to large ictalurids (see

Lucas and Baras, 2001), as well as being essential for anadromous fishes.

Considerable eVort has been placed on assessing physiological and energetic

status of migrants and patterns of movements from many taxa sampled at

diVerent times or locales during migrations. Research on this migration

phase thus provides the best and most detailed examples of linkages between

behaviour and physiology. This knowledge is greatest for salmon, particu-

larly for sockeye salmon.

13.1. Migration Initiation and Control

The cues and physiological mechanisms responsible for the decision to

depart the coastal environment and head upriver are not well studied, though

they must involve extremely precise links between behaviour and physiology.

For example, in Fraser River sockeye, freshwater entry dates for a given

population rarely deviate more than 1 week (�3%) from historical averages

(Woodey, 1987). Migration windows vary widely, however, among popula-

tions of sockeye (Hodgson and Quinn, 2002). Therefore, diVerent cues must

exist among many salmon stocks entering the same river system. In general,

increasing flows and decreasing temperatures stimulate upriver migrations in

streams and small rivers, but this may not apply to large rivers (Quinn et al.,

1997). Initiation times in large rivers are related to spawning ground location,

migration distance (Gilhousen, 1990), and river temperature (Quinn and

Adams, 1996). For example, Fraser River sockeye populations that travel

the longest distances also enter the river first in early summer, just as the

spring freshet is beginning to subside but before water temperatures become

high. Migration is therefore timed to miss the worst flow conditions and yet

provide suYcient incubation time for fertilised eggs to hatch before streams
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freeze in winter. Conversely, sockeye populations that migrate only short

distances to coastal spawning grounds do so in late summer and fall, in

association with lower river flows and often cooler temperatures en route

and at the spawning bed. They thus avoid peak water temperatures (>18 �C)
that might promote lethal stress or disease in spawners.

It is thought that changes to osmoregulatory and ionoregulatory

systems could play key physiological roles in initiating migrations. As salmon

move from seawater to freshwater, they reorganise gill and gut transport

mechanisms (e.g., ion channels, exchangers, ATPase pumps, paracellular

permeabilities) and upregulate the activity of their kidneys (Wood and

Shuttleworth, 1995) and plasma ion concentrations change (Table 7.1).

The trigger for the osmoregulatory switch is not clear, but changing photo-

period probably plays a role and has been suggested as a likely cue aVecting
the migratory timing in sockeye (Quinn and Adams, 1996). Comparatively

little is known about osmoregulation associated with upriver migrating

salmon, in contrast with what is known about downstream migrating smolts

(see Section 9).

There are additional physiological and environmental factors that may

influence the timing of freshwater entry but may not serve as primary

triggers of migration. Associated with the onset of salmon spawning migra-

tions is a cessation of feeding (see discussion below) and fish remain in a true

catabolic state for weeks to months, as hormonal systems are diverting

energy and activities away from digestive functions towards gonad develop-

ment. Even if fish had the capabilities to feed, opportunities for foraging

would be curtailed because times available for spawning are often limited so

migrations are fairly directed. Because adequate energy reserves are critical

for successful migration and spawning, levels of energy could play a role. We

have found with Fraser River sockeye that abnormally early migrants have

lower reserves and are more advanced reproductively than normal timed

migrants (S. Cooke and S. Hinch, unpublishd data, 2003). Initiation times

can be aVected by marine parasites. In Ireland, sea lice infestations were

associated with premature river migrations of sea trout (Salmo trutta; Tully

et al., 1993). Tidal cycles mediate migration initiation. Fraser sockeye posi-

tion themselves close to the sea and river mouth beds and initiate upriver

swimming during high tides rather than low tides, presumably to receive

forward assists from the inflowing tide (Levy and Cadenhead, 1994). How-

ever, lengthy delays in estuaries can increase the risk of predation by marine

mammals and humans, and expose fish to hypoxic, highly saline areas,

which if occurring for more than 2 days results in high hematocrit values

(Korstrom et al., 1996), suggesting elevated stress levels and possibly dehy-

dration. Recent swim tunnel respirometry on maturing Fraser sockeye

collected in the ocean and held in either sea or freshwater revealed that the



Table 7.1

Plasma Ion Concentrations in Adult Sockeye Salmon, Coho Salmon, and Atlantic Salmon

Plasma variable Salinity

Routine values Postexercise values

Sockeye Atlantic Coho Sockeye Atlantic Coho

Sodium (mmol/L) FW 154 � 2 143 — 159 � 3 151 —

SW 185 � 3* 149 159 � 11 213 � 7*,{ 178 186 � 5{

Chloride (mmol/L) FW 122 � 7 134 — 121 � 3 134 —

SW 164 � 2* 143 141 � 10 173 � 4* 160 168 � 7{

Potassium (mmol/L) FW 2.7 � 0.9 3.8 — 2.0 � 0.4 4.4 —

SW 1.5 � 0.3 3.7 4.3 � 0.2 6.3 � 0.8*,{ 5.4 5. 2 � 0.1

Osmolality (mOsm/kg) FW 283 � 2 307 — 334 � 17 314 —

SW 334 � 17 314 305 � 15 329 � 24 362 377 � 11{

Glucose (mmol/L) FW 6.4 � 0.7 — — 7.1 � 0.4 — —

SW 5.9 � 0.6 — — 8.6 � 1.0 — —

Lactate (mmol/L) FW 0.8 � 0.1 — — 5.0 � 1.5{ — —

SW 1.3 � 0.3 — 1.0 � 0.1 5.5 � 1.8{ — 12.9 � 2.3{

Cortisol (ng/ml) FW 112 � 14 — — 229 � 82 — —

SW 354 � 95 — 71 � 16 365 � 96 — 194 � 36{

*Significant diVerence (P < 0.05) between freshwater and seawater.
{Significant change postexercise.

Sources: G. Wagner and T. Farrell, unpublished data (adult sockeye salmon); Cech et al., 2004 (coho salmon); and Byrne et al., 1972 (Atlantic

salmon).

Data are means �1 SE. Samples were held in either saltwater or freshwater and were taken either under routine resting state or 30 minutes

postexercise. No SE or statistics were available for Atlantic salmon.
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costs of routine metabolism and swimming were 30% higher in seawater

(Figure 7.5), a diVerence that could reflect ionoregulatory costs as well as

restlessness (see Table 7.1 for elevated routine plasma cortisol and lactate

levels). Therefore, energetic and survival advantages may accrue by not

delaying the initiation of migration into freshwater.

A group of sockeye populations, termed ‘‘late‐run’’ Fraser River stocks,

which exhibit unique migration behaviour and a recent migration problem,

exemplify the linkage between physiological and environmental factors in

aVecting migration initiation. Late‐run populations, like ‘‘summer‐run’’
populations, arrive at the river mouth in August, but unlike other sockeye

population, late‐runs remain near the river mouth milling in the ocean for

4–6 weeks without feeding before initiating river migration. The milling

behaviour allows reproductive development to continue while limiting the

migrant’s contact with a naturally occurring freshwater kidney parasite and

relatively warm river migration and spawning ground temperatures, which

would escalate the parasite’s disease development (Cooke et al., 2004b).

Prolonged exposure to this parasite affects swimming performance and

osmoregulatory abilities (Wagner et al., 2005a). Since 1994, these fish have

begun upriver migrations earlier than normal, reducing or eliminating this

milling behaviour. The consequences are severe for these early migrants, as

they suVer very high mortality before spawning (up to 95% in some years;

Cooke et al., 2004b). The precise causes of this curious and maladaptive

changed behaviour are not completely understood, though early migrants

have been found to have lower energy reserves and advanced reproductive

states (S. Cooke and S. Hinch, unpublished data, 2003). Preliminary evi-

dence has associated this changed behaviour with reductions in coastal zone

salinity levels at depth (Rick Thomson, unpublished data, 2004). The pre-

mature initiation of migration may be caused by fish reacting to premature

exposure to low salinity in coastal migration areas. These findings lend

further support to the general role that osmoregulatory systems have in

aVecting migratory behaviour, and that decisions to initiate river migrations

may be made considerable distances away from natal freshwater.

13.2. Energy Use

There is considerable anecdotal evidence from commercial and recrea-

tional anglers that most species of migratory salmonids stop eating shortly

before reaching freshwater and do not eat during upriver migration. The

latter is a common observation in studies of Pacific salmon migration

behaviour and energetics (see Margolis and Groot, 1991; Brett, 1995). In

our work on Fraser River sockeye and pink salmon energetics (e.g., Crossin

et al., 2003, 2004), we have never encountered food in the stomachs of river



Fig. 7.5. Oxygen uptake of adult sockeye salmon in saltwater (circles) and freshwater (squares)

during critical swimming speed (Ucrit ) tests (left side of figure). At all levels of activity except at

the maximum Ucrit oxygen uptake was lower (*P < 0.05) in freshwater than in seawater (from

Wagner et al., 2005b). This indicates that in terms of oxygen costs, life in seawater would be

more expensive than in freshwater. Note that the cost of swimming theoretically increases

exponentially with swimming speed based on the cost of drag through water and so an

exponential relationship should exist between MO2 and swimming speed. This relationship

does not always occur. In these data, oxygen is consumed exponentially at the lower speeds

but this relationship changes at faster speeds. The main reason this phenomenon occurs is that

as salmon approach their critical swimming speed, they power swimming anaerobically through

glycolytic activity in white muscle, and associated with this are changes in swimming gait.

The true cost of this swimming is deferred to the recovery period. This phenomenon, known

as excess postexercise oxygen consumption (EPOC), has been modeled for salmon to increase

MO2 in an exponential fashion with increasing swim speeds beyond 60% of Ucrit (from Lee et al.,

2003a). Applying these findings to this figure, EPOC would become a factor at about one

body length per second, thereby accounting in part for the nonexponential nature of these data.

It is also important to note that the percentage diVerence (in brackets) betweenMO2 in saltwater

and freshwater can be as small as 15%. The diVerence in oxygen cost can be largely deferred, but

this is temporary because as soon as the recovery starts, EPOC is 58–73% higher in saltwater

than in freshwater (see Wagner et al., 2005b for details on EPOC). Oxygen recovery measure-

ments (right side of figure) were made at a swimming speed of 0.45 m/s, which allowed fish to

rest on the bottom of the swim chamber and orientate into the water current. The vertical and

horizontal bars around the mean values indicate the SEM for MO2 and swimming speed,

respectively.
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migrating fish (S. Hinch, personal observation, 2005). However, there is less

quantitative information on where feeding actually stops in the marine

environment, probably because the traditional approaches (i.e., capturing

fish at diVerent locales and diVerent times, and looking at stomach contents)

have not generally confirmed stock origin using genetics, and have not been

able to identify if specific fish are truly in migration mode or not. For

example, chinook salmon caught oV the west coast of Vancouver Island

(Figure 7.1) in September had little food in their stomachs, and none in

October when captured in the lower Fraser River (Healey, 1991). This may

indicate feeding largely stopped somewhere in coastal waters while migrating

the 200–300 km between those two locales. However, whether the Vancouver

Island samples were Fraser River fish, or in true migration mode, is not

certain. More definitive results, however, were recently provided by G.

Crossin’s work on salmon bioenergetics (unpublished data, 2003). On July

29–31, 2003, 30 adult pink and 30 sockeye salmon (DNA analyses confirmed

all fish were from the Fraser River) were captured in the ocean west of the

Queen Charlotte Islands while migrating southward (Figure 7.1, site 1).

Every fish’s stomach was full to capacity of prey, primarily euphausid

shrimps. Two weeks later, over 50 pink and 50 sockeye salmon were cap-

tured in Johnstone Strait while migrating southward (Figure 7.1, site 2) and

DNA analyses again confirmed fish were Fraser origin and were in fact from

the same sockeye stock groups as those sampled at the Queen Charlotte

Islands. Most of the stomachs of these fish were empty, though a few

contained small amounts of residual digested matter. What is clear from

these results is that feeding was maximal at 800 km, but ceased before

250 km, from natal freshwater. Depending on the stock, sockeye and pink

salmon will take 2–4 weeks to travel from Johnstone Strait into the Fraser

River, and are thus largely in a catabolic state during this time.

Because most migrants do not feed during river migrations and may well

not feed for weeks prior to initiating migrations, appropriate allocation of

declining energy reserves is essential for long distance migrations, reproduc-

tive development, and spawning behaviours. Body constituent analyses for

fish sampled before and after upriver migrations reveal that swimming

activity of salmonids typically deplete 75–95% of body fat, which is about

half of the salmon’s total energy reserves (reviewed in Brett, 1995). Roughly

55% of a female sockeye salmon’s available energy is used for swimming

activity, whereas 23% is used to ripen gonads and reproduce (Brett, 1983).

American shad (Alosa sapidissima), which spawn in southern regions with

relatively stable and warm spawning areas, are semelparous (i.e., spawn once

and die) and use as much as 70–80% of endogenous energy stores (Leggett

and Carscadden, 1978). They only use 35–65% (Leonard and McCormick,

1999) in more northerly systems where water is cooler, spawning areas are

less stable, and populations tend to be iteroparous (i.e., can repeat spawn).
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ish size also directly aVects energy use, with large Atlantic salmon (Jonsson

t al., 1997) and American shad (Leonard and McCormick, 1999) using

elatively more energy, after correcting for body size, than small fish to

omplete the migration.

Populations of sockeye bound for distant inland spawning locales

tart their migration with nearly twice the somatic energy concentration as

hat of populations bound for nearby coastal watersheds (Figure 7.6) be-

ause of the long distances and steep grades that are encountered by the

ormer (Figure 7.1). Short distance coastal populations also initiate upriver

igrations with more mature gonads (Crossin et al., 2004), thus distant

nland migrations require a greater amount of energy for gonad ripening,

s well as locomotion (Figure 7.6). Average egg size for coastal spawning

opulations is larger than that for distant inland populations (Crossin et al.,

004). Similar patterns of premigration energy storage and egg size in

elation to migratory distance are evident in other Pacific salmon species

nd regions (reviewed in Brett, 1995).

Hendry and Berg (1999) related reproductive development and specific

nergy stores for Alaskan sockeye salmon. Mass‐specific somatic energy

eclined from freshwater entry (6.7% lipid, 20.6% protein, 6.6 MJ/kg) to

he start of spawning (1.6% lipid, 18.0% protein, 4.5 MJ/kg). Stored lipid

ppeared to be used primarily for upriver migration and egg production,

hereas stored protein seemed to be used primarily for the development of

econdary sexual characters and metabolism during spawning. Most devel-

pment of secondary sexual characters occurred late in maturation, perhaps

o delay deterioration of muscle tissue. Similar results exist for populations

f Fraser sockeye (Figure 7.6) and bioenergetic modeling indicates that

wimming metabolism is the primary consumer of energy, with aerobic

wimming activity dominating and consuming 10–25 times more of the

nergy reserves than standard metabolism (Figure 7.7). In terms of energy

anagement, it would seem that minor delays in migration could occur with

ittle energetic consequence provided the fish did not have to swim excessive-

y (i.e., encounter hydraulic barriers requiring anaerobic metabolism). As-

uming energy management issues are minimal, reproductive timing is

robably the primary driving force for prompt river passage.

Lipid constituents associated with upriver migration have been explored

n detail. Fatty acids are the main energy source for swimming during the

igration. Total plasma nonesterified free fatty acid (NEFA) concentrations

eclined in both males and females to 60% and 40% of their respective initial

evels during upstream migration of Fraser sockeye salmon (Ballantyne

t al., 1996). Nevertheless, palmitic (10:0), oleic (18:1), docosahexaenoic

22:6 n‐3), and eicosapentaenoic (20:5 n‐3) acids remained at 66% to 77%

f the total plasma NEFAs. Some lipid constituents are also important

for gonadal development (Ballantyne et al., 1996). Interestingly, a diVerence



Fig. 7.6. Mean (�1 SE) protein and lipid percentages (a and c) and gross energy concentrations (b and d) in the soma of female and male Fraser River

sockeye collected in 1999. Collection locations are indicated in (a), and are the same in subsequent panels. Dark bars in panels (a) and (c) are for

protein, and light bars are for lipid. N for each bar in each panel is �10. The dashed line in panels (b) and (d) is speculation at the approximate

energetic threshold to sustain life. See Figure 7.1 for location of spawning grounds. (Adapted from Crossin et al., 2004.)



Fig. 7.7. Time series of simulated power consumption during the spawning migration, from the

mouth of the Fraser River to spawning grounds, for an average female Early Stuart sockeye.

Power has been partitioned among swimming costs (aerobic and anaerobic), standard metabo-

lism, and gonad development. Metabolic costs were estimated using EMG telemetry and

bioenergetics modeling. Gonad development was invoked on day 10; however, recent work

(Patterson et al., 2004b) has revealed that gonads are developing from day 1. Swimming costs

are elevated during passage through hydraulic barriers (Canyon and Hell’s Gate) and through

very warm tributaries encountered on day 16. (Adapted from Rand and Hinch, 1998b.)
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in monoene levels between sexes suggested that females utilised these,

particularly oleic acid, for yolk production.

Lipids are not the sole source of energy for upriver migration. Proteins

in white muscle can be metabolised during migration. Mommsen et al.

(1980) determined that soluble and insoluble protein from white muscle

decreased by 70% during migration. Many of the major muscle enzymes

also decreased; however, the activities of cathepsin D and carboxypeptidase

A increased considerably. Protein levels and enzyme activities of the red

muscle and heart changed little, with the exception of glucose‐6‐phosphate
dehydrogenase, which increased threefold to sixfold. In liver, the activities of

metabolic enzymes and the levels of soluble protein decreased, whereas

proteolytic enzyme activities increased slightly during migration.

13.3. Physiological Changes

During upriver migration, changing levels of reproductive hormones

under mainly brain‐pituitary‐gonadal axis controls, regulate the development

of secondary sexual characteristics, gonads, and other maturation indices

(Ueda et al., 2000b; Leonard et al., 2001). Figure 7.4 illustrates an example

of the changes in plasma sex hormones during the migration of the Early
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Stuart sockeye. Salmon gonadotropin‐releasing hormone (sGnRH), pro-

duced from the ventrocaudal telencephalon and the preoptic area, gonado-

tropins (GtH I and II) from pituitary gland, and gonadal steroid hormones all

seem to influence both the homing migration and gonadal maturation in

salmonids (Ueda et al., 2000b). Upriver migrating female sockeye typically

maintain high levels of estradiol‐17 beta until immediately before reaching the

spawning grounds, at which time it decreases to a minimal level (Truscott

et al., 1986). Free testosterone remains extremely high throughout the migra-

tion, whereas free and conjugated 17 alpha, 20 beta‐dihydroxy‐4‐pregnen‐3‐
one (17 alpha, 20 beta‐P) peaks immediately before reaching spawning

grounds.Malesmaintain high serum levels of 11‐ketotestosterone throughout
all phases of upriver migration (Truscott et al., 1986).

Interrenal cell hypertrophy leads to increased (near maximal) plasma

concentrations of cortisol in sockeye salmon (Schmidt and Idler, 1962), which

are elevated to levels that would be observed following exposure to chronic

stress in nonmigrating fish (Carruth et al., 2002; Figure 7.4; Table 7.1). These

elevated levels of plasma cortisol are likely to be adaptive and maladaptive in

cortisol’s three principle roles: a stress hormone, a mineral hormone, and a

substrate for the production of sex hormones. High water temperatures or

high levels of swimming activity can further elevate cortisol (Macdonald

et al., 2000) and in extreme conditions the elevation can be associated with

a reduction in sex hormone titers (Figure 7.4). Elevated plasma cortisol is

associated with the somatic and neural degeneration observed during the

upriver migration (Carruth et al., 2002). Excessively high cortisol levels prior

to spawning reduce sperm quality (Parenskiy and Podlesnykh, 1995). Never-

theless, high cortisol titers are likely to be important in a high turnover of

plasma sex hormones, but their role in osmoregulatory challenges is unclear.

Plasma cortisol levels can peak on the spawning ground and it is un-

clear whether this is a reflection of the stresses of spawning behaviours or a

trigger for them, especially because cortisol is so implicated in dominant‐
subordinate behaviours (see Chapter 5). Carruth et al. (2002) propose that

increased plasma cortisol enhances the ability of migratory fish to recall the

imprinted memory of home‐stream olfactory odours. The authors argue that

elevated plasma cortisol primes the hippocampus or other olfactory regions

of the brain to recall the home‐stream olfactory memory, thus aiding in the

homing to natal streams. Thus, there may be a fine line between cortisol

helping and hindering migration (see also Section 9.2.).
13.4. Swimming Speeds

The pattern of swimming speeds largely dictates how energy gets used

during the migration. There are several lines of evidence indicating that

behaviours and physiological systems that can facilitate energy conservation
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are critically important for successful migration. First, sockeye populations

with diYcult river migrations depart the ocean with high reserve energy

(Figure 7.6) and morphologies that favour energy conservation (i.e., fusi-

form, with short and round bodies) relative to populations with less diYcult

migrations (Crossin et al., 2004). Second, body constituent analyses on two

species (sockeye and pink salmon) sampled in diVerent years and from

disparate regions have revealed that in general, spawning ground salmon

die when energy levels decline to about 4 MJ/kg (Hendry and Berg, 1999;

Crossin et al., 2003; Figure 7.6). This suggests an energetic threshold is

responsible in part for mortality in salmonids. Third, high energy use is

associated with mortality during river migrations. In the Fraser River when

discharge is unusually high, migration rates of some stocks are slowed,

extending migration duration by several weeks. This can deplete energy

reserves to levels below critical thresholds (Rand and Hinch, 1998b). In

years of extremely high discharge, hundreds of thousands of Fraser sockeye

have died during their migration and energy exhaustion is thought to be

partly responsible (Macdonald and Williams, 1998).

Few studies have explored swimming speeds and their patterns of adult

salmon in natural riverine habitats, although behaviours and swimming

speeds in fishways and culverts have been studied (reviewed in Cooke et al.,

2004a). Electromyogram (EMG) telemetry (Cooke et al., 2004a) with adult

sockeye and pink salmon migrating through challenging but typical reaches

in the Fraser River revealed that fish exhibited sustained speeds 76% of the

time, prolonged speeds 18% of the time, and burst speeds 6% of the time

(Hinch et al., 2002). Neither sex nor species diVered in these proportions, and

mean swimming speeds did not diVer between the two species. However,

sockeye were twice as variable in their speeds because they alternated between

burst and sustained (occasionally intermixed with coasting; Figure 7.8). In

contrast, pink alternated between prolonged and sustained (occasionally

intermixed with bursts; Hinch et al., 2002). Pauses in active movement (i.e.,

coasting), as well as alterations in the duration and speed of movement, form

a dynamic system of intermittent locomotion in which animals adjust their

locomotory behaviour to changing environmental conditions (Kramer and

McLaughlin, 2001). EMG telemetry revealed that adult chinook salmon

migrating up the Klickitat River, Washington used burst speeds 2% of the

time (Brown and Geist, 2002). By being 50% longer and 250% heavier than

the Fraser sockeye studied above, it is possible that either the larger chinook

with their higher aerobic speeds do not need to invoke anaerobiosis as often,

or alternatively the hydraulics of the two river systems were diVerent.
Although burst swimming behaviours are critical to negotiate hydraulic

challenges, they are used sparingly, likely because it is energetically costly.

The metabolic cost of burst (or sprint) swimming has not been accurately

estimated for adult salmon. At speeds approaching 60–70% of the critical



Fig. 7.8. Upper panel is a map of a 7‐km section of the Fraser River indicating 10 reaches

through which individual adult sockeye were tracked with EMG telemetry. The meandering

thin, solid line between the two outer lines (the river banks) indicates the migratory path of a

single fish. The fish migrated east then north upstream through the study area. Times of entry,

276 SCOTT G. HINCH ET AL.



7. BEHAVIOURAL PHYSIOLOGY OF FISH MIGRATIONS 277
swimming speed (Ucrit), Pacific salmon and rainbow trout begin to utilise

anaerobic metabolism (Burgetz et al., 1998; Lee et al., 2003b). By measuring

excess postexercise oxygen consumption following Ucrit, the nonaerobic

costs in adult sockeye and coho were estimated to add an additional

20–50% to the oxygen consumption measured at Ucrit (Lee et al., 2003b).

Anaerobic costs can equal one‐third of total daily energy use for sockeye

migrating through rapids in the Fraser River canyon (Figure 7.7). Further-

more, extended bouts of bursting lead to exhaustion and the accumulation

of wastes such as lactic acid, which in both laboratory and field situations

can cause metabolic acidosis and delayed mortality (Black, 1958; Wood

et al., 1983; Farrell et al., 2001). Indeed, hyperactive swimming by Fraser

sockeye, recorded by EMG telemetry at Hell’s Gate fishway, was associated

with passage failure and inriver mortality (Hinch and Bratty, 2000). In

fact, when passing through specific rapids or waterfalls, both Fraser sockeye

and Klickitat chinook spent considerable time (50% and 60%, respectively)

burst swimming. In adult salmonids and other species, not surprisingly, the

white muscle group used for burst swimming comprises 60–70% of total

muscle mass (Bone, 1978), underscoring its importance for fish survival by

serving as an ‘‘insurance policy’’ despite high costs for development and

maintenance.

Females allocate significantly more stored energy to gonad development

during migration than do males (14% vs. 2%, respectively; reviewed in Brett,

1995). To compensate, it is logical that energy saving swimming patterns

should be more strongly selected for, and exist more prominently, in females,

which are also physically smaller than males. EMG studies in Fraser River

salmon support the notion that females have diVerent swim patterns and are

more eYcient in their use of energy. At reaches with river bank constrictions

and complex river hydraulics where passage is presumably most diYcult,

female sockeye and pink salmon exhibited disproportionately high levels of

sustained and prolonged swimming speeds compared with males, which

exhibited disproportionately high burst rates (Hinch et al., 2002). As a result,

the energetic costs for male sockeye were an order of magnitude higher than

that estimated for females at those reaches (Standen et al., 2002). However,
exit, and intermediary points are indicated for four specific reaches. These four reaches span the

range of diYculty of migratory habitats in terms of variability in flow dynamics. Reach 2 is a

typical migratory reach with parallel banks and no unusual flow patterns. Reaches 4, 7, and 9

contain islands or peninsular outcroppings which create multidirectional and fast flow patterns.

The dotted sections of the migratory path are estimated locations when telemetry data were not

available. The bottom panel shows time‐series plots of instantaneous swimming speeds for the

sockeye tracked in the upper panel from time of entry to exit for each of the four reaches. The

solid line represents Ucrit. (Adapted from Hinch et al., 2002.)
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there were no diVerences between sexes (or species) in energetic costs to

migrate through reaches with straight banks and relatively simple river

hydraulic flows—conditions that represent their typical migratory reaches.

Males do, however, invest more energy into distinctive morphologies (a large

dorsal hump and extended kype), which likely increase their hydrodynamic

drag (Videler, 1993) and potentially force them to increase their swimming

speed and energy expenditure to reach the spawning grounds at the same

time as females. A diVerence between sexes in hydrodynamic drag may be

most evident at reaches with fast and complex flows. Cardiac and metabolic

processes also diVer between males and females as they near reproductive

maturity. Male salmonids typically have a larger ventricular mass (Farrell

et al., 1988). During respirometer trials with sockeye, males swam at consis-

tently higher VO2 max (maximum volume of oxygen consumed by a swim-

ming fish) than females of the same size swimming against the same water

speeds, indicating that females are more eYcient swimmers (MacNutt,

2003).

Aside from the influence of sex or river reach, there is evidence that fish

swim at individual‐specific swimming speeds (Hinch et al., 2002). Size may

play a role. Small male sockeye have faster absolute swim speeds than large

males (Hinch and Rand, 1998) though the reasons for this are not clear. Size

did not explain the variation in swim speeds and energy use of pink salmon

among reaches (Standen et al., 2002). Neither fish size nor condition was

correlated with successful passage of chinook through waterfalls on the

Klickitat River (Brown and Geist, 2002). It is possible there is a genetic

propensity for certain swimming behaviours in some individuals. EVorts
evaluating to what degree body size (according to diVerent scaling relation-

ships) aVects migratory costs and puts constraints on migratory behaviour

are a common theme throughout migration biology research on many

animal taxa (Alerstam et al., 2003).

Anadromous and potamodromous upriver migrants should be natu-

rally selected to be eYcient in their use of energy and attempt to minimise

costs of swimming wherever possible. Transport costs can be reduced by

swimming at hydrodynamic or metabolic optimal speeds that minimise total

energy expended in moving unit mass through unit distance. Bernatchez

and Dodson (1987) compared energetic costs of migration for short‐ and
long‐distance upriver‐migrating anadromous fishes and concluded that long

distance migrants swam at optimal speeds. Their approach involved estima-

ting swimming speeds in the field from laboratory respirometry trials based

on total energy expenditure, migration duration, and mean river current

speeds. They assumed fish experienced mean current speeds, swam at steady

speeds, and incurred no additional costs from anaerobic metabolism (i.e.,

no burst swimming). However, these assumptions have not been realised.
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Long‐distance migrating sockeye select low current paths where possible

(Standen et al., 2004), exhibit nonsteady sustained and prolonged speeds,

and occasionally exhibit bursts thus invoking anerobiosis (e.g., Figure 7.8).

It is unclear how these assumption violations would bias conclusions.

Hinch and Rand (2000) used underwater stereo videography to directly

measure encountered water flows, and swim and ground speeds of several

populations of sockeye at diVerent sites along migratory routes. They found

that salmon adjusted their swimming speeds, based on encountered currents,

and swam at optimal speeds when currents were slow (e.g., <20 cm/s). They

concluded that this energy conservation behaviour may be more broadly

used than was originally surmised by Bernatchez and Dodson (1987). Using

swim tunnel respirometry, Lee et al. (2003a) demonstrated three significant

findings about optimal swim speeds in mature adult Pacific salmon. First,

optimal swim speeds diVered between species with similar migratory routes

and spawning locations (Figure 7.9). Second, optimal swim speeds diVered
among stocks within a species, and third, they diVered among levels of

maturation within a given stock.

Trump and Leggett (1980), in theoretically analysing the optimal swim-

ming speeds for fish in currents, suggested that minimum energy expenditure

in the absence of water currents occurs near to the optimal cruising speed

(i.e., minimum COT) but in the nonoscillating currents such as rivers, fish

should realise an average ground speed of about one body length per second.

Although this theoretical calculation is consistent with empirical estimates of

ground speed from travel times of salmon and other fishes, Trump and

Leggett (1980) noted that no data supported the hypothesis that fish can

anticipate and integrate periodic changes in current velocity. Recent work

with smallmouth bass (Micropterus dolomieu) voluntarily ascending a 50‐m
raceway against diVerent water currents has clearly revealed that migrants

can maintain constant ground speed independent of water velocity until they

reach swimming speeds that require mixed gait swimming (steady aerobic

swimming and burst‐and‐coast swimming gaits; Peake and Farrell, 2004).

Once this threshold is reached, ground speed increases and passage time

decreases. Using underwater stereovideography to monitor migrations of

sockeye swimming up tributaries of the Fraser River, a similar phenomenon

has been observed (Hinch and Rand, 2000). Sockeye maintained swimming

speeds around 100 cm/s under low to moderate encountered water speeds

(up to 20 cm/s) but accelerated their swimming speeds (>160 cm/s) when

currents exceeded 20 cm/s.

Although intermittent swimming behaviour would be expected to in-

crease energetic costs due to additional expenditure for acceleration and

deceleration, there are also a number of energetic benefits that can be derived

if forward movement continues even when active movement has stopped



Fig. 7.9. Population‐specific relationships between oxygen consumption at Ucrit (MO2max) and

water temperature. The within‐ and among‐population relationships between aerobic scope‐for‐
activity and temperature are not shown but are consistent with those reported in this figure for

Ucrit. Each datum represents a diVerent fish. Fish were swum at either their ambient capture

temperature or at some adjusted temperature. Most fish were tested in the field. The vertical

lines indicate the average ambient water temperature normally encountered by upriver migrants

within each population, which corresponded closely with population‐specific peak MO2max.

Note that as the migration season progresses from early summer to late fall, the optimum

temperature becomes cooler. Chehalis coho (triangles) and Weaver sockeye (squares) spawn in

locales near each other but migrate and spawn at diVerent times of the year (winter and fall

respectively) thus have diVerent ambient migration temperatures. Gates sockeye (circles) mi-

grate in mid‐summer, travelling 500 km to spawning areas inland, and must ascend through fast

flows and rapids en route (see Figure 7.1). Chehalis and Weaver populations travel very short

distances to their coastal spawning areas, encountering relatively low flow en route conditions.

Selection for superior aerobic swim performance (i.e., the relatively high Ucrit values for Gates

sockeye) may thus not be strong for Chehalis and Weaver populations. The specific numerical

and statistical models for these relationships are found in Lee et al. (2003a). (Adapted from Lee

et al., 2003a.)
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(Kramer and McLaughlin, 2001). Indeed, swimming in a ‘‘burst‐then‐coast’’
fashion has been suggested to reduce energetic costs of transport in

nonsalmonids by 60% (Weihs, 1974). There is some evidence from EMG

telemetry research that sockeye (Hinch et al., 2002; Figure 7.8) and

chinook (Brown and Geist, 2002) may occasionally invoke this pattern when

ascending fast flowing reaches.

River temperature influences several aspects of swimming performance

(e.g., MO2 max, Ucrit, scope for activity), all of which have optimal values at

specific temperatures (reviewed in Brett, 1995). Using field respirometry,



7. BEHAVIOURAL PHYSIOLOGY OF FISH MIGRATIONS 281
Farrell et al. (2003) demonstrated that some species, and populations within

species, respond to temperature in ways that reflect their migratory and natal

stream environments. For instance, adult Gates Creek and Early Stuart

sockeye, which migrate to distant inland lakes (Figure 7.1) in midsummer

have maximum scope for activity and maximum MO2 at 17 �C, whereas the
optima have a maximum at 15 �C for Weaver Creek sockeye migrating a

short distance to a coastal lake in early fall (Figure 7.9). Nevertheless, the

temperature optima were broad and fish could reach 90% of peak maximum

MO2 over a 5 �C temperature range (Lee et al., 2003a). Moreover, other

Pacific salmonid species such as Fraser River pink salmon (MacNutt, 2003)

exhibit weak thermal optima for Ucrit, perhaps reflecting a broader range of

encountered natal river temperatures. Swimming performance experiments

with cutthroat trout (Oncorhynchus clarki clarki) have shown that fish can

thermally adjust to temperature changes of up to 5 �C either side of the

acclimation temperature at 1 �C per day (MacNutt et al., 2004).

13.5. Selection of Migratory Paths

The selection of specific travel paths is influenced by several environmen-

tal and physiological factors. Although migrants rely largely on olfactory

cues to select and perhaps navigate towards spawning areas, direction of

flow is the primary guide. Migrants are negatively rheotactic. By orientating

into the current, salmon derive an energetic benefit from ram gill ventila-

tion, which is estimated to save up to 10% of metabolic rate (Farrell and

SteVensen, 1987). Nevertheless, EMG studies have shown that sockeye can

override negative rheotaxis for short periods when they encounter flows that

are heading in the upstream direction as a result of flow direction changes

associated with river bank peninsulas (Hinch et al., 1996, 2002; Hinch and

Rand, 1998). However, complex flow patterns arising from bank constric-

tions, islands, and river bends delay upstream progress for hours to days,

suggesting a diYculty in locating clear flow cues (Hinch and Rand, 1998;

Brown and Geist, 2002). Fish may then select the near shore to take advan-

tage of boundary layer conditions, even though this increases the risk of

exposure to mammalian predators. Even if appropriate directional flow cues

can be located, migrants may not be able to pass through some areas if flows

are extremely fast and surpass burst swimming capabilities. This phenome-

non was observed in the Fraser River in 1997 at Hells Gate where high water

speeds prevented about half of the Early Stuart stock (�500,000 sockeye)

from passing; this ultimately resulted in en route mortality of these fish

(Macdonald and Williams, 1998).

Under slow and moderate flow conditions, path selection can play a

significant role in reducing energetic costs of transport. Underwater
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stereovideography has revealed that adult migrants select low speed paths.

Current speeds encountered during the migration of adult Gates Creek

Fraser sockeye were lower than mean current speeds measured in the imme-

diate vicinity of the migrating fish at those locales (Standen et al., 2004).

EMG telemetry and videography studies have shown that sockeye move

faster through water than their tails are propelling them, thus are receiving

forward‐assists during their migrations (Hinch and Rand, 1998, 2000).

Migrants are likely locating and exploiting very small‐scale reverse‐flow
vortices created by rough substrates or banks (Vogel, 1994). When exposed

to flow vortices under laboratory conditions, rainbow trout adopt a loco-

motory behaviour akin to salmon in between vortices by activating only

their anterior axial muscles. Energetic costs of forward motion are thus

reduced by using vortices in this manner (Liao et al., 2003).

Path selection varies among species, which may be related to diVerences
in their size. Generally, migration paths for larger‐bodied fish are situated

further from river banks than for smaller‐bodied fish. In the Fraser River,

pink salmon migrate very close to shore, swim in tight aggregations, and

rarely make sojourns away from the bank to cross the river (Hinch et al.,

2002). Sockeye tend to migrate farther from shore in deeper water, in much

looser aggregations (Xie et al., 1997) and cross the thalwag (i.e., the deepest

portion of the river) repeatedly during migrations (Figure 7.8). Sockeye seem

to utilise more diverse migration paths than pinks. One reason for this is that

sockeye are physically able to roam more freely as they are larger than pink

salmon (58% heavier, 13% longer; Hinch et al., 2002), so they should be able

to generate more power for a given tailbeat and thus could make forward

progress against faster and more diverse currents than pink salmon. An

alternative reason for this lateral segregation is wave drag, which is the

resistance associated with the generation of surface waves when swimming

close to the surface (Hughes, 2004). Large fish may swim further from the

bank to avoid wave drag, which scales according the ratio of maximum body

diameter to submergence depth, so bigger fish need to swim deeper to escape

its eVects. In the Nushagak River, Alaska, the wave drag model accurately

predicted that the migration corridor for the large‐bodied chinook salmon

should be well away from the banks compared to that of the relatively small‐
bodied sockeye salmon, which are found nearer the banks (Hughes, 2004)

and can take advantage of the boundary layer.

Migrants are faced with an energetic dilemma. They need to conserve

energy during migrations to ensure that they can reach spawning areas and

still have enough energy to mature gonads and successfully spawn. However,

they have a limited amount of time available to reach spawning areas—

significant migration delays could have a negative impact on fitness. It is

thus not surprising that diVerent tactics are used when faced with diVerent
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flow conditions. When currents are slow to moderate, energy conserving

behaviours like swimming at optimal speeds, selection of low water speed

paths, or the location of areas oVering forward‐assisted propulsion can be

adopted. Under high flow conditions, sockeye migrants do not select low‐
speed paths (Standen et al., 2004). This may occur because it is either diYcult

to locate or energetically costly to relocate to microsite flow patterns when

surrounding flows are fast, and/or when the risk of experiencing delays is

large. Thus, migrants may use paths where they have little choice but to

invoke fast swimming speeds (Standen et al., 2002, 2004). Minimising travel

time could become more important than minimising energy cost.

Path selection can also be influenced by water temperature. In particular,

rapid temperature changes encountered, for instance, when entering tribu-

taries that are either extremely warm or cold can halt anadromous migra-

tions (Bjornn and Reiser, 1991). Columbia River sockeye migrating towards

Okanagan Lake ceased migrations when river temperatures exceeded 21 �C,
but resume upriver swimming when temperatures fall below this level (Major

and Mighell, 1966). Though the physiological reasons behind such delays are

not fully understood, eVects of oxygen deficiencies, stress, and thermal

acclimation are probably important. Levels of stress hormones are known

to be elevated in Fraser sockeye that are experiencing above normal tem-

peratures (Macdonald et al., 2000) and this could aVect swimming abilities.

Although the optimal temperature for Ucrit and maximum MO2 appear

to be well matched to normally encountered river temperatures (Lee et al.,

2003a; Figure 7.9), it is important to stress that these temperatures may be

precariously close to the upper lethal temperature limit. As salmon approach

this temperature limit, there appears to be cardiorespiratory collapse

(Farrell, 1997).

13.6. Upriver Migration: Not Just a Means to an End?

Although the benefits of a successfully completed upriver migration are

obvious (i.e., the opportunity to spawn), it has recently been shown that the

migration act is also important for optimising reproductive maturation.

Adult sockeye salmon captured at the mouth of the Fraser River at the

start of their 1100‐km migration were held in large tanks and allowed to

mature for 3 weeks (a typical migration time) in either a moderate‐flow
(captive exercise group) or no‐flow (captive nonexercise group) environment

(Patterson et al., 2004b). The expectation was that restricting exercise would

result in a reallocation of energy to reproduction (i.e., increased fecundity,

egg size, and gonad composition). However, this was not the case as these

reproductive parameters were unchanged among the groups, even though

at the completion of the trials, energy density for nonexercised fish was
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50% higher than that of natal fish and 20% higher than that for exercised

fish. Instead, nonexercised females had delayed maturity, lower egg deposi-

tion rates, and were more likely to die prior to egg ovulation than exercised

females and natal spawners. Also, eggs from captive exercise adult females

were more likely to survive to the eyed stage than eggs from captive non-

exercise females. The mechanisms by which exercise improved reproductive

development remain unclear, especially since plasma levels of glucose, lac-

tate, cortisol, and reproductive hormones did not diVer among the groups.

No studies have investigated the role of exercise in mobilising lipids and

proteins as a means to alter to egg depositional rates. It is well recognised

that exercise training does improve the catabolism of fatty acids in feeding

fishes (Johnston and Moon, 1980). Exercise also increases the deposition of

lipids to white muscles during growth (East and Magnan, 1987). It is also

possible that exercise stimulates vitellogenesis and final egg maturation.

Results from Patterson et al. (2004b) support the idea that the normal

physiological changes associated with exercise during adult freshwater

migrations may play a key role in regulating the timing and quality of sexual

maturation.
14. CONCLUSIONS

Our overview of the behavioural physiology of fish migrations has

revealed that, for most phases of migration, we know very little. The noted

exceptions are for the river migration phases and, even then, our knowledge

comes from just a few species and studies that link behaviour with energetics

and endocrinology. It is understandable that the least studied phases of

migration are those in the ocean because of the logistic challenges in study-

ing fish in such vast environments. However, we contend that the lack of

behaviour‐physiology linkages in most studies of migratory fish is not due to

logistic constraints, but rather dogmatic ones. Reductionist approaches used

in the study of both fish behaviour and physiology have led to isolated work

focused on very specific questions. Necessary are research teams that tran-

scend reductionism and create true interdisciplinarity, which is required to

study migration biology of fish. Similar calls for more interdisciplinary

research have been recently proposed for migration biology in general

(Alerstam et al., 2003).

Interdisciplinary research would facilitate needed integration between

physiological laboratory experiments and empirical field observations.

Behavioural ecology has been focused on field environments for some time,

but it is only recently that field research has become a focus of physiologists

(Costa and Sinervo, 2004). This likely reflects the growing recognition of the
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interplay between physiology and life history (Ricklefs and Wikelski, 2002),

and the development of a more mechanistic field of ecology. Instead of just

understanding patterns of distribution and behaviour, there is increased

emphasis on understanding how fish achieve a specific behaviour (Altmann

and Altmann, 2003). EVorts to assess the fitness implications of diVerent
behaviours and physiologies represent a frontier of modern biology (Irschick

and Garland, 2001).
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1. INTRODUCTION

With over 20,000 species described to date, teleost fish are the most

diverse taxon of living vertebrates, representing a very successful lineage of

recently evolved organisms (Nelson, 1994). Teleosts also exhibit the widest

range of reproductive modes and mating systems across the vertebrates

(Breder and Rosen, 1966; Thresher, 1984). The diversity in reproductive

patterns ranges from gonochoristic species, to sequential hermaphroditic

species (both protogynous and protandrous), to serial sex‐changing species

(e.g., goby Trimma okinawae; Sunobe and Nakazono, 1993) to simultaneous

hermaphrodites (see Demski, 1987 for a review). Asexual reproduction also
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24008-6
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occurs in some parthenogenic species (e.g., the amazon molly Poecilia

formosa; Schartl et al., 1995). Although most species are external fertilisers,

live‐bearers also occur in phylogenetic independent lines (Goodwin et al.,

2002) and the mating system can vary from monogamous to polygamous to

promiscuous (Turner, 1993). Also the patterns of parental care are the most

diverse among vertebrates, with most species showing no care, to species

with biparental, paternal, or maternal care (Sargent and Gross, 1993). This

rich variation in reproductive modes is not only present at the interspecific

level but also within species, with population diVerences in mating systems

(e.g., sex‐role reversal in courtship behaviour in lagunar populations of

the peacock blenny, Salaria pavo, Ruchon et al., 1995; Gonçalves et al.,

1996), to highly flexible breeding systems within the same population (e.g.,

monogamy vs. polygamy and biparental vs maternal care or paternal care in

the St. Peter’s fish, Sarotherodon galilaeus; Balshine‐Earn and Earn, 1998;

Fishelson and Hilzerman, 2002) to the occurrence of alternative sexual

phenotypes within the same sex (e.g., Taborsky, 1994). This wide variation

in reproductive patterns makes teleost fish the group of election for the

study of the proximate causes of sexual plasticity in vertebrates, namely

for alternative reproductive tactics.
2. ALTERNATIVE REPRODUCTIVE STRATEGIES AND TACTICS

2.1. Patterns of Variation

Intrasexual variation in reproductive behaviour is widespread among

animals, occurring in many invertebrate taxa such as insects (Forsyth and

Alcock, 1990), crustaceans (Shuster, 1992), cephalopods (Norman et al.,

1999), and in all vertebrate classes such as fish (Taborsky, 1994, 2001),

amphibians (Perril et al., 1978), reptiles (Sinervo and Lively, 1996), birds

(Lank et al., 1995), and mammals (Hogg, 1984; for general reviews see Arak,

1984 and Austad, 1984). In vertebrates, the intrasexual variation in repro-

ductive behaviour has been mainly documented for males and it may be

continuous or discrete (Rhen and Crews, 2002). Discrete polymodal beha-

vioural phenotypes within adults of the same sex in a given species have been

called alternative reproductive tactics (ART) (Brockmann, 2001). For the

sake of brevity, this review will limit the focus to species that display ARTs.

Continuous variation in sexual behaviour is beyond the scope of this review

and has been published elsewhere (e.g., Crews, 1998; Oliveira et al., 2005).

From an evolutionary point of view, a classic distinction is made between

alternative strategies and tactics. According to Gross (1996), a strategy is a

genetically based program, whereas a tactic is a phenotype that results from
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a strategy. Two main types of strategies are possible: alternative and condi-

tional strategies (Gross, 1996; Brockmann, 2001). Alternative strategies are

based on genetic polymorphism, are under frequency‐dependent selection,
and thus the alternative phenotypes have equal fitness. On the other hand, in

conditional strategies the expression of alternative phenotypes is based on an

individual’s assessment of status‐dependent cues, not genetic diVerences (i.e.,
status‐dependent selection; Gross, 1996). In this case, fitness is not expected

to be equal among alternative morphs. Theoretically, a third strategy is

possible (a ‘‘mixed strategy’’) if frequency dependent selection can result

in equal fitness outcomes for the alternative phenotypes. However, an em-

pirical example of such a case has never been reported in the literature

(Gross, 1996). According to this view, alternative phenotypes may represent

either alternative strategies or alternative tactics, depending on the relative

contribution of genetic and environmental factors for their evolution.

Based on the published empirical studies, conditional strategies (i.e.,

alternative tactics) appear to be more common than alternative strategies

(Gross, 1996). However, this apparent prevalence of conditional strategies

may result from the fact that this model seems to explain most observed

cases of ART and genetic studies to unravel underlying genetic polymorph-

isms are only rarely conducted (but see Zimmerer and Kallman, 1989 and

Ryan et al., 1992). Moreover, the assumption of lack of heritability in the

determination of the tactic switch‐point (at which it pays oV for individuals

to switch from one tactic to the other) in conditional strategies has also

been recently challenged by Shuster and Wade (2003), who have proposed

that most cases of conditional strategies must have an underlying genetic

polymorphism.

The new genetic approaches to the description of fish mating systems

have also provided some interesting new data with major implications for

the interpretation of the evolution and maintenance of alternative reproduc-

tive phenotypes. It has been shown that the alternative male morph may

have higher fitness than the conventional tactic as a result of both an

unsuspected higher reproductive success or by producing more viable oV-
spring. In the bluegill sunfish, it has been shown that bourgeois males

achieve lower egg fertilisation rates than parasitic males under sperm com-

petition (Fu et al., 2001). It has also been shown, both in bluegill sunfish and

in Atlantic salmon, that the oVspring of parasitic males grow faster and to a

larger size than the oVspring of bourgeois males (Garant et al., 2002; NeV,
2004). Moreover, in field conditions bluegill sunfish fry from nests with a

proportionally higher incidence of cuckoldry, are larger, and show a three-

fold increase in survival when faced with their major predator (NeV, 2004).
Thus, the computation of relative fitness between alternative phenotypes,

needed for the clarification of the evolutionary mechanisms underlying the
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ART, should include not only the (lifetime) reproductive success of both

male types but also the potential diVerential survivorship of their oVspring.
Alternative reproductive phenotypes can also be classified based on the

descriptive patterns of the observed behaviour (Brockmann, 2001). Accord-

ing to this classification scheme, ART can be categorised as fixed or plastic

(Moore, 1991). In fixed alternative phenotypes, the individuals adopt one of

the tactics for their entire lifetime. In plastic (or flexible) alternative pheno-

types, individuals may change tactic during their lifetime. Within plastic

ART, two subcategories can be further distinguished: irreversible sequential

patterns, when individuals switch from one tactic to another at a particular

moment in their lifetime (developmental switches), and reversible patterns,

when individuals can change back and forth between patterns (Moore, 1991,

Moore et al., 1998; Brockmann, 2001; Figure 8.1).

Therefore, this chapter adopts a classification of ART based on observed

patterns as recommended by Brockmann (2001) (i.e., fixed vs. sequential vs.

reversible tactics; Figure 8.1).

2.2. Terminology of Alternative Reproductive Phenotypes

A vast number of terms have been used to describe alternative reproduc-

tive phenotypes (Table 8.1). Some of these terms fail to reveal the functional

role of each tactic (e.g., type I vs. type II males in plainfin midshipman,
Fig. 8.1. Classification of alternative reproductive tactics (ART) based on observed patterns.



Table 8.1

Examples of the Diversity of Terms Used to Describe Alternative Reproductive Phenotypes

in Male Fish

Conventional male type Alternative male type

Territorial Sneaker (most widely used term to name the alternative

phenotype to designate a male that surreptitiously

mates with a female within the territory of the

conventional male; e.g. Gross, 1982; Taborsky, 1994)

Nest‐holder
Parental

Cuckold

Type I (term used in Batrachoids,

e.g. Bass, 1993; Modesto and

Canário, 2003a)

Female‐mimic/ Pseudo‐female (e.g. alternative males

mimic females to achieve parasitic fertilisations,

Taborsky, 1994, 1997)

Terminal phase (term used in

Wrasses, e.g. Warner and

Robertson, 1978)

Streaker (e.g. alternative males in pelagic spawning

species that rush‐in to join the mating pair, Warner

and Robertson, 1978)

Courting (unifying term proposed

by Brantley et al., 1993b)

Satellite (e.g. alternative morphs associated with

particular territories or conventional males, which

usually tolerate their presence, Gross, 1982;

Taborsky, 1994; Oliveira et al., 2002b)

Bourgeois (functional unifying

term proposed by Taborsky,

1997)

Opportunistic

Cuckolder

Type II (term used in Batrachoids, e.g. Bass, 1993;

Modesto and Canário, 2003a)

Initial phase (term used in Wrasses, e.g. Warner and

Robertson, 1978)

Non‐courting (unifying term proposed by Brantley

et al., 1993b)

Parasitic (functional unifying term proposed by

Taborsky, 1997)
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Porichthys notatus; Bass, 1993), whereas others represent particular aspects

of the expression of the tactic in a given species (initial vs terminal phase

males in wrasses; Warner and Robertson, 1978). Therefore, the use of unified

terms is highly recommendable to allow a comparative approach in the study

of ART. However, the use of the pair of terms territorial versus sneaker that

is present in several species (see Taborsky, 1994 for examples) is not appro-

priate because conventional male phenotypes do not need to necessarily be

territorial (e.g., peacock blenny; Almada et al., 1994). Brantley et al. (1993b)

used the terms courting versus noncourting male morphotypes, but once

again courtship behaviour is not present in all conventional reproductive

phenotypes (e.g., peacock blenny; Almada et al., 1995; Gonçalves et al.,

1996). Finally, Taborsky (1997) proposed the use of the terms bourgeois
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versus parasitic as the most adequate to describe the functional asymmetry

in investment to gain access to a mate between the conventional and the

alternative phenotype. Bourgeois males actively compete among themselves

for the access to females, whereas parasitic males exploit the investment of

bourgeois males to fertilise eggs (Taborsky, 1997). Thus, bourgeois males

invest in mate attraction traits such as morphological ornaments (e.g.,

extension of the tail in swordtails, Xiphophorus spp.; Basolo, 1990), mating

vocalisations (e.g., humming calls in plainfin midshipman, Porichthys nota-

tus; Brantley and Bass, 1994; see also Chapter 2), the release of sex‐pher-
omones (e.g., sex‐pheromone producing anal gland in blennies; Laumen

et al., 1974; see also Chapter 9), or the elaboration and ornamentation of

nests (e.g., Mediterranean wrasses; Lejeune, 1985). Conversely, parasitic

males exploit the investment of bourgeois males in various possible ways:

(1) they may try to approach the spawning site without being noticed,

possibly even using female mimicry (e.g., adoption of female colours and

courtship behaviours by sneaker males in the peacock blenny; Gonçalves

et al., 1996); (2) darting to the mating pair and releasing their sperm before

the bourgeois male can react to its presence (e.g., streaking males in wrasses;

Warner, 1984); or (3) cooperating with bourgeois males so that they tolerate

their presence in the breeding grounds (e.g., satellite behaviour in rock‐pool
blenny, Parablennius parvicornis; Oliveira et al., 2002b). Thus, without the

initial investment by the bourgeois male, the alternative phenotype would

not be functional.

It should be stressed here that the term parasitic male in this context

merely indicates that these males exploit the investment of the bourgeois

males in mate attraction, and it does not refer to the relationship between the

alternative phenotypes, which can range from almost true mutualism when

both types of males appear to benefit, to true parasitic where only the

parasitic males appear to benefit (Taborsky, 1999, 2001).

2.3. Why Are Alternative Reproductive Phenotypes So Common in

(Male) Fish?

Although ART are present in all vertebrate taxa (for a review see Caro

and Bateson, 1986), teleosts are by far the taxon with the highest incidence of

species with alternative reproductive phenotypes (Taborsky, 1994, 1999,

2001). The last published count of ART in fish identified 140 species of

28 diVerent families (Taborsky, 1998; Figure 8.2), and new examples

of species with ART are described annually, even among common temperate

species that are studied on a regular basis such as Mediterranean parrotfish,

Sparisoma cretense (de Girolamo et al., 1999), grass goby, Zosterisessor

ophiocephalus (Mazzoldi et al., 2000), two species of triple fin blennies (Neat,



Fig. 8.2. Relative abundance (%) of alternative reproductive tactics in teleosts described in the

literature up to 1998 distributed by taxonomic family. (Adapted from Taborsky, 1998.)
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2001), black goby, Gobius niger (Mazzoldi and Rasotto, 2002), and dusky

frillgoby, Bathygobius fuscus (Taru et al., 2002). Thus, the numbers given by

Taborsky (1998) should be regarded as an underestimate of the prevalence of

ART among fish.

Three main factors have been identified that may predispose male

fish to ART:
1. Indeterminate growth resulting in large size diVerences among sexual-

ly mature males;

2. External fertilisation permitting simultaneous parasitic spawning; and

3. Male parental care which provides parasitic males with a high payoV
or benefit from breeding without incurring the high costs (in terms of

time and energy allocation) associated with parental care (Taborsky,

1999).
Indeterminate growth can create a significant asymmetry among the sex

competing for mates (usually the males). Taborsky (1999) estimated that the

average diVerence between the largest and the smallest reproductive males

for species for which data was available, and concluded that on average the

largest breeding males were 18 times larger than their smallest counterparts.
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With such extreme size diVerences among breeding competitors, smaller

males may be more successful if they adopt a parasitic tactic than if they

act as bourgeois males. However, this does not mean that parasitic males

should always be the smallest individuals among their age class. The partic-

ular aspects of the parasitic tactic being adopted may determine the optimal

relative body size for that specific tactic. For example, satellite males in the

Azorean rock‐pool blenny help the territorial nest‐holder males to defend

their breeding territory and thus are the largest of their age class (Oliveira

et al., 2002b). On the other hand, in the peacock blenny, sneaker males

mimic females to get access to nests during spawning episodes, with larger

sneakers being more easily detected by nest‐holder males than smaller ones

(Gonçalves et al., 2005). Thus, in the peacock blenny, sneaker males are the

smallest of their age class (Oliveira et al., 2001f; Figure 8.3). Indeterminate

growth also creates the need for the central nervous system to continue

growing in adulthood (Zupanc, 2001). The consequent evolution of adult

neurogenesis in teleosts in theory would have facilitated the plasticity of the

neural circuits underlying reproductive behaviour during the lifetime of an

individual and thus created the opportunity for the emergence of ART.

A second factor that may favor the occurrence of ART among fish is the

prevalence of external fertilisation, which allows simultaneous parasitic

spawning, not possible in species with internal fertilisation (Taborsky,

1999). Nevertheless, ARTs are also present in teleosts with internal fertilisa-

tion. This paradox may be explained by the fact that the evolution of ART in

live‐bearing teleosts is accompanied by the evolution of specialisations in the

parasitic morph that increase the probability of fertilisation. For example, in

poeciliids—in which males may inseminate females after courting them

(bourgeois tactic) or by using forced copulations (parasitic tactic; for a

review of alternative reproductive behaviour in poeciliid fish, see Farr,

1989)—an association between the frequency at which each behaviour is

used and male morphology is present both at the intra‐ and interspecific

levels. In guppies (Poecilia reticulata), males with longer gonopodia engaged

significantly more often in forced copulations than males with shorter go-

nopodia (Reynolds et al., 1993); in the sailfin molly (Poecilia latipinna), small

males, specialised in gonopodial thrusts, have higher relative gonopodium

lengths than large males (R. F. Oliveira, D. M. Gonçalves, and I. Schlupp,

unpublished data, 2000). Also, there is an interspecific association among

poeciliids between gonopodium length and the use of gonopodium thrusts

rather than courtship displays (Rosen and Tucker, 1961).

Finally, because paternal care is widespread among teleosts (Sargent and

Gross, 1993), in species with male parental care, parasitic males would

benefit from a high payoV by being able to breed without incurring the high

costs (in terms of time and energy allocation) associated with parental care.



Fig. 8.3. Investment in gonadal tissue by the young‐of‐the‐year (age class 0þ and 1) in two

closely related blenniid species diVers according to diVerent types of alternative reproductive

tactics. (A) In the peacock blenny, Salaria pavo, the parasitic tactic consists of female‐mimicry

and the smaller individuals among the 0þ/1 year‐old are the ones that display the tactic. (B) In

the Azorean rock‐pool blenny, Parablennius parvicornis, the parasitic tactic consists of behaving
as territory satellites of nest‐holders helping them in territorial defense and the larger individuals

of the 0þ/1 year‐olds are the ones that exhibit the tactic. (Adpated from Oliveira et al., 2001f.)
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However, in both wrasses and cichlids, the two fish families with the highest

prevalence of ART (see Figure 8.2), there was no association between

the occurrence of ART and the mode of parental care (based on data

compiled by Taborsky, 1994, 1999).

In summary, among the three factors usually used to explain the high

incidence of ART in fish, high intrasexual size diVerences among reproduc-

tive competitors seems to be the most powerful factor. This may result from

the fact that ART may have evolved in response to scenarios of high levels of

intrasexual selection (but see Jones et al., 2001). Apart from these ultimate
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factors there are also proximate factors that might help to explain the high

numbers of fish species with ART, namely the high variability and lability

of sex determination and diVerentiation mechanism and the brain bipoten-

tiality of fish. These two factors will be discussed below (see Sections 3 and

4, respectively).

The occurrence of ART described above considers male alternative

phenotypes. Reports of female ART are less common, which can be due to

two factors: (1) most of the studies so far have focused on alternative male

behaviours, possibly because in most fish species female sexual behaviour is

less conspicuous than male behaviour (Breder and Rosen, 1966; Thresher,

1984); and/or (2) because intrasexual selection is usually higher among males

than among females, indeterminate growth and its associated pattern of high

intrasexual size diVerences would mainly have consequences for the compet-

ing sex, that is the males, because females seldom compete for breeding

resources or for males, except in species with sex‐role reversal (e.g., some

Syngnathidae; Berglund and Rosenqvist, 1993). Nevertheless, female alter-

native reproductive behaviours have also been documented (Henson and

Warner, 1997). For example, in the blueheaded wrasse (Thalassoma bifas-

ciatum), pair‐spawning sites and group‐spawning sites exist, and females

have a consistent pattern of their preferred mode of mating: some prefer

group‐spawnings, whereas others prefer pair‐spawnings (Warner, 1987,

1990). Interestingly, almost all large‐size females prefer pair‐spawning irre-

spective of their previous preference at smaller size (Warner, 1985). This data

suggests a mixed situation with fixed ART among smaller females followed

by sequential ART when they grow older.

Despite the interest of female ART, this chapter will concentrate on male

ART in the following sections and will address the proximate mechanism

underlying the expression of discrete alternative phenotypes.
3. SEX DETERMINATION, SEXUAL DIFFERENTIATION, AND

ALTERNATIVE REPRODUCTIVE PHENOTYPES

Historically, the conceptual framework of sex determination and

sexual diVerentiation in vertebrates has been greatly influenced by the mam-

malian model of genotypic sex determination (GSD). In mammals, the sex‐
determining gene (Sry) in the Y chromosome induces the diVerentiation of a

testis from the primordial bipotential gonad, and the diVerentiated testis

then produces hormones that will start a cascade of events, which will

simultaneously promote the masculinisation of some traits and the defemi-

nisation of others, leading to sexual diVerentiation (Zarkower, 2001). In the

diVerentiated gonad, Sertoli cells produce Müllerian inhibiting substance
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(MIS) that promotes the regression of the Müllerian ducts, whereas Leydig

cells produce testosterone (T) that diVerentiates a set of male traits: (1) the

WolYan ducts diVerentiate into male accessory reproductive organs (e.g.,

vas deferens, seminiferous tubules); (2) the diVerentiation of the male geni-

talia from the genital bud induced by dihydrotestosterone (DHT), which

results from the local metabolisation of T by the enzyme 5‐a‐reductase; and
(3) the organisation of the brain (hypothalamus/preoptic area) and the

pituitary gland in a male fashion, that translates into a tonic release of

gonadotropins from the pituitary and in the expression of male sexual

behaviour (mounting and intromission) later in adulthood. In XX embryos,

the lack of Sry allows ovary diVerentiation, and in the absence of testicular

androgens and MIS, female traits diVerentiate: (1) the lack of the repressor

eVect of MIS allows the Müllerian ducts to develop into the female repro-

ductive accessory organs (i.e., uterus and fallopian tubes), and the lack of T

leads to the regression of the WolYan ducts; (2) in the absence of DHT, a

female genitalia develops; and (3) in the absence of T, a female brain

organisation emerges that results in a female pattern of cyclic gonadotropin

release from the pituitary, and in female typical behaviour (sexual receptivi-

ty; e.g., lordosis in rodents). Thus, in mammals the cascade of events that

leads to morphological and behavioural sex diVerentiation is mainly orche-

strated by gonadal sex steroids.

In fish, sex determination is more labile than in mammals. Cases of

genotypic sex determination (GSD) and environmental sex determination

(ESD) have been described in fish, and GSD mechanisms are more flexible

and open to environmental influences in fish than in mammals (Devlin and

Nagahama, 2002). GSD mechanisms in fish are very diverse and range

from polygenic systems to systems with dominant sex‐determining factors

mixedwith autosomal controls, to sex chromosomes with either heterogamet-

ic males (XY) or females (ZW) (Devlin and Nagahama, 2002). Cytogenetical

data revealed that sex chromosomes are present in approximately half the

species in which they were searched for (Devlin and Nagahama, 2002).

However, this number may be underestimated because many related species

have been investigated thus promoting a phylogenetic bias in the outcome

(Devlin and Nagahama, 2002). Nevertheless, it is interesting to note that the

number of species that displaymale heterogamety is twice the number of those

with female heterogamety (Devlin and Nagahama, 2002). Although a sex‐
determining gene has not yet been found in fish, a strong candidate has

recently been identified on the Y chromosome of medaka. Like the mammali-

an Sry gene, this gene (DMY, belonging to the DM‐domain gene family,

named after the Dsx and mab–3 male specific regulatory genes in Drosophila

and Caenorhabditis elegans, respectively) is expressed only in somatic cells of

the male gonad at the time of sex determination (Matsuda et al., 2002).
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There are two main classes of ESD in fish: one is where sex is regulated

by temperature (i.e., temperature sex determination [TSD]), with high tem-

peratures promoting male diVerentiation and more females being produced

at low temperatures; and the second is where sex is regulated by social

factors (behavioural sex determination [BSD]). Both of these may occur

before (primary ESD or BSD) or after (secondary ESD or BSD) sexual

maturation (Nakamura et al., 1998; Strüssman and Nakamura, 2002;

Godwin et al., 2003). Primary BSD has been documented in the Midas

cichlid, Cichlasoma citrinellum, where the larger brood mates diVerentiate
as males and the smaller as females, an eVect that was demonstrated to be

due to relative size by experimentally reversing the within‐broods relative

body sizes (Francis, 1990, 1992). Also, in the paradise fish, Macropodus

opercularis, some evidence for prematurational BSD is present. In an artifi-

cial selection experiment for divergent lines of social dominance, Francis

(1984) found that the high‐dominance line consisted almost entirely of males

and the low‐dominance line of females. Thus, social dominance seems to be

aVecting sexual diVerentiation in this species. Postmaturational BSD has

been more widely documented and comprises cases of functional sex‐change
in adulthood (Francis, 1992; Godwin et al., 2003).

Sex steroids have been implicated in all three mechanisms of fish sex

determination (i.e., GSD, TSD, and BSD; Devlin and Nagahama, 2002;

Godwin et al., 2003). In primary sex diVerentiation of species with GSD,

endogenous estrogen acts as an ovarian inducer (Nakamura et al., 2003),

with aromatase playing a key role in all fish species investigated so far such

as rainbow trout, Oncorhynchus mykiss (Guiguen et al., 1999), Nile tilapia,

Oreochromis niloticus (Guiguen et al., 1999; Kown et al., 2001), Mozambi-

que tilapia, Oreochromis mossambicus (Tsai et al., 2000), Japanese flounder,

Paralychthys olivaceus (Kitano et al., 1999; Trant et al., 2001), and zebrafish,

Danio rerio (Trant et al., 2001). The involvement of androgens as testicular

inducers is less clear and seems to vary among species (e.g., Govoroun et al.,

2001; Liu et al., 2000; Nakamura et al., 2003). Apart from steroids, other

factors have been involved in fish sexual determination and diVerentiation
including genes already known to be involved in sex diVerentiation pathways

in other vertebrate and invertebrate taxa (e.g., DMRT1, Sox9, DAX1; see

Baron and Guiguen, 2003 and references therein). Thus, a complete synthe-

sis of fish sex determination and diVerentiation pathways is still diYcult to

achieve, which in part may result from the high diversity of sex‐determining

mechanisms found among teleosts.

Sex‐changing species with BSD after sexual maturation are relevant for

the understanding of the diVerentiation of alternative phenotypes within the

same sex (more than any species with other ESD mechanisms) because they

also exhibit a phenotypic reorganisation in adulthood. In these species, an
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association between changes in circulating sex steroid levels and sex change

is present. In protogynous species (i.e., sequential hermaphrodites with

female‐to‐male sex change), the levels (plasma concentrations or synthesis

rates of in vitro incubations of gonadal tissue) of 11‐ketotestosterone (KT),

the most potent androgen in fish (Borg, 1994), increase but estradiol con-

centrations decline during female‐to‐male sex change, such as in saddleback

wrasse, Thalassoma duperrey (Hourigan et al., 1991) and stoplight parrot-

fish, Sparisoma viride (Cardwell and Liley, 1991). However, in protandrous

fish (male‐to‐female sex change), the opposite changes occur, such as in

anemonefishes, Amphiprion melaropus, A. frenatus (Godwin and Thomas,

1993; Nakamura et al., 1994), and black porgy, Acanthopagrus schlegeli (Lee

et al., 2001). Similarly, KT levels are generally higher in the male phase and

E2 levels in the female phase in both protogynous species such as saddleback

wrasse, Thalassoma duperrey (Hourigan et al., 1991), bambooleaf wrasse,

Pseudolabrus japonicus (Morita et al., 1997), blackeye goby, Coryphopterus

nicholsii (Kroon and Liley, 2000), red grouper, Epinephelus morio (Johnson

et al., 1998), Hong Kong grouper, Epinephelus akaara (Tanaka et al., 1990),

and black seabass, Centropristis striatus (Cochran and Grier, 1991), and in

protandrous species such as black porgy, Acanthopagrus schlegeli (Chang

et al., 1994), goldlined seabream, Rhabdosargus sarba (Yeung and Chan,

1987), and seabass, Lates calcarifer (Guiguen et al., 1993).

In general, T levels are not reliable indicators of the sex phase in sequen-

tial hermaphroditic fish (Devlin and Nagahama, 2002). Moreover, in simul-

taneous hermaphrodites, KT levels tend to be positively correlated with the

adoption of a male role by the individual (Cheek et al., 2000). However,

socially induced behavioural sex change can apparently occur in gonadecto-

mised individuals in the bluehead wrasse, Thalassoma bifasciatum (Godwin

et al., 1996), which indicates that although sex steroids might be playing a

major role in morphological sex diVerentiation in sequential hermaphroditic

fish, they are not needed for behavioural sex change. The occurrence of BSD

in sequential hermaphrodites also stresses the fact that the brain must

have primacy over the gonads in the decision‐making process of sexual

diVerentiation. As Francis (1992) phrased it: ‘‘the only way the behaviour

can aVect the gonads is through the brain.’’ Thus, one fundamental diVer-
ence between teleost and mammalian sex diVerentiation is the fact that,

although in mammals the diVerentiation of the gonad will lead the whole

process of sexual diVerentiation including the sexual diVerentiation of brain

and behaviour, mainly through organisational actions of sex steroids (but

see Carruth et al., 2002), in fish the brain seems to be the initial site of

sex diVerentiation and the pattern of brain sex diVerentiation will then

determine gonadal sex diVerentiation (Francis, 1992; Grober, 1998; Reavis

and Grober, 1999). This crucial diVerence may explain the extreme sexual
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plasticity found among fish and the environmental and social influences on

teleost sexuality that are present even after sexual maturation both in sex‐
changing and gonochoristic species.

How can the understanding of the sex diVerentiation mechanism in fish

contribute to the understanding of the diVerentiation of alternative repro-

ductive phenotypes? First, GSD mechanisms might be seen as homologous

to the mechanisms underlying fixed ART, whereas ESD can be regarded

as homologous to the diVerentiation of plastic ART, because the former

impose lower degrees of freedom in the making of the sexual phenotype

(i.e., there is a genetic constraint in the development of the alternative

phenotypes) than the latter. Second, the sequential (irreversible) versus

reversible patterns within plastic ART can be seen as a parallel to primary

versus secondary patterns of ESD, respectively. Thus, the study of sex

determination and diVerentiation mechanisms may provide important hints

for the investigation of the proximate mechanisms of alternative reproduc-

tive tactics. To investigate the potential relationship between the types of

ART displayed and the modes of sex determination in fish, data were

compiled on these two parameters from the literature, which is summarised

in Table 8.2. The following conclusions can be drawn from an analysis of

Table 8.2:
1. Fixed ART are equally distributed among GSD and ESD, but most

species listed with fixed ART and GSD (i.e., 60%) are salmonids,

whereas species with fixed ART and ESD are centrarchids (also 60%

of the species). These results suggest that fixed tactics do not have

necessarily to be based on genetic mechanisms and can rely both on

genetic and on environmental mechanisms, depending on the histori-

cal evolutionary pathway of the ART on a specific phylogenetic

group. This implies that the same type of ART might have evolved

separately in diVerent teleost taxa using diVerent mechanisms, which

were probably constrained by the existing sex‐determining mechanism

of each species.

2. All but one of the species displaying plastic irreversibleARThave ESD,

which suggests that individuals from species with ESD are more prone

to respond to environmental cues during their adult lives and thus

maintain their phenotypic plasticity during their lifetime. This allows

them to reorganise (or rediVerentiate) their phenotyes at a postmatura-

tional life stage.

3. Reversible ARTs are also equally distributed among GSD and ESD,

but again a phylogenetic bias is present (i.e., 50% of species with

reversible ART and GSD are cichlids and 50% of the species with

reversible ART and ESD are sticklebacks). This result might sound



Table 8.2

Relationship Between Sex Determination Mechanisms and Alternative Reproductive Phenotypes in Fish

Sex determining mechanism

GSD ESD

Alternative reproductive

tactic or strategy

Fixed Coho salmon, Oncorhynchus kisutch Bluegill sunfish, Lepomis macrochirus

Pacific salmon, Oncorhynchus tshawytscha Longear sunfish, Lepomis megalotis

Atlantic salmon, Salmo salar Spotted sunfish, Lepomis punctatus

Guppy, Poecilia reticulata Plainfin midshipman, Porichthys notatus

Swordtail, Xiphophorus nigrensis Corkwing wrasse, Symphodus melops

Plastic irreversible

(Sequential)

Rainbow wrasse, Coris julis Rock‐pool blenny, Parablennius parvicornis
Peacock blenny, Salaria pavo

Grass goby, Zosterisessor ophiocephalus

Black goby, Gobius niger

Common goby, Pomatoschistus microps

Sand goby, Pomatoschistus minutus

Dusky frillgoby, Bathygobius fuscus

Stoplight parrotfish, Sparisoma viride

Blueheaded wrasse, Thalassoma bifasciatum

Mediterranean wrasse, Symphodus ocellatus

Plastic reversible Sailfin molly, Poecilia velifera Three‐spined stickleback, Gasterosteus

aculeatus

Mozambique tilapia, Oreochromis

mossambicus

Fifteen‐spined stickleback, Pungitus pungitus

St. Peter’s fish, Sarotherodon galilaeus Damselfish, Chromis chromis

Sergeant major, Abudefduf saxatilis Dusky farmerfish, Stegastes nigricans

Sources: sex‐determining mechanisms based on fish cytogenetic data presented in Devlin, R. H., and Nagahama, Y. (2002) and in Froese and

Pauly (2004); type of ART based on Taborsky (1994, 1999, 2001) and references therein.
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odd because reversible ART represents the extreme expression of

phenotypic plasticity, and thus a prevalence of ESD could be ex-

pected. However, it should be stressed that in all cases listed in Table

8.2 in this category (reversible ART), the diVerences between alternative

phenotypes are mostly behavioural with little or no morphological

diVerentiation between the two male types (e.g., three‐spined stickle-

back, Gasterosteus aculeatus; Jamieson and Colgan, 1992). In fact, in

most cases listed, the same individual can adopt one of the alternative

tactics depending on context, such as nest density in breeding colonies of

pomacentrids (Tyler, 1989; Picciulin et al., 2004) or internest distance in

sticklebacks (Goldschmidt et al., 1992). Thus, high levels of phenotypic

plasticity, which result in facultative reversible tactics, might require

rapid and transient changes in neural activity (Zupanc and Lamprecht,

2000;Hofmann, 2003) independent of hormone‐induced changes in gene
expression and usually underlie ARTs that are stable over longer time

periods (i.e., fixed and sequential ART). Hence, reversible ART may

have become independent froma sex‐diVerentiationmechanism ruled by

sex hormones.
Interestingly, using examples from all vertebrate groups, Crews (1998)

came to a diVerent conclusion: he argued that among vertebrates all species

with fixed tactics displayed GSD, but species with plastic tactics might

display either GSD or ESD. The discrepancy between Crews’ results and

those presented here might reflect the fact that all the nonpiscine species (i.e.,

two amphibia, five reptiles, one bird, and three mammals) included in his

analysis had GSD (see Table 1 in Crews, 1998). Furthermore in that study, a

uniform taxon level of analysis was not used (i.e., in most cases the species

level was used but in some other cases families were entered as the taxonomic

unit, such as wrasse, angelfish, and parrotfish; see Table 1 in Crews, 1998).

This is understandable because the author was providing examples rather

than making a comprehensive coverage of all published studies. Unfortu-

nately, these might have confounding eVects for a subsequent quantitative

analysis.

The analogy between processes of sexual diVerentiation (i.e., males vs

females) and the diVerentiation of discrete alternative reproductive pheno-

types within the same sex made it also plausible to consider a role for sex

steroids in the diVerentiation of intrasexual alternative phenotypes. The view

of sex steroids as candidates for the proximate control of ART becomes even

stronger if one considers the fact that they are one of the pillars of fish

reproduction because they are involved in the control of sexual maturation,

in the development of secondary sex characters, and in the expression of

reproductive behaviour (Borg, 1994).
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4. SEX STEROIDS AND ALTERNATIVE

REPRODUCTIVE PHENOTYPES

4.1. Patterns of Sex Steroids in Species withAlternativeReproductive Tactics

Sex steroids are good candidates to play a key role in the expression

of male ART in fish considering their involvement in teleost sex diVeren-
tiation described above. Also, sex steroids can be considered as inter-

cellular honest signals (sensu animal communication theory; Bradbury and

Vehrencamp, 1998) sent by the gonads as they mature to the rest of the body,

to coordinate the expression of sexual behaviour and the diVerentiation of

sexual characters with the availability of mature gametes to be released

(Oliveira and Almada, 1999). Among the sex steroids, the androgens are a

first choice because they are deeply involved in male reproductive physiology

(e.g., Borg, 1994).

4.1.1. Androgens and ART

A first review of the available data on androgen levels in species with

ART was given in Brantley et al. (1993b). These authors found that alterna-

tive phenotypes diVer in their circulating 11‐ketotestosterone (KT) levels,

with bourgeois males having significantly higher levels of circulating KT

than parasitic males, and that there was no clear pattern regarding testoster-

one (T): it was higher in bourgeois males in some species, higher in parasitic

males in others, and there was also a species in which no diVerences were

found between the two morphs. The six species surveyed were not closely

related to each other, and thus phylogenetical bias is probably not present in

their qualitative analysis. The author has updated the database used by

Brantley et al. (1993b) with the data that has been published since then.

Currently data on 16 species from nine diVerent teleost families is available

(Table 8.3). A reanalysis of the data yields similar results to those obtained

by Brantley et al. (1993b): there is a strong association between the ART

and KT, but not with T. In 13 out of the 16 species (81.3%) with ART for

which sex steroid levels (or synthesis rates of in vitro incubations of gonadal

tissue) are available, KT is higher in the bourgeois than in the parasitic males

(Table 8.3).

The three exceptions to this rule are two species with reversible ART

(monogamous vs. sequential polygamous males in the St. Peter’s fish, Sar-

otherodon galilaeus and large courting males vs. small courting males in the

sailfin molly, Poecilia velifera) and one species with sequential ART (bree-

ders vs. sexually active helpers in the cooperative brooder cichlid Neolam-

prologus pulcher). Two kinds of factors that may help to explain these

exceptions will be discussed below.



Table 8.3

Comparison of Sex Steroid Levels Between Bourgeois and Parasitic Males, in Relation to the Type of Alternative Tactic and the

Presence/Absence of Intrasexual Dimorphism

FAMILY/

Species

Alternative

phenotypes

Intrasexual

dimorphism KT T E2 DHP

BATRACHOIDIDAE

Lusitanean toadfish,

Halobatrachus didactylus1
Fixed? þ B>P B¼P B¼P B¼P

Plainfin midshipman,

Porichtys notatus2,3
Fixed: Type I calling vs.

Type II non‐calling males

þ B>P B<P B¼P —

BLENNIIDAE

Peacock blenny,

Salaria pavo4,5
Sequential: Nest‐holders vs.
female‐mimic sneakers

þ B>Pa B>Pa — —

Rock‐pool blenny,
Parablennius parvicornis6

Sequential: Nest‐holders vs.
satellites

þ B>P B¼P — —

CENTRARCHIDAE

Bluegill sunfish,

Lepomis macrochirus7,8
Fixed: Parentals vs.sneakers

and satellites

þ B>P B¼P — —

Longear sunfish,

Lepomis megalotis9
Fixed? þ B>Pb B¼Pb — —

CICHLIDAE

Princess of Burundi,

Neolamprologus pulcher10,*

Sequential: breeders vs. helpers — B¼Pc B¼Pc — —

Mozambique tilapia,

Oreochromis mossambicus*, 11,12
Reversible: territorial courting vs.

non‐territorial female‐mimics

þ B>Pd B>Pd — B>Pd

St. Peter’s fish,

Sarotherodon galilaeus13,*

Reversible: monogamous vs.

polygynous males

— B¼P B¼P —; B¼P

LABRIDAE

3
1
4



Corkwing wrasse,

Symphodus melops14,15
Fixed: Territorial vs.

female‐mimics

þ B>P B<P B<P —

Rainbow wrasse,

Coris julis16
Sequential: Initial phase vs.

terminal phase males

þ B>Pf — — —

Saddleback wrasse,

Thalassoma duperrey17
Sequential: Initial phase vs.

terminal phase males

þ B>P B¼P B¼P B¼P

POECILIIDAE

Sailfin molly,

Poecilia velifera18,*

Reversible: large courting vs.

small non‐courting males

— B¼Pc B¼Pc — —

SALMONIDAE

Atlantic salmon,

Salmo salar19
Fixed: mature parr vs.

anadromous males

þ B>Pe B<Pe — B¼Pe

SCARIDAE

Stoplight parrotfish,

Sparisoma viride20
Sequential: Initial phase vs.

terminal phase males

þ B>P B>P B<P —

SERRANIDAE

Belted sandfish,

Serranus subligarius21
Reversible: streakers vs.

pair spawners in a

simultaneous hermaphrodite

— B>P — — B>P

KT, 11‐ketotestosterone; T, testosterone; E2, estradiol; DHP, 17a, 20b‐dihydroxy–4‐pregen–3‐one; B, bourgeois; P, parasitic.
aTesticular androgen levels (ng steroid/g of tissue).
bValues extrapolated from graph in Knapp, 2004, Figure 3.
cSteroid levels in fish holding water (ng steroid/h/g body mass).
dUrinary sex steroid levels (ng steroid/ml urine).
eValues for late summer, when GSI values peak.
f In vitro gonadal production from [14C] T incubation.
1Modesto andCanário, 2003a; 2Brantley et al., 1993b; 3Bass, 1992; 4Oliveira et al., 2001b; 5Gonçalves et al., 1996; 6Oliveira et al., 2001c; 7Kin-

dler et al., 1989; 8NeV et al., 2003; 9Knapp, 2004; 10Oliveira et al., 2003; 11Oliveira and Almada, 1998a; 12Oliveira et al., 1996; 13Ros et al.,

2003; 14Uglem et al., 2000; 15Uglem et al., 2002; 16Reinboth and Becker, 1984; 17Hourigan et al., 1991; 18R. F. Oliveira, D. M. Gonçalves and

I. Schlupp, unpublished data, 2000; 19Mayer et al., 1990; 20Cardwell and Liley, 1991; 21Cheek et al., 2000. *Data based upon lab/pond studies that

remain to be verified in the field.

3
1
5
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First, diVerences in androgen (KT) levels may be less important in

species with ART that lack major tactic‐specific morphological specialisa-

tions (e.g., the expression of male secondary sex characters in bourgeois

males) because KT has been demonstrated to be the most potent androgen

in the induction of secondary sex characters in male teleosts (Borg, 1994).

Indeed, in all three species, the main diVerences between the alternative male

types are behavioural and of relative body size in the sailfin molly and in N.

pulcher. No major morphological diVerences are present between these

alternative morphs. Thus, diVerential KT levels are not necessary to induce

or to maintain tactic‐specific morphological characters. Therefore, if this

hypothesis is correct, an association between the degree of dimorphism

among the alternative male phenotypes and the diVerential variation in

KT levels among alternative morphs is to be expected. In fact, from all listed

species for which the ART involves a morphological intrasexual dimorphism

(apart from diVerences in body size), the KT levels are higher in the bour-

geois than in the parasitic male, and irrespective of the ART they display

(Table 8.3). This suggests that androgens may play a major role in morpho-

logical diVerentiation between the alternative phenotypes, but will not be

essential for the occurrence of behavioural sexual plasticity among fish. Two

cases listed in Table 8.3 are worth mentioning in this context: the Mozambi-

que tilapia, Oreochromis mossambicus, that exhibits a reversible ART and

displays diVerential KT levels between the two male types, and the simulta-

neous hermaphrodite, Serranus subligarius, that exhibits diVerences in KT

levels depending on the mating behaviour displayed (pair‐spawning vs

streaking) in the absence of sexual polymorphism (Cheek et al., 2000). In

the Mozambique tilapia, although the tactic is reversible, it is more constant

in time and a morphological diVerentiation between territorial courting

males and subordinate female‐mimic males is present (Oliveira and Almada,

1998b). In S. subligarius, no polymorphism is present but in this simulta-

neous hermaphrodite, pair‐spawning behaviour is associated with a larger

body size, although no association was found between KT levels and testis

mass (Cheek et al., 2000).

Second, in species with a high degree of behavioural phenotypic plastici-

ty, such as the case of species of reversible ART in which individuals can

very rapidly switch reproductive tactics according to local or temporal

conditions, diVerences in androgen levels underlying these rapid changes in

behaviour are not necessarily expected, with changes on the activity of

neural pathways being a more parsimonious explanation (Hofmann, 2003;

but see Oliveira et al., 2001g; Remage‐Healey and Bass, 2004). This could

explain the lack of diVerences in KT levels between alternative male types

both in the St. Peter’s fish and in the sailfin molly. In the St. Peter’s fish,

Fishelson and Hilzerman (2002) found that in captivity the mating system is
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very flexible and males varied their reproductive behaviour very quickly

according to local conditions. For example, in environments with female‐
biased operational sex ratios (OSR), the expression of polygyny is promoted

and conversely male‐biased OSR facilitates the expression of monogamous

behaviour in S. galilaeus males (Ros et al., 2003). Also, in the sailfin molly,

although there is a trend for a specialisation of large males in courtship and

of small males in gonopodial thrusting, both small and large males can use

both behaviours facultatively (Schlupp et al., 2001). Finally, in the case of

N. pulcher, male helpers may share the paternity of the brood (Dierkes et al.,

1999) and queue for vacated territories to become breeders (Balshine‐Earn
et al., 1998). Thus, they are sexually active and must be ready for rapid

behavioural changes once the opportunity for a nest takeover occurs.

An inspection of Table 8.3 also shows that in all species with fixed ART,

KT levels are always higher in the bourgeois male morph. In fact, the inci-

dence of the diVerences in KT levels among alternative phenotypes does not

seem to be independent of the type of ART present in the species (Table 8.3).

This fact prompted the author to analyze the dataset on androgens and ART

in a quantitative way and compute, for each species with an available direct or

an indirect measurement of androgen circulating levels (this criteria excluded

C. julis and S. subligarius from this analysis), the ratio between the androgen

levels in the bourgeois and in the parasitic male (e.g., bourgeois average KT

level/parasitic averageKT level). Data was collected from the references listed

in Table 8.3, and in cases in which the original data was not in the text or in

tables, the published figures were scanned to extrapolate the data from the

graphs using the UnGraph software package (Biosoft, 1998). If one plots

these ART relative androgen levels for each species against its type of ART,

there is a trend for a positive association between the degree of phenotypic

plasticity (with fixed ART being considered high, sequential ART intermedi-

ate, and reversible ART low in phenotypic plasticity) and the magnitude of

the diVerence in KT levels between the male morphs. That is, species with

fixed ART tend to display larger diVerences in KT levels between their

alternative male types than do species with plastic ART. For T such a trend

is not observed. These results suggest diVerential roles for the two androgens

in the expression of phenotypic plasticity in fish.

Depending on each species, the alternative male types may diVer
from each other in a set of phenotypic traits, namely in their reproductive

behaviour, in the diVerentiation of secondary sex characters, in the relative

investment in gonadal development, and in the diVerentiation of acces-

sory reproductive organs (e.g., testicular glands in blenniids; Patzner and

Lahnsteiner, 1999). The available evidence shows that among androgens KT

is more potent in eliciting all characters of this constellation of tactic‐specific
traits:
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1. Androgens and reproductive behaviour: Although there is a large

body of literature on the role of androgens in the expression of

reproductive behaviours (for reviews see Liley and Stacey, 1983; Borg,

1994), there are few studies that have tested the specific role of KT. In

species with male parental care, circulating levels of KT are higher in

the courting phase than in the parental phase (Borg, 1994; Oliveira

et al., 2002a), and in castration and hormone replacement experi-

ments KT is more eVective than T in restoring the diVerent aspects
of male reproductive behaviour including territoriality, nest con-

struction, and courtship, such as in the three‐spined stickleback,

Gasterosteus aculeatus (Borg, 1987) and bluegill sunfish, Lepomis

macrochirus (Kindler et al., 1991). In addition, KT treatment in field

conditions is also eVective in promoting male ‘‘bourgeois’’ behaviour

in the rock‐pool blenny (Parablennius parvicornis, Ros et al., 2004b).

These examples suggest that indeed KT plays a role in the expres-

sion of reproductive behaviours, namely in the establishment of a

reproductive territory and/or in courtship behaviours.

2. Androgens and secondary sex characters: There is a large body of

literature that shows that most of the morphological traits exhibited

by bourgeois males are androgen‐dependent, and that KT is the most

potent androgen in inducing the diVerentiation of these characters,

such as the sonic motor system in Type I male batrachoids (Brantley

et al., 1993a; but see Modesto and Canário, 2003b) and sex‐phero-
mone producing anal gland in blenniids (Oliveira et al., 2001b,d,e).

Another aspect that supports this view is the fact that in gonochoristic

species without sexual dimorphism males present very low levels of

KT, such as the Sardinops melanosticus (Matsuyama et al., 1991) and

Syngnathus typhle (Mayer et al., 1993).

3. Androgens and gonadal allocation: A trait that diVers considerably

among alternative male types is the relative size of the testis. In most

species studied, parasitic males have higher gonadosomatic indices

(GSI; gonad weight/body weight � 100) than bourgeois males, in-

dicating a higher relative gonadal investment by the former male

type (Taborsky, 1994, 1998; but see Tomkins and Simmons, 2002

for a critical assessment of the use of GSI values to measure relative

gonadal investment in species with ART). Besides gonadotrophins,

androgens also participate in the regulation of spermatogenesis. How-

ever, KT and T seem to play diVerent roles: KT stimulates later stages

of this process, whereas T is involved in the negative‐feedback me-

chanisms needed to control KT‐dependent spermatogenesis (Schulz

and Miura, 2002). Consequently, a balance between T and KT is

needed for the control of spermatogenesis (Schulz and Miura, 2002).
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This suggests that the ratio between KT and T should be more

informative than absolute androgen levels for the understanding of

diVerential gonadal allocation between alternative male types. Data

was gathered from the literature on GSI values for 9 out of the 14

species for which we have both KT and T levels, and thus a KT:T

ratio can be computed. For these nine species (P. notatus, H. didacty-

lus, L. macrochirus, S. melops, S. pavo, P. parvicornis, T. duperrey,

O. mossambicus and S. galilaeus) there was a nonsignificant trend for

the magnitude of the diVerence in the KT:T to be negatively corre-

lated with the magnitude of the diVerence in GSI values between

alternative male types (Rs ¼ –0.63, P ¼ 0.067). That is, in species

for which the magnitude of the diVerence in KT levels between

bourgeois and parasitic is larger, there is a smaller diVerence in

relative gonad size. This also means that among parasitic males a

higher GSI is associated with a lower KT:T ratio, which probably

allows them to have larger testis without a linked expression of the

secondary sex characters and of bourgeois male behaviour.
The results reported above (Figure 8.4) also suggest that in fixed ART a

higher magnitude of diVerences in KT levels between phenotypes might be

the result of early (i.e., prematurational), long‐lasting, and irreversible ac-

tions of KT in the diVerentiation of the ART, resembling the organisational
8.4. Relative androgen levels between bourgeois and parasitic males (i.e., ratio between the

rogen concentrations in the bourgeois male over the androgen concentration in the parasitic

e) in teleost species with diVerent types of alternative reproductive tactics. KT, 11‐ketotes-
erone; T, testosterone; solid line, linear fit curve for KT values; dashed line, linear fit curve

values.
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eVects of sex steroids in mammalian sex diVerentiation. In the other extreme,

the low magnitude in KT ratios between morphs in species with reversible

ART would reflect the transient nature of this type of tactic, which parallels

the activational eVects of steroids on behaviour (see Section 4.2 for a further

discussion of this hypothesis).

4.1.2. Estrogens and ART

Data on estrogen levels in species with ART is scarce (Table 8.3). This

paucity of data probably reflects the focus of research on male ART. Only in

five studies has estradiol (E2) been measured. Among the Batrachoididae

(i.e., the plainfin midshipman and the Lusitanian toadfish), E2 levels do not

diVer between males of both phenotypes, with the majority of males having

undetectable levels (Brantley et al., 1993b; Modesto and Canário, 2003a).

However, in the midshipman, a large proportion of type I males (ca. 50%)

display low E2 levels during the breeding season (Sisneros et al., 2004). The

functional significance of this finding is unclear. Recent work found that

aromatase levels in the testis of midshipman is very low or even undetect-

able, contrasting to high concentrations found in the brain (Forlano et al.,

2001), which suggests the brain as one potential source for these circulating

low levels of E2 found in type I males during the breeding season.

In the saddleback wrasse, E2 levels were detectable at similar low levels

both in initial and terminal phase males, and no seasonal variation was

detected (Hourigan et al., 1991). Finally, both in the stoplight parrotfish

and in the corkwing wrasse the parasitic males have significantly higher E2

levels than the bourgeois males (Cardwell and Liley, 1991; Uglem et al.,

2002). Because in both species parasitic males mimic females, in particular

their colouration pattern, it has been proposed that the higher levels of E2

found in parasitic males may have a feminising function (Uglem et al., 2002).

This hypothesis is supported by the fact that suppression of E2 synthesis

is needed for sex and colour change in protogynous hermaphroditic fish

(Nakamura et al., 2003).

4.1.3. Progestogens and ART

Progestogens are very diverse among teleost species and have been

associated with the acquisition of sperm motility and spermiation in male

salmonids and cyprinids (Scott and Baynes, 1982; Asahina et al., 1990,

1993). A pheromonal role has also been described for these compounds

(e.g., Dulka et al., 1987; Chapter 9). The progestin 17,20b‐dihydroxy‐4‐
pregen‐3‐one (17,20bP) has been reported to rise to high levels at times when

males are expressing courtship behaviour such as in rainbow trout, Oncor-

hynchus mykiss (Liley et al., 1986), Atlantic salmon (Mayer et al., 1990),

demoiselles, Chromis dispilus (Barnett and Pankhurst, 1994), brown trout,
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Salmo trutta (Olsén et al., 1998), and the exogenous administration of

17,20bP to castrates restored courtship behaviour in male rainbow trout,

a species in which androgen replacement therapy is ineYcient (Mayer

et al., 1994).

Data on progestogens is available for six species with ART (Table 8.3).

There is no clear pattern with progestogens being higher in the bourgeois

males than the parasitic males in two species (Mozambique tilapia and

belted sandfish, Table 8.3) and no diVerences being present in the remaining

four species (Lusitanian toadfish, saddleback wrasse, St. Peter’s fish and

Atlantic salmon; Table 8.3). However, the progestogen(s) measured varied

from species to species. In the Lusitanian toadfish, although type I and type

II males showed no diVerences in the levels of progestogens, 17,20b,21‐
trihydroxy‐4‐pregen‐3‐one (17,20b21P) peaked in the breeding season,

whereas 17,20a‐dihydroxy‐4‐pregen‐3‐one (17,20aP) levels remained stable

over the year, and 17,20bP was undetectable in the plasma (Modesto and

Canário, 2003a). In the saddleback wrasse, initial and terminal phase

males showed similar levels of 17,20bP that peak in the breeding season

(Hourigan et al., 1991), whereas in the St. Peter’s fish there was no diVerence
between monogamous and polygynous males in 17,20bP levels (Ros et al.,

2003). Finally, in the Atlantic salmon, 17,20bP levels did not diVer between
male morphs, but a peak of this progestin has been observed in large

males during the spawning season (Mayer et al., 1990). Thus, 17,20b21P
in the toadfish, 17,20bP in the saddleback wrasse, and 17,20bP in the

Atlantic salmon may play a role in male reproductive function, probably

in spermiation. The lack of diVerences in 17,20bP between alternative

male morphs in the Atlantic salmon, where levels have been associated

with the expression of courtship behaviour, might be explained by physio-

logical constraints imposed by 17,20bP eVects on spermiation in both

morphs.

In the Mozambique tilapia, territorial males have higher levels of both

17,20aP and 17,20bP than nonterritorial female mimicking males, but only

17,20aP plasma concentrations increase in the presence of females, when

courtship behaviour is expressed by the males (Oliveira et al., 1996). This

result suggests that in male tilapia 17,20aP may play a major role in spawn-

ing behaviour and/or spermiation (potentially induced by the presence of the

females).

Finally, in the belted sandfish, a simultaneous hermaphrodite fish,

17,20b21P levels increased with increasing body size, whereas 17,20bP con-

centrations did not vary with size. Because larger individuals preferentially

play the male role during spawning and get involved in pair spawning rather

than in streaking attempts, 17,20b21P rather than 17,20bP seems to be

associated with male reproductive behaviour (Cheek et al., 2000).
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In summary, diVerent progestogens appear associated with male repro-

ductive function in the diVerent species analysed. However, for most species

it is diYcult to disentangle potential eVects of progestins on male courtship

behaviour from eVects on spermiation, which may co‐occur in time. There-

fore, only by carefully planned experiments can these two eVects be isolated
in future studies.

4.2. Organisational and Activational EVects of Sex Steroids in the

DiVerentiation of Alternative Reproductive Phenotypes:

The Relative Plasticity Hypothesis

Moore (1991) proposed a conceptual framework for the hormonal basis

of alternative reproductive tactics that has been named the relative plasticity

hypothesis. The rationale behind this hypothesis is that the eVects of hor-

mones in the diVerentiation of ART are equivalent to their eVects in primary

sex diVerentiation, and thus the hormonal basis of ART would have a

parallel in the activational‐organisational eVect of hormones (Arnold and

Breedlove, 1985) depending on the plasticity of the tactics. The rela-

tive plasticity hypothesis predicts an organisational role of hormones in

the expression of fixed alternative phenotypes and an activational role

in the case of plastic alternative phenotypes (Moore, 1991; Moore et al.,

1998). Two predictions can then be extracted from this hypothesis:
1. In species with plastic ART, hormone levels should diVer between

adult alternative morphs, whereas in species with fixed ART adult

hormone profiles should be similar among alternative morphs, except

when morphs are aVected by diVerent social experiences (Moore,

1991).

2. In species with plastic ART, the eVect of hormone manipulations

on phenotypic diVerences in behaviour and morphology should

be eVective in adults but not during early development (i.e., acti-

vational eVect), whereas in fixed ART hormone manipulations

should be eVective during early development but not in adults (i.e.,

organisational eVect) (Moore, 1991).
The first prediction of the relative plasticity hypothesis is flawed in a

Popperian sense as it cannot be disproved. In fact, Moore (1991) explicitly

mentioned that in fixed ART adult hormone profiles should be similar

among alternative male phenotypes, except if the two male types experience

diVerent social environments (which is expected in individuals opting for

alternative modes of reproduction). Thus, both positive and negative asso-

ciations, and even the lack of a relationship between sex steroid levels and

the ART type, all find support from it. Therefore, a test of the first prediction
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is inconclusive. Nevertheless, it may be mentioned that this first prediction of

Moore’s hypothesis is not confirmed for KT by the dataset presented here,

because diVerences in KT levels between male types are present in most

species irrespective of whether their tactics are fixed or plastic (i.e., among

species with plastic ART, this prediction would be apparently confirmed in

S. pavo, P. parvicornis, S. viride, T. duperrey, C. julis, and O. mossambicus,

but not in N. pulcher, S. galilaeus, and P. velifera; in species with fixed ART,

the prediction would only be confirmed in S. subligarius and rejected in

P. notat us , L. macr ochir us, S. mel ops, and S. salar ; see Section 4.1. and

Table 8.3 for details).

In contrast, the second prediction does not suVer from epistemological

flaws and hence a test of the allowable. Unfortunately, few hormone manip-

ulation experiments have been conducted in teleost species with ART. To my

knowledge, only in four species have the eVects of androgens on parasitic

males been tested so far. These consisted of three species with plastic ART:

the peacock blenny (Oliveira et al., 2001d), the rock‐pool blenny (Oliveira

et al., 2001e), and the sailfin molly (R. F. Oliveira, I. Schlupp and D. M.

Gonçalves, unpublished data, 2000); and of one species with fixed ART, the

plainfin midshipman (Lee and Bass, 2004). In the three species with plastic

ART, the exogeneous administration of androgens to parasitic males did not

induce a clear behavioural switch towards a bourgeois tactic. A 7‐day
androgen implant treatment failed to induce bourgeois behaviours but failed

to promote male typical behaviour (e.g., establishing a nest and attracting

females to it) in parasitic (i.e., sneaker/satellite) males of both blenniid

species (Oliveira et al., 2001d,e). However, in the peacock blenny, the KT

treatment resulted in the inhibition of sneaking behaviour and female nup-

tial colouration in sneaker males (Oliveira et al., 2001d). In the sailfin molly,

an immersion treatment with methyl‐testosterone did not induce small males

to display courtship behaviour (R. F. Oliveira, I. Schlupp and D. M.

Gonçalves, unpublished data, 2000). On the other hand, the same treatments

were eYcient in promoting the expression of ‘‘bourgeois’’ morphological

traits. In both blennies, the treatment with KT induced the diVerentiation of

a sex‐pheromone producing anal gland, the diVerentiation of a gonadal

accessory gland (i.e., testicular gland) involved in sperm maturation and

steroidogenesis, and the development of a male genital papillae (Oliveira

et al., 2001d,e). Thus, the second prediction of the relative plasticity hypoth-

esis is partially confirmed for species with plastic ART, in relation to the

diVerentiation of morphological characters typical of bourgeois males. In

the plainfin midshipman, type II males that received an intraperitoneal

silastic implant of KT neither show an increase in the size of the brain sonic

motor nucleus, which controls the courtship calls typical of type I males, nor

expressed the type I male territorial or courtship behaviours. Nevertheless,
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this treatment increased the sonic muscle mass and the frequency of sneaking

behaviour in type II males (Lee and Bass, 2004). Thus, the prediction of the

relative plasticity hypothesis is again partially fulfilled (the lack of response

to hormone manipulations in adulthood in a species with fixed ART) but

KT still induces the development of the sonic muscle. Taken together, this

set of results suggests that irrespective of the ART type KT is more eYcient

in diVerentiating morphological than behavioural alternative reproductive

traits.

A second generation of the relative plasticity hypothesis was subsequent-

ly proposed to accommodate the diversity of mechanisms that occur in ART

(Moore et al., 1998). In particular, the revised version of the relative plastici-

ty hypothesis places emphasis on the distinction between reversible and

irreversible phenotypes among plastic tactics and between conditional and

unconditional fixed tactics. According to the new version of this hypothesis,

the plastic reversible tactics would be the true equivalents to activational

eVects of hormones and thus the original predictions of the relative plasticity

hypothesis would only apply to this type of alternative tactic. Conversely,

plastic irreversible ART would represent an intermediate situation between

organisational and activational eVects; that is, a postmaturational reorgani-

sation eVect, in which the phenotypical outcome is immediately produced

(Moore et al., 1998). Thus, hormone diVerences needed to diVerentiate the

two alternative phenotypes need not be permanent and may only be present

during the transitional phase. Among the fixed ART, the distinction between

conditional and unconditional fixed tactics has no consequences for the

predictions concerning the endocrine mechanisms of ART, with organisa-

tional actions being predicted in both cases (Moore et al., 1998).

The predictions of the second generation of the relative plasticity hy-

pothesis remain untested for most species with ART, except for the main

species studied by Moore and collaborators, the tree lizard (Urosaurus

ornatus; Moore et al., 1998; Knapp et al., 2003; Jennings et al., 2004). The

available data on fish androgens does not support the new predictions

generated by the second generation of the relative plasticity hypothesis,

because KT diVerences are still present in species with plastic irreversible

ART (Table 8.3), where diVerences would only be expected during the

transitional period between the alternative phenotypes. Moreover, the mag-

nitude of these diVerences is even larger in species with plastic irreversible

ARTs than in species with plastic reversible ART (Figure 8.4), where pure

activational eVects (and thus clear diVerences is hormone profiles) have been

predicted.

In conclusion, although the relative plasticity hypothesis represents a

major eVort to develop a conceptual framework for the study of the endo-

crine mechanisms underlying ART, it does not seem to be generalised across
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vertebrate taxa. At least in teleost fish, a taxon that contains most described

cases of ART, the relative plasticity hypothesis does not fit the available

data. One of the major reasons for this mismatch may reside in the fact that

this hypothesis is deeply based in the mammalian paradigm of sex diVer-
entiation, which is not applicable to all other vertebrate taxa, in particular

those with nongenetic sex determination mechanisms.

4.3. Androgens and Alternative Reproductive Tactics:

Cause or Consequence?

So far, this Chapter has interpreted the association between KT and

ART as a proof for the involvement of KT in the diVerentiation of ART.

However, androgen levels not only influence vertebrate reproductive physi-

ology and behaviour but can also be influenced by the social environment in

which the animal lives (Wingfield et al., 1990; Oliveira et al., 2002a).

4.3.1. Social Interactions Feed Back to Influence Hormone Levels

Several studies have shown the eVects of social interactions on the short‐
term modulation of androgen circulating levels (for a review see Oliveira,

2004). In teleost fish, endocrine responses to social and sexual stimuli have

been documented. For example, the presence of ovulated females induces a

rise in sex steroid and gonadotropin levels and an increase in milt produc-

tion in male salmonids (Liley et al., 1986, 1993; Rouger and Liley, 1993).

Anosmic salmonid males (i.e., rainbow trout, Onchorhynchus mykiss, and

kokanee salmon, Onchorhynchus nerka) in the presence of sexually active

females have lower levels of sex steroids and a lower sperm production than

males with intact olfactory epithelia, which suggests that chemical signals

may play an important role in this social modulation of hormone levels

(Liley et al., 1986, 1993; Rouger and Liley, 1993). In the Mozambique

tilapia, males are sensitive to the sexual maturity stage of females courting

more intensively ovulated females (Silverman, 1978), an eVect that also

seems to be mediated by chemical signals emitted by receptive females. It

has also been shown that male Mozambique tilapia experience a rise in KT

following courtship (Borges et al., 1998). Not only sexual stimuli but also

male–male competition may induce an endocrine response in the participat-

ing individuals, a response especially sensitive in the case of androgens. In

diVerent vertebrate groups, including humans, short‐term fluctuations in

androgen concentrations related to social interactions have been demon-

strated (Oliveira, 2004). However, it seems that the association between

androgen levels and agonistic behaviour is stronger in periods of social

instability (challenge), as is the case of the establishment of dominance

hierarchies, the foundation of a new territory, the response to territorial
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intrusions, or the active competition with other males for access to females

(Oliveira et al., 2002a). During periods of social inertia, the levels of aggres-

sion drop to a breeding baseline and a decoupling between androgens and

aggression may occur.

These results have been interpreted as an adaptation for the individuals

to adjust their agonistic motivation to changes in the social environment

in which they are living. Thus, male–male interactions would stimulate

the production of androgens and the levels of androgens would be a function

of the stability of the social environment in which the animal is placed.

This hypothesis was first proposed by Wingfield and collaborators and is

currently known as the challenge hypothesis (Wingfield et al., 1990).

4.3.2. The Challenge Hypothesis

Wingfield and coauthors proposed that the variation in androgen levels

could be more closely associated with temporal patterns of aggressive beha-

viour than with changes in reproductive physiology (challenge hypothesis;

Wingfield et al., 1990). According to this hypothesis, when the breeding

season starts, androgen levels rise from a nonbreeding baseline to a higher

breeding baseline which is suYcient for normal reproduction, that is for

gametogenesis, the expression of secondary sexual characters, and the per-

formance of reproductive behaviour. Androgen levels can further increase

until they reach a maximum physiological level in response to such environ-

mental stimuli as male–male interactions and/or the presence of receptive

females (Figure 8.5A). However, above this breeding baseline any increase in

androgen levels does not influence the development of secondary sex char-

acters nor the expression of reproductive behaviour (Figure 8.5B). Thus,

androgen patterns during the breeding season are predicted to vary between

species according to the amount of social interactions to which the indivi-

duals are exposed. In monogamous species with high levels of parental care,

androgen levels should increase above the breeding baseline only when males

are challenged by other males or by mating. At other times, androgens

should remain at the breeding baseline so that they do not interfere with

paternal care. Conversely, androgen levels in polygynous males should be

near physiological maximum throughout the breeding season due to high

levels of male–male competition in this type of breeding system. Wingfield

et al. (1990) reviewed the available literature on testosterone and aggression

in free‐living birds and the results supported the above predictions of the

challenge hypothesis, which led the authors to suggest that this hypothesis

may be valid not only for birds but for vertebrates in general. We have

recently confirmed this hypothesis for teleost fish (Oliveira et al., 2002a;

Hirschenhauser et al., 2004).



Fig. 8.5. Social influences on androgen levels. (A) Androgen levels rise from a constitutive

baseline (Cb) to a breeding baseline (Bb) needed for the expression of reproductive behaviour,

the diVerentiation of secondary sex characters (SSC) and spermatogenesis in breeding indivi-

duals; during the breeding season (marked by the black bar at the bottom of the graph)

transitory androgen surges above the breeding baseline up to the physiological maximum

(Phm) may be induced by social challenges posed by social interactions, either with competing

males or with potential mates. (B) Theoretical variation in the expression of reproductive traits

according to the challenge hypothesis (Wingfield et al., 1990); note that above the breeding

baseline further increases in androgen levels will have no eVect in a subsequent increase in the

expression of reproductive traits.
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4.3.3. SocialModulation of Androgen Levels in Alternative
Male Phenotypes

Considering the potential social influences on circulating androgen levels

in fish, the diVerences in KT levels between alternative reproductive male

types reported above (Section 4.1.1) might not reflect diVerent hormone

profiles due to an activational eVect of KT on the expression of the bour-

geois tactic, but rather merely reflect the responsiveness of this hormone to
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the expression of the tactic itself (i.e., they are a consequence and not a cause

of the expression of alternative mating tactics). This can be the case if the

alternative phenotypes experience diVerent social environments, which is

expectable since by definition bourgeois males defend resources to get access

to mates and thus are expected to face higher levels of social challenges

than parasitic males. There are few data available to test this hypothesis.

However, three examples will illustrate how the social modulation of andro-

gens may confound the interpretation of the data on KT levels on species

with ART.

In the two closely related blenniid species with ART that the author and

his collaborators have been studying, the peacock blenny and the rock pool

blenny, there is a fundamental diVerence in the nature of the tactic used by

parasitic males to achieve fertilisations. In the peacock blenny, parasitic

males mimic female nuptial colouration and female courtship behaviour in

order to get access to the nests when a spawning is taking place (Gonçalves

et al., 1996). In contrast, in the rock‐pool blenny, parasitic males act as

satellites of nest‐holders taking a share in the defense of the breeding

territory, engaging in a high number of agonistic interactions (Santos,

1985; Oliveira et al., 2002b). Thus, the social challenge regime seems to be

more asymmetric between male types in the peacock blenny than in the

rock‐pool blenny, where both male types participate in territorial defense.

Thus, we predict that the magnitude of the diVerence in KT levels between

bourgeois and parasitic males should be higher in the peacock blenny than

in the rock‐pool blenny. The available data is in accordance with this pre-

diction because the diVerence in KT levels is fivefold higher in nest‐holder
males than in sneakers in the peacock blenny and approximately twofold

higher in nest‐holders than in satellites in the rock‐pool blenny. Another

piece of evidence comes from the study on the peacock blenny, in which

KT levels in bourgeois males were shown to vary with the temporal varia-

tion in the rate of sneaking attempts (social challenges) by parasitic males

(Oliveira et al., 2001a).

In the St. Peter’s fish, with facultative monogamous/polygynous males

(Fishelson and Hilzerman, 2002), we tested the relationship between pair‐
bond intensity (i.e., quantitative measure of the partner preference when

given a choice to interact with female partner vs. novel female) and KT levels,

and found a significant negative correlation between KT levels and partner

preference, suggesting that the more polygynous males had higher KT levels

(Oliveira et al., 2001h). In a second experiment, the eVects of exogenous

administration of androgens on pair‐bonding were assessed by treating

males with silastic implants of either T or vehicle only. Because in the first

experiment a relationship between higher KT levels and a higher propensity

to become polygynous emerged, it was predicted that androgen‐treated
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males would display a lower partner preference than controls. Contrary to

expectations, the androgen treatment had no eVect on partner preference

(Oliveira et al., 2001h). The results from these two experiments suggest that

the association between partner preference and androgen levels in St. Peter’s

fish is not due to a causal eVect of androgens on partner preference, but they

probably reflect variation in partner‐preference behaviour observed among

males (i.e., a raise in KT levels induced by the amount of interaction with the

novel female). This interpretation is supported by data collected in Lake

Kinneret (Israel), where KT levels of polygynous males did not diVer from
those of monogamous males (Ros et al., 2003).

These three studies stress the fact that the diVerences in KT levels found

between bourgeois and parasitic males may reflect, at least partially, diVer-
ences in social experiences. This does not mean that these socially‐induced
androgen variations will not reflect in the behaviour subsequently adopted

by the males, thus promoting the divergence between the two male types.

4.4. Steroid‐Binding Globulins, Steroidogenic Enzymes, and

Steroid Receptors

The previous sections have concentrated on diVerences in circulating

levels of steroids. However, circulating hormones are just the ‘‘most visible’’

part of the endocrine system with the techniques that have been used

more readily (i.e., hormone assays such as radioimmunoassay or enzyme‐
immunoassays). The activity of the steroidogenic pathways in the endocrine

cells, the aYnity to binding globulins in the plasma and local conditions in

the target tissue, will all influence the action of the hormone (Knapp, 2004).

Thus diVerences between morphs in total levels of circulating hormones are

diYcult to interpret per se and these other factors should also be considered

and investigated.

4.4.1. Steroid‐Binding Globulins

Binding globulins can regulate the availability of circulating steroids to

target tissues, because only the free (unbound) fraction is biologically active.

Despite their potential role in the modulation of endocrine mechanisms

mediating the expression of reproductive traits (e.g., reproductive behaviour,

morphological sex characters), to the author’s knowledge, there is only one

published study for all vertebrate taxa that documents diVerences in binding

capacity of a steroid‐binding globulin among alternative morphs (tree

lizards; Jennings et al., 2000). In teleost fish, sex hormone‐binding globulins

have been described in a number of species, and their aYnity for diVerent sex
steroids varies across species (Pasmanik and Callard, 1986; Laidley and

Thomas, 1994; Hobby et al., 2000b) and with the reproductive cycle (Hobby
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et al., 2000a). In most species studied, steroid hormone‐binding globulins

bind E2 with higher aYnity than androgens, and among androgens T usually

shows the highest relative aYnity, whereas KT has a low aYnity. For

example, in zebrafish the relative binding aYnity of KT is 10 times lower

than that of T (Miguel‐Queralt et al., 2004), which indicates that KT is

potentially more readily available to target tissues than T.

4.4.2. Steroidogenic Enzymes

Because in most teleosts studied to date, T is also found in females during

the breeding season at higher or similar levels compared to males but KT has

mainly been detected in males (Borg, 1994), some authors proposed that

testosterone should be seen as a prohormone that can be metabolised into

other biologically active steroids: KT in males and E2 in females (e.g.,

Bogart, 1987; Oliveira and Canário, 2001). The conversion of T into KT

involves two steps catalysed by the enzymes 11‐b‐hydroxylase (11‐b‐H) and

11b‐hydroxysteroid dehydrogenase (11‐b‐HSD). Testosterone, but not KT,

can also be converted into E2 by a sequence of reactions in which the

C19‐methyl group is removed and the steroid A ring is aromatised. This

cascade of reactions is catalysed by the cytochrome P450 aromatase complex

(aromatase). Because both pathways have a common substrate and may be

present in males in the same tissues, they may regulate each other’s activity.

For instance, one potential role for the high levels of aromatase found in

the teleost brain (100‐ to 1000‐fold higher than in the brain of mammals;

Callard et al., 1990) could be a downregulation of the KT biosynthetic

pathway. By varying the local activity of these steroidogenic enzymes, an

organism could dramatically change the availability of the biological active

steroid in diVerent target tissues. The occurrence or magnitude of the re-

sponse of the target cell to the hormone depends on hormone levels in close

proximity to targets, which can thus be diVerent from circulating levels. 11b‐
H mRNA expression has been detected in the brain of terminal phase males

of the saddleback wrasse after sex change, suggesting that levels of KT can

indeed be increased at the target tissue (Morrey and Nagahama, 2000).

Additionally, there is a shift in the expression of aromatase versus 11b‐H
in the gonad during sex change, with a downregulation of the former and an

upregulation of the latter. The fact that in this species sex change is con-

trolled by social factors, suggests that changes in steroidogenic enzyme

activity may be influenced by social factors. Studies on steroid metabolism

in the Siamese fighting fish (Betta splendens) further support this view, where

subordinate individuals have lower expression of secondary sex characters

and male display behaviour, both aggressive and sexual, and the activity of

11b‐H in the testis is decreased (Leitz, 1987). This is consistent with diVerent
roles for the two androgens, with testosterone acting as a pool of androgens,
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which will allow the individual to shift behaviour according to the social

context by a diVerential activation of aromatase and 11b‐H.

In species with ART, a diVerence is thus expected in the activity of both

enzymes between the two male types in tactic‐sensitive tissues: bourgeois

males are expected to upregulate 11b‐H and downregulate aromatase and

the opposite action is expected in parasitic males. Unfortunately, there is no

data available on brain 11b‐H expression in alternative reproductive pheno-

types. In contrast, there is some evidence on brain aromatase that in general

corroborates this hypothesis.

In the plainfin midshipman, aromatase activity in the hindbrain was

three‐ to five‐fold higher in type II males than in type I males (Schlinger

et al., 1999). Because only type I males produce a courting ‘‘humming’’ call

that is controlled by a vocal motor circuit located in the hindbrain (Bass and

Baker, 1990), these diVerences in aromatase activity may explain the diVer-
entiation of alternative male morphs regarding calling behaviour in this

species. In the same species it has been found, using both immunocytochem-

istry and in situ hybridisation with specific probes for midshipman, that

aromatase levels were high in the hindbrain sonic motor nucleus, in the

periaqueductal gray area in the midbrain, and in the hypothalamus and

telencephalon. More interestingly, this study shows that aromatase expres-

sion is almost exclusively located in glial cells and not in neurons (Forlano

et al., 2001). Thus, a role for glia in modulating brain steroid levels is

plausible, and the ventricular location of most aromatase‐immunoreactive

cells would facilitate the bathing of the brain in E2 converted from T, and

concomitantly would decrease the local availability of KT. Moreover, high

levels of estradiol may be needed in the adult teleost brain because neuro-

genesis is present during adulthood (Zupanc, 2001) and estrogens are known

to act as neurotrophic factors (e.g., Contreras and Wade, 1999; Dittrich

et al., 1999). In species with plastic ART, brain aromatase might also be

important due to its role on synaptic plasticity that may underlie the re-

organisation of neural circuits during the diVerentiation of alternative brain

morphs.

The regulation of steroidogenesis in secreting tissues will also determine

the amount of the steroid to be released in the plasma, and ultimately its

availability to target tissues. Thus, as a crude exercise to assess the hypo-

thesis raised above, the author has used the ratio KT:T (already used in

Section 4.1.1.) as an indicator of the activity of the 11b‐H þ 11b‐HSD

pathway, and the E2:T ratio as an indicator of the activity of aromatase.

The magnitude of the diVerence between bourgeois and parasitic male KT:T

ratios is higher in species with fixed phenotypes, and lower in species with

plastic reversible phenotypes. This suggests a higher upregulation of the

11‐oxygenated androgens biosynthetic pathway in fixed ART species when
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compared to plastic ART species. These diVerences may be explained by the

fact that the diVerentiation of divergent phenotypes in fixed species is not

constrained by the subsequent phenotypic reorganisation that occurs in

plastic species. Therefore, bourgeois males of fixed species might diVerenti-
ate into more divergent phenotypes and 11‐oxygenated steroids play a

critical role in this process. For the ratio E2:T data is only available on

five species and thus a clear pattern is not detectable. Nevertheless, if one

compares the magnitude of the diVerences between tactics for both ratios, in

all five species (P. notatus, H. didactylus, S. viride, T.duperrey and S. melops),

the KT:T ratio is higher than the E2:T ratio, indicating a dominance of

the 11‐oxygenated‐androgen pathway over the aromatisation pathway in the

bourgeois tactic.

Recently, a model for the diVerentiation of alternative phenotypes based

on glucocorticoid‐androgen interactions has been independently proposed

by Knapp et al. (2002), Knapp (2004) and Perry and Grober (2003). This

model is based on the fact that the enzymes that participate in KT biosyn-

thesis are also involved in the synthesis (11b‐H) and inactivation (11b‐HSD)

of glucocorticoids. The functional significance of having the same enzymes

catalysing parallel pathways is that they can be regulated by reciprocal

competitive inhibition. In species with plastic ART or with socially con-

trolled sex change, this commonality creates the possibility that the activity

of these enzymes may mediate the transduction of social signals into endo-

crine ones that will modulate the adoption of a certain ART or sex change

(Knapp et al., 2002; Perry and Grober, 2003; Knapp, 2004). It is easy to

conceive that parasitic males should have higher cortisol levels than bour-

geois males, due to aggressive interactions among the two morphs, which

would explain the lower levels of KT observed in parasitic males due to

competitive inhibition of the KT‐biosynthetic pathway. However, because

inhibition of KT production does not aVect T, a decoupling of the expres-

sion of male traits that are KT dependent from those that can be elicited by

T is predicted. Moreover, inactivation of the KT pathway in parasitic males

would also result in an accumulation of T, and thus in an increased avail-

ability of the substrate for the enzyme aromatase. Therefore, this would also

predict a higher aromatase activity in parasitic males, which has been

observed in midshipman type II males (Schlinger et al., 1999). Data on

cortisol levels in species with ART is very scarce. In the longear sunfish,

parasitic males have both higher levels of cortisol and lower KT levels than

bourgeois males, suggesting that parasitic males may have a lower activity of

11b‐HSD both in the interrenal glands and in the testes relative to bourgeois

males (Knapp, 2004). The role of glucocorticoids in phenotypic plasticity is

further supported by the fact that in the bidirectional sex‐changing goby,

Gobiodon histrio, small males when stressed by competition with dominant
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males can change sex back to females (Munday and Jones, 1998). In accor-

dance with this finding, a glucocorticoid responsive element has been identi-

fied as a putative promoter regulatory factor of the aromatase gene CYP19A1

(gonadal isoform) that promotes transcription of this gene, resulting in the

expression of aromatase which subsequently enhances E2 synthesis involved

in male‐to‐female sex change (Gardner et al., 2003).

4.4.3. Steroid Receptors

The classic mechanism of steroid action involves the diVusion of the free

(unbound) fraction of the circulating steroid into the target cell where it

binds to intracellular receptors. The activated receptor is then translocated

to the nucleus where it binds to specific genes acting as transcription factors.

Thus, for steroids to exert their eVects, their specific receptors have to be

present in the target tissue.

In the brain, where the action of androgens is expected to modulate

reproductive behaviour, unusually high levels of androgen receptors (AR)

have been detected in goldfish, Carassius auratus (Pasmanik and Callard,

1988). The immunolocalisation of these AR, using an antibody to human/rat

AR, identified numerous cells in the preoptic area and in the periventricular

nuclei of the hypothalamus (Gelinas and Callard, 1997), which are brain

key areas in the control of reproduction, namely activity of the hypothala-

mic‐pituitary‐gonadal (HPG) axis. A seasonal variation in AR levels was

also found with a fivefold peak during the breeding season (Pasmanik and

Callard, 1988). This suggests that brain AR expression can be regulated by

sex steroids. Recently, a similar seasonal variation in a nuclear AR during

the reproductive cycle in the brain of the Atlantic croaker (Micropogonias

undulatus) was shown, which has been confirmed to be regulated by sex

steroids (Larsson et al., 2002).

To date, two diVerent types of androgen receptors (AR1 and AR2;

Sperry and Thomas, 1999, 2000; Ikeuchi et al., 2001) and three forms of

the estrogen receptor (ERa, ERb, and ERg; Hawkins et al., 2001) have been

identified both in the brain and in the gonads of teleost fish. All these

receptors are ligand‐activated transcription factors and thus mediate steroid

genomic eVects. Intriguingly, KT which has been shown to be the most

potent an drogen in fish in control ling reproduct ive functio n (see Sectio n 3)

is a poor ligand of known AR receptors (Pasmanik and Callard, 1988;

Sperry and Thomas, 1999; Thomas, 2000). Two possible explanations to

solve this paradox are the following:
1. Because KT has also a poor binding to steroid hormone‐binding
globulin, it is possible that the available fraction of KT to the target

cell is relatively higher than that of its competitors that are better
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ligands of the binding‐globulin and thus are less available for the

target cell. Therefore, the local kinetics of the receptor influenced by

the relative availability of the ligands near the target may compensate

KT for its low aYnity to AR.

2. The KT actions on behaviour might be mediated by nongenomic

mechanisms of steroid action that are mediated by a membrane

steroid receptor. Evidence has accumulated over the years for rapid

eVects of steroids that are too fast to be mediated by the classic

genomic mechanism that acts over a wider time scale (i.e., hours to

days), suggesting the existence of specific receptors on the surface of

target cells (Thomas, 2003). Recently, a membrane progestin receptor

was identified that has characteristics of G protein‐coupled receptors

(Zhu et al., 2003).
Therefore, it is possible that behavioural actions of KT on bourgeois

males are being mediated by one of these two mechanisms. To the author’s

knowledge, the relative levels of brain steroid receptors between alternative

reproductive phenotypes have only been documented for the protogynous

wrasse, Halichoeres trimaculatus (Kim et al., 2002). It was found using

competitive reverse‐transcription polymerase chain reaction that the levels

of AR transcripts were significantly higher in the brain of terminal phase

males than in initial phase males. No other significant diVerences in gene

expression were observed either for AR in the gonads or for ER both in

the brain and in the gonads. Thus, by varying the expression of AR

in specific tissues (e.g., brain vs gonad), bourgeois males can both increase

their sensitivity to circulating androgen levels in specific targets (the brain),

and at the same time allow a compartmentalisation of the eVects of andro-
gens. In other words, deleterious eVects can be avoided by varying AR

densities in diVerent tissues (Ketterson and Nolan, 1994). This mechanism

hypothetically makes it possible to activate the expression of an androgen‐
dependent reproductive behaviour in bourgeois males without having the

side eVect of increasing spermatogenesis or the expression of a sex character,

because the androgen action can be independently modulated at each

compartment (brain vs gonad vs morphological secondary sex character).
5. NEURAL MECHANISMS OF ALTERNATIVE

REPRODUCTIVE BEHAVIOURS

Historically, sex hormones were seen as causal agents of behaviour,

acting directly on the display of a given behaviour. This classic view was

the result of early studies of castration and hormone‐replacement therapy
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that showed that some behaviours were abolished by castration and restored

by exogenous administration of androgens (Nelson, 2000). Currently, this

view has shifted towards a probabilistic approach and hormones are seen

as facilitators of behavioural expression and not as deterministic factors

(Simon, 2002). According to this paradigm, hormones may increase the

probability of the expression of a given behaviour by acting as modulators

of the neural pathways underlying that behavioural pattern. For example,

the eVects of androgens on the expression of aggressive behaviour in

mammals are mediated by modulatory eVects on central serotonergic and

vasopressin pathways (Simon, 2002).

The phenotypic divergence between alternative male morphs is present at

two main levels: sexual behaviour and morphological diVerentiation. Two
main neurochemical systems have been studied that may help to understand

the role of androgens on the diVerentiation of the ART at each of these two

levels: gonadotropin‐releasing hormone (GnRH), and arginine vasotocin

(AVT) respectively. Both systems have been reviewed recently in the light

of vertebrate sexual plasticity elsewhere (Foran and Bass, 1999; Bass and

Grober, 2001). Thus, this section will only provide a brief update of these

reviews, including data published more recently.
5.1. GnRH and the DiVerentiation of Alternative Reproductive Morphs

Across all vertebrates, GnRH plays a central role in the control of

reproduction by orchestrating the functioning of the HPG axis. Nine diVer-
ent forms of GnRH have been identified to date in vertebrates (Parhar,

2002). Of these, three have been found in the brains of diVerent fish species:

salmon‐GnRH (sGnRH or GnRH3), chicken‐GnRH (cGnRH‐II or

GnRH2) and seabream‐GnRH (sbGnRH or GnRH1). In some species, the

three forms are present (e.g., the African cichlid Astatotilapia burtoni; White

et al., 1995), whereas only two forms (sGnRH and cGnRH‐II) have been

found in other species (e.g., goldfish; Lin and Peter, 1996). The neural

distribution of these three forms suggests multiple GnRH systems in the fish

brain. GnRH neurons have been identified in the terminal nerve (TN), in the

preoptic area (POA), and in the midbrain, and the three forms of GnRH

show a diVerential localisation across these three systems. In teleosts with

the three forms present, GnRH1 is located in the POA, GnRH2 in the

midbrain region, and GnRH3 in TN area (White et al., 1995). In species

with only two forms present, GnRH2 still occurs in the midbrain and the

second form, which can vary with species, is present in the POA and

olfactory‐forebrain areas. Thus some variation occurs in the form of GnRH

present in the POA across fish species (Yu et al., 1997). However, in more
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advanced teleosts (e.g., cichlids) where three GnRH forms are present, each

GnRH variant might have their specific receptor (Parhar, 2003).

Unlike other vertebrates in which the GnRH‐POA neurons communi-

cate with the pituitary via the blood portal system, in teleosts a direct

innervation of the pituitary by GnRH‐POA fibers occurs (Peter et al.,

1990; Yu et al., 1997). This anatomical peculiarity allows for a faster

action of the cascade of events present in the reproductive axis; that is,

GnRH secretion will be more rapidly translated in peripheral eVects, such
as sex‐steroid secretion in the gonads and the consequent diVerentiation of

reproductive traits (Foran and Bass, 1999).

Only four studies on GnRH systems addressing the occurrence of morph

diVerences have been conducted in species with ART. These studies revealed

diVerences either in the number or in the size of GnRH‐immunoreactive

(GnRH‐ir) cells between alternative male phenotypes. For example, in the

bluehead wrasse, terminal‐phase males have larger numbers of GnRH‐ir
cells than the initial phase males or the females (Grober and Bass, 1991;

Table 8.4). A change from initial male into a terminal‐phase male is followed

by an increase in the number of GnRH‐ir cells in the POA (Grober et al.,

1991). On the other hand, in the plainfin midshipman (Porichthys notatus),

there are no observable diVerences in cell number (except if corrected for

body mass; see Foran and Bass, 1999), but type I males have larger cells than

type II males (Grober et al., 1994; Table 8.4). Because otolith readings

indicate that type II males are younger than type I (Bass et al., 1996),

the diVerence in this species is that the neural system is activated early in

life in type I males. In the platyfish, Xiphophorus maculatus, small noncourt-

ing males have larger numbers of cells than large courting males and no

diVerences are found in cell size between the two morphs (Halpern‐Sebold
et al., 1986; Table 8.4). In the grass goby, a species with sequential ART,

both the number and the size of GnRH‐ir neurons is higher/larger in nest‐
holders than in sneaker males (Scaggiante et al., 2004; Table 8.4). In this

species, the experimentally induced transition from sneaker to nest‐holder is
accompanied by an increase in the number of GnRH‐ir cells in the preoptic

area, whereas no changes are detectable in their size (Scaggiante et al., 2004).

Terminal nerve GnRH‐ir neurons seem not to vary in respect to ART

(Foran and Bass, 1999; Scaggiante et al., 2004).

Thus, in the two species with fixed ART (i.e., midshipman and platyfish),

the early sexual maturation of the parasitic males is matched with the

maturation of the GnRH system as revealed by the fact that parasitic males

have similar numbers of GnRH‐ir cells to bourgeois males but at a smaller

body size (Table 8.4). Similarly, in the two species with sequential ART

(i.e., grass goby and bluehead wrasse), the number of GnRH‐ir neurons is
higher in bourgeois males than in parasitic males (Table 8.4) and there is



Table 8.4

DiVerences in GnRH and AVT Neurons Between Alternative Reproductive Types

Species ART Neuropeptide

Cell

size Cell number

mRNA

expression/cell

Plainfin midshipman,

Porichthys notatus

Fixed GnRH1, 2 B > P B ¼ P* —

AVT3 B > P B ¼ P* —

Platyfish, Xiphophorus

maculatus

Fixed GnRH4 B ¼ P B < P —

Grass goby, Zosterisessor

ophiocephalus

Sequential GnRH5 B > P B > P —

Bluehead wrasse,

Thalassoma bifasciatum

Sequential GnRH6 B ¼ P B > P —

AVT7 — B > P B > P

Saddleback wrasse,

Thalassoma duperrey

Sequential AVT8 B > P B > P —

Peacock blenny,

Salaria pavo

Sequential AVT9 B ¼ P* B ¼ P* B < P

Rock‐pool blenny,
Parablennius parvicornis

Sequential AVT10 B ¼ P* B ¼ P* —

*If corrected for body mass then B < P.
1Grober et al. (1994); 2Foran and Bass (1999); 3Foran and Bass (1998); 4Halpern‐Sebold et al. (1986); 5Scaggiante et al. (2004); 6Grober and

Bass (1991); 7Godwin et al. (2000); 8Grober (1998); 9Grober et al., 2002;10Miranda et al., 2003.
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a significant increase in GnRh‐ir cells during the transition from parasitic

to bourgeois male (Grober et al., 1991; Scaggiante et al., 2004). In summary,

for the four species studied, changes in the GnRH‐POA neural system seem

to play a role in the sexual maturation among juveniles of species with

fixed ART or in the reorganisation of the reproductive phenotype in plastic

species.

5.2. AVT and the DiVerentiation of Alternative Reproductive Behaviours

The hypothalamic neuropeptide arginine‐vasopressin (AVP), or its ho-

mologue arginine‐vasotocin (AVT) in nonmammalian vertebrates, influ-

ences the expression of social behaviours in a wide range of vertebrates,

from teleosts to mammals (Goodson and Bass, 2001). Exogenous adminis-

tration of these neuropeptides induces the expression of diVerent types of

reproductive behaviours across all vertebrate taxa (Goodson and Bass,

2001), including the male spawning reflex and courtship behaviour in fish

(Pickford and Strecker, 1977; Bastian et al., 2001; Semsar et al., 2001; Salek

et al., 2002; Carneiro et al., 2003).

Species with ART oVer the possibility of investigating how AVT may be

involved in the diVerential expression of reproductive behaviour between

male types. In all species studied so far, an association has been found

between the expression of alternative tactics and forebrain AVT (i.e., soma

size, number of AVT‐ir neurons or AVT mRNA expression per cell; see

Table 8.4). However, this association is not linear. In the midshipman and in

the two wrasses, bourgeois males exhibit courtship behaviour and concomi-

tantly have AVT‐POA neurons with larger soma sizes (Foran and Bass,

1998; Grober, 1998) or with a higher mRNA expression on a per‐cell basis
(Godwin et al., 2000) than parasitic males. In the peacock blenny, in which

sex‐role reversal occurs in courtship behaviour (i.e., females and sneaker

males are the major courting phenotypes; Almada et al., 1995) and thus the

expression of courtship behaviour is decoupled from the bourgeois tactic,

AVT mRNA expression is higher in both females and sneaker males than

in nest‐holders, suggesting that mRNA levels are correlated with the expres-

sion of courtship behaviour rather than with the alternative morph (Grober

et al., 2002). Finally, no diVerences were found between alternative male

morphs in the rock‐pool blenny both in the absolute size and number of

AVT‐ir cells in the POA (Miranda et al., 2003). Interestingly, in this species

the parasitic morph consists of satellite males that help the nest‐holder
males in the defense of the breeding territory and to some extent in female

attraction (Santos, 1985; Oliveira et al., 2002b), and thus the behavioural

diVerentiation between morphs is smaller in this species than in the other

studied species. Therefore, the reported diVerences in the AVT‐POA system
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between alternative sexual morphs are clearly associated with the expression

of ‘‘morph’’ typical behaviour.

Fewer studies have manipulated AVT by exogenous administration,

either intraventricular or systemic, in fish species with ART. Using this

approach, three species with alternative morphs have been studied to date:

the midshipman, the bluehead wrasse, and the peacock blenny (Goodson

and Bass, 2000; Carneiro et al., 2003; Semsar and Godwin, 2003). These

studies will be briefly reviewed below.

In the midshipman, administration of AVT directly in the anterior region

of the hypothalamus has diVerent eVects in eliciting vocal activity in the two

male morphs (Goodson and Bass, 2000). Both male morphs and females

produce grunt vocalisations in an agonistic context (not to be confounded

with the courtship humming calls emitted exclusively by type I males).

However, type I males emit long trains of grunts associated with the defense

of their nests, whereas both type II males and females produce short grunts

in nonreproductive contexts. The central administration of AVT inhibits

the production of electrically stimulated grunts in type I males, but not in

type II males and females. Interestingly, isotocin (the teleost homologue

of oxytocin) had the opposite eVect, inhibiting vocal behaviour in type II

males and females but not in type I males (Goodson and Bass, 2000).

In the bluehead wrase, AVT systemic injections increase courtship beha-

viour in both territorial and nonterritorial terminal‐phase males but only

increase aggressive behaviour and territoriality in nonterritorial TP males in

field conditions (Semsar et al., 2001). Moreover, the administration of an

AVP V1 antagonist both to nonterritorial terminal‐phase males and to

females prevented them establishing breeding territories in vacated areas

(Semsar and Godwin, 2003). However, exogenous AVT treatment did not

increase the expression of display behaviours, typical of terminal‐phase
males, in an inhibitory social context, that is, in the presence of terminal‐
phase males in the field (Semsar and Godwin, 2003). In fact, AVT‐treated
initial‐phase males continued to participate in group spawns in the reef.

Interestingly, treating females with KT did not increase their responsiveness

to AVT but induced the expression of terminal‐phase male colouration and

courtship behaviour, suggesting that courtship behaviour in females is KT‐
dependent (Semsar and Godwin, 2003). Thus, the behavioural eVects of

AVT in the bluehead wrasse seem to be dependent on the sexual phenotype.

In the peacock blenny, AVT treatment of sneaker males increased the

time spent in female nuptial colouration and the frequency of the femalelike

courtship behaviour displayed towards nest‐holder males. In contrast, snea-

kers treated with AVT and presented with a gravid female failed to express

male courtship behaviour (Carneiro et al., 2003). Accordingly, AVT induced

the expression of both nuptial colouration and courtship behaviour in
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females, but failed to promote any expression of male courtship behaviour in

nest‐holders (Carneiro et al., 2003). As already mentioned above, KT treat-

ment of sneaker males in this species inhibited the expression of female‐
courtship behaviour in sneaker males, but had no eVect on the number or on

the soma size of AVT‐POA neurons (Oliveira et al., 2001d), suggesting that

the inhibitory eVect of KT on AVT‐dependent femalelike courtship beha-

viour is probably regulated by changes in mRNA expression. This hypothesis

remains to be tested, but is supported by studies on other vertebrates species

that present sex diVerences and/or seasonal variation in AVP brain elements.

These results suggest that plasticity in AVP‐POA neurons is regulated by T or

by one of its metabolites (E2, DHT) acting on AVP mRNA expression and

not on AVP‐ir (Goodson and Bass, 2001 and references therein).

Thus, both in the midshipman and in the peacock blenny, AVT seems to

activate neural mechanisms underlying behavioural patterns shared by par-

asitic males and females, whereas in the bluehead wrasse AVT is associated

with the expression of courtship behaviour typical of bourgeois males. These

within‐ and between‐species variations in the eVects of AVT in courtship

behaviours indicate that a comparative approach using closely related spe-

cies that vary in mating systems can be a very rewarding approach to this

field in the future.

5.3. The Sexually Bipotential Brain of Teleost Fish

One interesting point related to the neural mechanisms underlying beha-

vioural and morphological phenotypic plasticity is the question of whether

alternative morphs possess separate brain mechanisms controlling their

divergent behaviour or if both mechanisms are present and can be diVeren-
tially activated depending on the tactic that is being expressed by the animal.

The former situation would be expected in fixed and sequential ART and the

latter in reversible ART.

As seen above in teleosts, the display of male sexual behaviour has been

associated with KT and AVT, whereas female sexual behaviour is stimulated

by prostaglandins, in particular by prostaglandin‐F2a (PGF2a) (Stacey,

1987). In teleosts, there is ample evidence that brain sexual bipotentiality is

maintained through adulthood. A series of studies performed in one gono-

choristic (goldfish) and in one gynogenetic (crucian carp, Carassius auratus

langsdorfii) species have elegantly elucidated this point. In the goldfish,

sexually mature males treated with PGF2a display female sexual behaviour,

including a pseudospawning (Stacey and Kyle, 1983). In both species,

KT‐treated females display male sexual behaviour when paired with con-

specific ovulated females (Stacey and Kobayashi, 1996; Kobayashi and

Nakanishi, 1999). More interestingly, KT‐implanted females also showed
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female spawning behaviour when injected with PGF2a (Kobayashi and

Nakanishi, 1999). These results indicate that induced behavioural mas-

culinisation of females and feminisation of males is reversible. Thus, sexual

plasticity is present even in species that do not display it in natural situations,

as is the case of sex‐changing species. Finally, it should be mentioned that

in the parthenogenic Amazon molly (Poecilia formosa) spontaneous mascu-

linisation occurs naturally with some individuals exhibiting pseudomale

behaviour and a diVerentiation of a rudimentary gonopodium (Schlupp

et al., 1992).

These results are particularly interesting in the context of ART because

they suggest that alternative male morphs would have the potential to express

both alternative reproductive behaviours. However, exogenous administra-

tion of KT to parasitic males fails to induce the display of bourgeois male

behaviour in species with either fixed or sequential ART (i.e., midshipman,

peaco ck blenny, rock ‐ pool blenny, see Secti on 2.1. ). There fore, AR T specie s

may have tactic‐specific constraints that prevent them expressing bipotential

behaviours even when manipulated experimentally.
6. INTEGRATING PROXIMATE AND ULTIMATE

QUESTIONS IN THE STUDY OF ALTERNATIVE

REPRODUCTIVE TACTICS

Negative genetic correlations and life‐history tradeoVs can be better un-

derstood if their proximate mechanisms are known (Sinervo and Svensson,

1998). Hormones are good candidates to play a major role as physiological

mediators of life‐history tradeoVs because they may have opposite eVects on
two or more traits (Ketterson and Nolan, 1992; Sinervo and Svensson,

1998). Phenotypic plasticity is a life‐history trait that might have evolved

to allow animals to shift resources from one life‐history stage to another,

(e.g., from reproduction into growth or vice versa, in a condition‐ or fre-

quency‐dependent fashion; West‐Eberhard, 1989). These shifts between life‐
history stages may be controlled by endocrine mechanisms, and it is expected

that in some cases the life‐history tradeoVs and the associated phenotypic

plasticity have the same underlying physiological mechanism (Sinervo and

Svensson, 1998). Because androgens are both involved in the animal’s in-

vestment in current reproduction and have multiple eVects on diVerent
phenotypic traits, they are excellent candidates to orchestrate transitions

between life‐history stages. Thus, it is not surprising that an association

between KT and the expression of ART has been found.

The costs associated with specific tactics imposed by their underlying phy-

siological mechanisms are another potential constraint for their evolution.
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Little research has been conducted on a cost/benefit analysis of ART in

teleosts. Bourgeois males display a set of androgen‐dependent behavioural
traits that help them in competition with other males for resources or for the

access to females (e.g., territoriality). Thus, costs associated with keeping

androgen levels elevated should be associated with the bourgeois tactic.

These include increased energy consumption, interference with immunocom-

petence, increased risk of predation, and a higher incidence of injuries from

agonistic interactions (for a review on costs of elevated T levels see Wingfield

et al., 1999, 2001). For example, in the rock‐pool blenny, a field study

recently demonstrated that lymphocyte counts and the antibody response

to a nonpathogenic antigen is lower in nest‐holder males than in satellite

males, and both immune parameters correlated negatively with KT levels

(Ros et al., 2004a).

Because hormones act on diVerent target tissues, many traits may have a

common underlying physiological mechanism and thus can be pheno-

typically linked (Ketterson and Nolan, 1999; Ketterson et al., 2001), as is

the case with androgen‐dependent traits such as the expression of male

morphological characters, muscle hypertrophy, and the expression of

reproductive behaviour. Thus, it is likely that selection acting on any one

of these traits will aVect the others, so that beneficial traits may evolve

indirectly as exaptations (Gould and Vrba, 1982). According to Ketterson

and Nolan (1999), one way to distinguish between adaptations and exap-

tations in hormone‐dependent traits would be to assess whether these traits

arose either in response to selection on circulating hormone levels, or wheth-

er they arose in response to variation in the responsiveness of the target

tissues to invariant hormone levels (Figure 8.6). In the former case, selec-

tion probably did not act on all correlated traits and thus the ones that

subsequently conferred an advantage to its carriers should be viewed as

exaptations (Figure 8.6). In the latter case, selection probably acted indepen-

dently on target‐tissue sensitivity to constant hormone levels (e.g., by vary-

ing density of receptors or the expression of enzymes for particular

biosynthetic pathways; Figure 8.6). Although a mixed scenario may occur,

in which both circulating levels and target‐tissue sensitivity are under selec-

tion, this dichotomy provides us with a framework to address the issue of

endocrine‐mediated adaptive traits. In this respect, alternative reproductive

tactics that involve the diVerential development of androgen‐dependent
traits within the same phenotype, such as the diVerentiation of larger testis

in parasitic males without displaying secondary sex characters, suggests a

compartimentalisation of androgen eVects on diVerent target tissues that can
be achieved by varying the densities of androgen receptors (AR) in diVerent
targets (e.g., gonadal vs secondary sex characters). Therefore, ARTs that

involve compartimentalisation eVects evolved most probably as adaptations,



Fig. 8.6. Evolution of endocrine‐mediated adaptive traits. (A) Exaptation: trait 1 is being

selected by increasing the circulating level of the hormone that controls its expression. If this

trait is linked to other traits (traits 2 and 3) because their expression is controlled by the same

hormone, then traits 2 and 3 will also be selected, due to the selected increase in hormone levels.

Traits 2 and 3 are exaptations. (B) Adaptation: trait 1 is being selected by increasing the

expression of receptors to the hormone that controls its expression in a specific target tissue.

Although trait 1 is linked to other traits (traits 2 and 3) because their expression is controlled by

the same hormone, traits 2 and 3 will not be selected because hormone levels will not be subject

to selection.
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whereas ARTs that involve no compartimentalisation eVects (e.g., some

reversible tactics, such as the facultative use of sneaking behaviour by nest‐
holder males in sticklebacks) represent exaptations. Thus, this question

stresses the importance that studies of proximate mechanisms may have to

help to understand the evolution of alternative reproductive phenotypes.
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1. INTRODUCTION

Although it has long been known that fish commonly employ phero-

mones (chemical signals that pass between members of the same species;

Sorensen and Wyatt, 2000) to coordinate many aspects of their reproductive

biology, only in the past two decades has it become apparent that many of

these cues are derived from, or are closely related to, hormones and other

essential body metabolites (Liley, 1982; Stacey and Sorensen, 2002). This

possibility was first raised by Døving (1976), who noted that hormonal

products are preadapted to serve as pheromones because they are produced

and released at relevant times. The first evidence for this possibility was the

observation that bile acids (steroids produced by the liver and generally

released in the bile) released by juvenile Arctic charr (Salvelinus alpinus)

are potent odourants that appeared capable of attracting adults migrating
Copyright # 2006 Elsevier Inc. All rights reserved
DOI: 10.1016/S1546-5098(05)24009-8
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to spawning grounds (Døving and Selset, 1980). Soon thereafter, Colombo

et al. (1980) showed that a 5b‐reduced conjugated androgen (etiocholano-

lone glucuronide [Etio‐g]) produced by male black gobies (Gobius niger)

attracted ovulated conspecifics. Van Den Hurk and Lambert (1983) next

proposed that ovarian steroid glucuronides function as sex pheromones in

zebrafish (Danio rerio).

Clear proof that hormones function as pheromones came from studies

showing that an oocyte maturation inducing steroid (MIS), 4‐pregnen‐
17,20b‐diol‐3‐one (17,20b‐P) is released by female goldfish, Carassius

auratus, and induces in males strong behavioural and endocrinological

(i.e., pheromonal) eVects (Stacey and Sorensen, 1986; Dulka et al., 1987;

Sorensen et al., 1987, 1990). Since then, hormones and related compounds

have been found to function as potent odourants which influence conspecific

behaviour and/or physiology in a variety of fish species including African

catfish, Clarias gariepinus (reviewed by Van Den Hurk and Resink, 1992),

Atlantic salmon, Salmo salar (Moore and Scott, 1991), oriental weatherfish

loach, Misgurnus anguillicaudatus (Kitamura et al., 1994a), common carp,

Cyprinus carpio (Irvine and Sorensen, 1993), and crucian carp, Carassius

carassius (Bjerselius et al., 1995). The sea lamprey has lately emerged as a

model for understanding how bile acids may function as pheromones (e.g.,

Li et al., 2003; Sorensen et al., 2003).

Electrophysiological studies of olfactory function show that many bile

acids, sex steroids, and prostaglandins (as well as their precursors and deri-

vatives) are detected by fish, providing compelling evidence that fish com-

monly employ these chemicals as pheromones. Most of these studies have

employed extracellular underwater electro‐olfactogram (EOG) recording,

whichmeasures transepithelial voltage changes that reflect summed generator

responses of olfactory receptor neurons (ORNs; Scott and Scott‐Johnson,
2002). These studies have now and have shown that more than 100 fish species

are acutely sensitive to steroids and prostaglandins (Kitamura et al., 1994b;

Cardwell and Stacey, 1995; Sorensen and Stacey, 1999; Stacey and Sorensen,

2002; Laberge and Hara, 2003a; Stacey et al., 2003; Lower et al., 2004). More

recently, EOG studies have also discovered that sea lamprey (Petromyzon

marinus) are extremely sensitive to bile acids (Li et al., 1995; Li and Sorensen,

1997 ), which appe ar to act as pheromon es media ting migrati on (So rensen and

Vrieze, 2003) and sexual attractio n (Li et al ., 2002, 2003 ).

When considering pheromonal function in fish, it is important to con-

sider that chemical signals propagate diVerently than other sensory cues.

Whereas visual and acoustic signals are propagated with predictable

speed and direction, chemicals are transmitted slowly and are subject to

turbulence and variable flow, which can slow and distort the position, shape,

size, and temporal nature of the cue (Weissburg, 2000). Moreover, chemical
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information can persist for days (Sorensen et al., 2000) and thus potentially

become separated from its source. Although mechanisms for orientating in

pheromone plumes have been described in some invertebrates (e.g., crusta-

ceans and moths), this issue is poorly understood in fish (Vickers, 2000).

Pheromone function in water may also be complicated by other dissolved

compounds including humics that can bind odourants (Hubbard et al., 2002;

Mesquita et al., 2003), heavy metals that can disrupt neural function

(Hansen et al., 1999), and endocrine‐disrupting chemicals that might mask

natural signals (Kolodziej et al., 2003).

Finally, it is important to consider that, by the nature of the information

it processes, olfaction diVers in important respects from other sensory mod-

alities. In terms of basic design, the central nervous system encodes linear

arrays of sight and sound information in intuitive spatial and temporal

manners, whereas encoding of chemical information does not lend itself to

such simple representation, greatly complicating its study. Moreover, the

frequency and temporal information in an individual’s acoustic and visual

signals will often be broadly detectable by the sensory neurons of many

species, but biologically relevant only to those (typically conspecifics) with

appropriate central neural processing. In contrast, due to the acute specifici-

ty of fish olfactory receptor mechanisms, pheromones eVectively activate

discrete sensory channels that could be unique to conspecifics and evolve

rapidly with only small change in receptor specificity.
2. TERMS AND CONCEPTS

Although it has been recognised since Darwin (1887) that animals re-

spond to conspecific odours, Bethe (1932) first distinguished these special

chemicals using the term ectohormone. Karlson and Lüscher (1959) later

replaced this term with pheromone (literally ‘‘to transfer excitement’’), which

they defined as ‘‘substances that are excreted to the outside of an individual

and received by a second individual of the same species in which they release

a specific reaction, for example a definite behaviour or developmental

process.’’ However, this vague definition has caused much confusion (see

Joh nston, 2000). To clarify the phe romone concep t for the study of fishes

(see Sorensen and Stacey, 1999; Sorensen and Wyatt, 2000), the authors

define pheromones as a substance, or mixture of substances, released by an

individual, which evokes a specific and adaptive response in conspecifics, the

expression of which does not require learning. This allows for the possibi-

lities that pheromones need not always be species‐specific, that the responses
to them can be modified by experience, and that they can be mixtures, a

situation commonly observed in insects (Sorensen et al., 1998).
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Further, the authors define a reproductive pheromone as a pheromone that

induces any behavioural or physiological response associated with reproduc-

tive activity. Thus, cues that directly prepare maturing fish for spawning (e.g.,

evoke prespawning aggregation) or trigger spawning itself are included,

whereas cues that are broadly eVective across multiple life stages (aggregants,

alarm cues, kin‐recognition, etc.; Courtenay et al., 1997; Olsén et al., 2002a;

Wisenden, 2003) are not. We also employ the terms releaser and primer

(Wilson and Bossert, 1963) to distinguish between rapid behavioural eVects
and typically slower physiological eVects induced by pheromones. We apply

these terms only to pheromonal eVects rather than to pheromones per se

because, as noted by Wilson and Bossert (1963), ‘‘it is quite possible for the

same pheromone to be both a releaser and a primer.’’ For example, several

reproductive pheromones exert both primer and releaser eVects in goldfish

(Dulka et al., 1987; Sorensen et al., 1989; Poling et al., 2001).

Finally, the authors apply the term hormonal pheromone for any repro-

ductive pheromone that contains at least one compound derived from a

chemical pathway that produces hormones (internal chemical signals). This

class of pheromones warrants special consideration both because most fish

appear to employ hormonal cues as pheromones and because in so doing,

special evolutionary links between internal and external chemical signals are

implied to exist within this group. By our definition, hormonal pheromones

can contain unmodified hormones, hormonal precursors, and/or their meta-

bolites. Although almost all reproductive pheromones identified in fish

are hormonal pheromones, important exceptions include the bile acid pher-

omones of the sea lamprey (Li et al., 2002; Sorensen et al., 2003), the

putative L‐amino acid pheromone of the rose bitterling, Rhodeus ocellatus

(Kawabata, 1993), and tetrodotoxin pheromone of the puVer fish, Fugu

rubripes (Matsumura, 1985). Others almost certainly exist.

The authors also propose (Stacey and Sorensen, 1991, 2002; Wisenden

and Stacey, 2005) that the evolution of chemical communication invol-

ves three functionally distinct phases: ancestral, spying, and communication

(Figure 9.1). The initial phase, in which individuals (originators) fortuitously

release a metabolic product(s) that does not influence receivers, can evolve

into the second, spying, if selection causes conspecifics (receivers) to detect

and respond adaptively to the originator’s released chemical(s), which we

now term a pheromonal cue(s). In the spying phase, originators of cues

remain unspecialised with respect to production and release of the phero-

monal cue(s), regardless of whether they benefit from the receiver’s response.

In some instances, spying can develop into a third phase, communication, if

originators also come to benefit from cue production, and develop speciali-

sation(s) to produce it in more eVective manner(s). Such specialised cues are

termed signals. The authors believe that the use of seemingly unmodified



Fig. 9.1. Proposed stages in the evolution of hormonal pheromones. (Adapted from Stacey and

Sorensen, 1991, 1999, 2002 with kind permission from Elsevier Ltd., and from Sorensen and

Stacey, 1999 with kind permission from Springer‐Verlag GmbH.)
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hormones as pheromones by goldfish (Section 5.3.1) is an example of spying,

whereas the use of Etio‐g produced by the black goby mesorchial gland

(Rasotto and Mazzoldi, 2002; Section 5.3.3) appears to be an example of

communication.

For several reasons, this simple tripartite scheme appears to oVer the

most parsimonious explanation of pheromone evolution, at least for hor-

monal pheromones. It seems highly likely that pheromonal functions of sex

steroids and prostaglandins were derived from their primitive hormonal

functions for the simple reason that the chemical diversity of hormonal

pheromones appears to be far greater than the remarkably conserved set

of hormonal compounds retained not only by fish, but by all vertebrates.

Further, it seems self‐evident that evolutionary specialisations for phero-

monal function in receivers must precede those in signalers, and that

the establishment of spying creates opportunities for communication to

evolve. A weakness in our terminology related to pheromone evolution

is that the spying phase is defined by absence of specialisation in the
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pheromone originator, a situation that might be diYcult to confirm. None-

theless, we suggest that a pheromone released by male Pacific herring

(Clupea harengus pallasii) functions in pheromonal spying, simply because

the herring mating system appears to preclude the evolution of pheromonal

communication.

Spawning of herring is triggered in both sexes by a milt (sperm and

seminal fluid) pheromone that might contain steroids (Stacey and Hourston,

1982; Carolsfeld et al., 1992), occurs in immense schools often kilometers

in extent, and involves no evident coordination between the sexes, with

males and females independently depositing gametes on benthic substrates.

Because in this mating system males are highly unlikely to fertilise the

eggs of the females they stimulate to spawn, there appears to be no mecha-

nism whereby females can exert selective pressure for specialisation in male

pheromone production.

The distinction between pheromonal communication and spying is cen-

tral to such basic issues as the coevolution of signalers and receivers, and the

mechanisms whereby species‐specific pheromones might arise (Sorensen and

Stacey, 1999). We suggest two concepts that might guide research in this

important, poorly understood area. First, we postulate that the evolutionary

origins of pheromones are stochastic, insofar as the particular conspecific

chemicals to which receivers fortuitously evolve olfactory responsiveness will

greatly influence further pheromone evolution. These new hormonal odour-

ants could be incidental metabolites whose production and/or release might

readily be modified as spying progresses to communication. However, they

might also be key hormones, whose existing endogenous functions might

provide physiological inertia preventing the transition to communication.

Second, a species’ mating system first defines the selection pressures that

establish spying, and then confers the constraints and opportunities that

determine if and how communication might arise. Given the diverse repro-

ductive tactics and strategies of fish, the variety of ecological factors they

encounter, and the stochastic factors that initiate the evolution of phero-

mone signals, we expect similar diversity in their reproductive pheromone

systems.
3. OVERVIEW OF THE FISH OLFACTORY SYSTEM

Where studied in vertebrates, responsiveness to pheromones is mediated

exclusively by the olfactory system (cranial nerve 1). As in other vertebrates,

the fish olfactory system has three key components: olfactory receptor neu-

rons (ORNs), which express olfactory receptor molecules and have their cell

bodies in the olfactory epithelium; olfactory bulbs, to which most ORNs
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project and synapse with output neurons to form glomeruli; and output

neurons (mitral cells) and their terminal fields in the telencephalon, hypo-

thalamus, and other brain regions. This system has been reviewed elsewhere

(Sorensen and Caprio, 1997; Laberge and Hara, 2001) and is only briefly

summarised here. Olfaction is also considered in Chapter 2.

3.1. Olfactory Epithelium and Olfactory Receptor Neurons

The olfactory epithelium within the nasal capsules contains both non-

sensory supporting cells and ORNs. Although there is evidence for sexual

dimorphism in the olfactory epithelium of some fish, neither its cause

nor functional significance is known. For example, males of some deep‐sea
fish have much larger olfactory epithelia than females (Baird et al., 1990),

and EOG responsiveness of some fish to prostaglandins is sexually dimor-

phic and androgen‐dependent (Sorensen and Goetz, 1993; Cardwell et al.,

1995; Stacey et al., 2003; Lowe r et al., 20 04 ; Secti on 5.4). Most fis h pos sess at

least three morphological classes of ORNs—ciliated, microvillous, and

crypt—whereas sharks appear to have only microvillous and lamprey only

ciliated (Zeiske et al., 1992; Sorensen and Caprio, 1997; Morita and Finger,

1998; Hansen et al., 2003). Although the function of these ORN types is

unclear, neuroanatomical, pharmacological, and electrophysiological stud-

ies from zebrafish, channel catfish (Ictalurus punctatus), and crucian carp

suggest some ciliated ORNs transduce responses to some bile acids (no

established bile acid pheromones were tested), whereas both ciliated and

microvillar ORNs may transduce responses to amino acids (feeding stimuli)

(see Hansen et al., 2003). Although no definitive data link ORN type to a

known pheromonal compound, an ORN regeneration study in goldfish

(Zippel et al., 1997) suggests that some microvillar cells mediate some

sex‐pheromone responses.

Using probes based on G‐protein linked receptors found in mammalian

olfactory epithelia, three basic classes of olfactory receptors have been

cloned in fish (Dryer and Berghard, 1999), a V2R (vomeronasal) type

resembling a mGluR‐type receptor in the mammalian vomeronasal system

and suggested to mediate pheromone responses (Cao et al., 1998; Naito

et al., 1998), a ‘‘VIR‐like receptor’’ resembling another class of mammalian

vomeronasal receptors (Pfister and Rodriguez, 2005), and a G‐Olf type

based on the 7‐transmembrane receptor type first isolated from the rat (Buck

and Axel, 1991; Ngai et al., 1993a). The V2R receptor type appears to occur

in microvillous cells (Cao et al., 1998), and one that has been functionally

cloned (in goldfish) binds the amino acid L‐arginine with high specificity

(Speca et al., 1999). Channel catfish have been estimated to possess approxi-

mately 100 G‐Olf receptor subtypes in six subfamilies, whereas mammals



366 NORM STACEY AND PETER SORENSEN
possess more than 1000, many of which may be pseudogenes (Rouquier

et al., 2000). In situ hybridisation using G‐Olf receptor probes indicates fish

ORNs (like those of mammals) express only one or a few subtypes, suggest-

ing individual fish ORNs are likely specialised for detection of one or a few

specific odours ( Ngai et a l., 1993a, b; Hansen et al ., 2003 , 2 004).

Unfortunately, olfactory receptors for hormonal pheromones have yet to

be cloned. However, using a membrane preparation of goldfish olfactory

epithelium, Rosenblum et al. (1991) demonstrated that the goldfish steroid

pheromone 17,20b‐P binds not only with low capacity and high aYnity, but

also with a specificity that is expected of an olfactory receptor, and is similar

to that expected from ovarian membranes on which this steroid functions as

a maturation inducing hormone (Nagahama et al., 1994). It is intriguing

that a putative membrane‐associated MIS cloned from spotted seatrout,

Cynoscion nebulosus (Zhu et al., 2003), appears to be a 7‐transmembrane,

G‐protein–coupled receptor (Thomas, 2003).

3.2. Olfactory Bulbs and Tracts

ORNs project from the olfactory epithelium via the olfactory nerves to the

olfactory bulbs, where the overwhelming majority of their axons terminate. In

the bulbs, ORNs with common receptor types converge and synapse on mitral

cells in the bulbar glomeruli, dense and complex aggregations of the neuropils

of mitral and granule cells that receive inhibitory input from other glomeruli

and the central nervous system (Sorensen and Caprio, 1997). From the bulbs,

mitral cells project via the medial and lateral olfactory tracts to terminate in

specific telencephalic and hypothalamic fields. Some nerves project from the

periphery without synapsing in the bulb, such as the terminal nerve (cranial

nerve 0), which Demski and Northcutt (1983) proposed to be specialised for

pheromone detection. However, terminal nerve ablations do not cause evident

reproductive deficits (Kobayashi et al., 1994, 1997a; Yamamoto et al., 1997),

and single unit, extracellular recordings in goldfish show that pheromones and

other odourants that aVect olfactory bulbar units do not aVect terminal nerve

activity (Fujita et al., 1991). A current hypothesis is that the terminal nerve

modulates olfactory sensitivity (Eisthen et al., 2000).

Evidence derived primarily from mammals indicates that glomeruli are

functional units that encode odour cues and pass this information to the brain

(Xu et al., 2000). The situation in fish is complicated by the fact that mitral cells

may project to many, relatively diVuse glomeruli. Food odours including

amino acids appear to be encoded in a combinatorial fashion involving multi-

ple glomeruli with overlapping sensitivities (Freidrich and Korsching, 1998;

Hanson, 2001; Nikonov and Caprio, 2001) and incorporating a temporal

component (Friedrich and Laurent, 2001). Processing of pheromonal
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responses in zebrafish (Friedrich and Korsching, 1998) and goldfish (Hanson

et al., 1998) appears to be restricted to certain bulbar areas. However,

Laberge and Hara (2003b) report that, although lake whitefish (Coregonus

clupeaformis) process amino acid stimuli in bulbar areas, putative phero-

monal prostaglandins activate extrabulbar units in what is likely the medial

olfactory tract. Nevertheless, all three studies indicate that fish process

pheromonal information in some kind of specialised manner that diVers
from processing of feeding cues. Results of olfactory lesion and stimulation

studies are consistent with this idea. For example, electrical stimulation of

the cod (Gadus morhua) olfactory tract (Døving and Selset, 1980) and

olfactory tract lesions in goldfish (Stacey and Kyle, 1983; Dulka and Stacey,

1990), crucian carp (Hamdani et al., 2000; Weltzien et al., 2003), and African

catfish (Van Den Hurk and Resink, 1992) demonstrate that the lateral

tracts mediate food responses, whereas the medial tracts mediate response

to both reproductive and nonreproductive pheromones. Extracellular tract

recordings in goldfish (Sorensen et al., 1991) agree with these findings.

4. BILE ACID‐DERIVED PHEROMONES OF SEA LAMPREY

The anadromous sea lamprey spawns in freshwater streams where its

larvae spend 3–20 years filter‐feeding before metamorphosing into a parasit-

ic phase that enters the Atlantic ocean or large lakes to parasitise other fish.

After approximately 1 year, parasites cease feeding, begin to mature and,

aided by an olfactory system larger than their brain, migrate up suitable

streams for spawning, in which females appear to use a sex pheromone to

locate nesting spermiating males (Teeter, 1980). Lamprey pheromones have

been extensively studied in the hope they can be employed to control

lampreys in the Great Lakes where they threaten fisheries (Sorensen and

Vrieze, 2003; Twohey et al., 2003).

4.1. Migratory Pheromone

Maturing adult sea lamprey locate suitable spawning habitat using a

pheromone released by stream‐dwelling larvae. Behavioural studies (Vrieze

and Sorensen, 2001) show that water from streams with larvae is more

attractive to adults than water from streams without larvae, that adding

larval odour to stream water increases its attractiveness, and that individual

larvae (1 g body weight) create a large ‘‘active space’’ (the volume of water

activated by pheromone) of at least 400 L in an hour. The pheromone is not

species‐specific, perhaps because all North American lamprey use similar

spawning and nursery habitats and larvae do not benefit from attracting

adults (Fine et al., 2004).
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The larval pheromone is a complex mixture that acts through specific

olfactory receptors with detection thresholds ranging below 10�13 M

(Sorensen et al., 2003). Pheromone characterisation has relied strongly upon

behavioural assays and alternating use of high‐performance liquid chroma-

tography (HPLC) fractionation/mass spectrometry to confirm purity, and

EOG recording to screen for olfactory function. One compound isolated with

this approach is petromyzonol sulfate (PS; 3a,12a,24‐trihydroxy‐5a‐cholan‐
24‐sulphate), a unique bile acid that, despite considerable olfactory activity,

has only moderate behavioural activity on its own. A second lamprey bile

acid, allocholic acid (ACA; 3a,7a,12a‐trihydroxy‐5a‐cholan‐24‐oic acid), has
good olfactory activity but little (if any) behavioural activity, whereas two

unidentified and novel sulfated steroids of unknown origins have even greater

behavioural and olfactory activity than PS and strongly compliment its

actions (Sorensen et al., 2003). Both PS and ACA are synthesised by the liver

of larvae (but not of parasitic or adult phases) of various lamprey species

(Polkinghorne et al., 2001; Yun et al., 2003a). Because larval gall bladders and

bile ducts atrophy during metamorphosis, at which time PS and ACA synthe-

sis ceases (Polkinghorne et al., 2001), these compounds should serve as

specific indicators of streams containing larvae and thus favorable spawning

and nursery habitat. These bile acids likely evolved to facilitate digestion and

to suppress disease, and are apparently released primarily in larval feces

(Polkinghorne et al., 2001). They also are detected with great sensitivity

(olfactory detection thresholds <1 pM) by the olfactory organ of migratory

adults (Li and Sorensen, 1997). A mixture of PS and ACA attracts maturing

adults in laboratory mazes, but to a lesser extent than does whole larval

odour, the activity of which is likely due to the unidentified odourants

described above (Vrieze and Sorensen, 2001; Sorensen et al., 2003). When

fully mature, sea lampreys are not attracted to larval odour, suggesting

sensitivity to it is regulated by endocrine state (Bjerselius et al., 2000). Impor-

tantly, PS has been identified at pM concentrations in water from rivers with

larval populations, providing direct evidence that this cue is a critical compo-

nent of the prespawning migratory attractant of sea lamprey (Fine et al.,

2004). Together, these results demonstrate that a blend of conspecific (and

likely congeneric) cues regulate stream selection and upstream migration of

maturing adult sea lamprey, adaptive responses that increase the likelihood of

locating suitable larval habitat. All ecological, behavioural, and physiological

evidence strongly suggests this to be an example of spying.

4.2. Male Reproductive Pheromone

During upstream migration, lamprey undergo final maturation (spermia-

tion and ovulation), lose behavioural responsiveness to the larval phero-

mone, and develop behavioural responsiveness to the odour of mature
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conspecifics of the opposite sex (Teeter, 1980; Bjerselius et al., 2000). Beha-

vioural tests using mature males placed in traps (see Teeter, 1980) indicate

that male lamprey (which precede females to the spawning grounds) release a

pheromone that attracts females. Further, Teeter (1980) reports strong

behavioural responses to the urine of mature male lamprey.

3‐Keto‐petromyzonol‐sulphate (3K‐PS; 7a,12a,24‐trihydroxy‐3‐one‐5a‐
cholan‐24‐sulphate) appears to be a potent (10�12 M EOG threshold) com-

ponent of the pheromone released by spermiated male sea lamprey, whereas

3‐keto‐allocholic acid (3K‐ACA; 7a,12a‐dihydroxy‐5a‐cholan‐3‐one‐24‐oic
acid) may be a less potent (10�10 M threshold) component (Li et al., 2002;

Yun et al., 2003b). Although both compounds are detected by the olfactory

system (Figure 9.2), only 3K‐PS has been investigated for behavioural

activity. When added to a two‐choice maze, 3K‐PS attracts ovulated females

and stimulates searching (Li et al., 2002). However, the precise role of 3K‐PS
is unclear as there are no reports of its activity either being directly compared

with that of whole male odour or being assessed over a range of natural

concentrations. Nonetheless, immunoassay has shown that nonspermiated

males do not release appreciable quantities of immunoreactive 3K‐PS,
whereas spermiated males release large quantities (�250 mg/h), estimated
Fig. 9.2. Electro‐olfactogram (EOG) responses induced in female sea lamprey by the lamprey

bile acids allocholic acid (ACA), 3‐keto‐allocholic acid (3K‐ACA), petromyzonol‐sulfate (PS)

and 3‐keto‐petromyzonol sulfate (3K‐PS). (A) Magnitude of EOG response (mean � SEM; as a

percentage of 10 mM L‐arginine standard) to 1 nM bile acids. (B) Results of EOG cross‐
adaptation experiments involving the four lamprey bile acids, the L‐arginine standard, and

holding water from spermiating male sea lamprey (SMW) * ¼ partial adaptation, # ¼ no

adaptation. (Adapted from Siefkes and Li, 2004 with kind permission from the authors and

Springer‐Verlag GmbH.)
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to produce a very large active space (>106 l/h; Li et al., 2002; Yun et al.,

2002).

3K‐PS appears to be produced in the liver of spermiated males (Li et al.,

2002) and released by the gills, which in mature males (but not females)

develop glandular cells (Li et al., 2003; Siefkes et al., 2003) that appear

specialised for pheromone release. Given the scant evidence for specialisa-

tion in fish pheromone systems, the clear possibility that the male sea

lamprey pheromone functions as a communicative signal deserves consider-

ation. EOG recording from female sea lamprey shows that concentrated

water from spermiated males induces responses similar in size to those

induced by 3K‐PS (Siefkes and Li, 2004) and that PS (larval cue) and

3K‐PS (mature male cue) stimulate diVerent sets of olfactory receptor(s)

with overlapping sensitivities. This lack of perfect specificity, coupled with

the ability of lamprey to discriminate behaviourally between larval and adult

odours (Bjerselius et al., 2000), suggests that 3K‐PS may be complimented

by unknown pheromonal cues released by males.

5. HORMONAL PHEROMONES

Results of two experimental approaches indicate that fish have commonly

evolved to use gonadal steroids and prostaglandins as pheromones (Sorensen

and Stacey, 1999; Stacey and Sorensen, 2002). In the first approach (which has

been taken with only a small number of studies) pheromone production,

release, detection, and response are simultaneously examined in a model

species, thereby addressing reasonable requirements to prove the existence

of a pheromone (Sorensen and Stacey, 1999). In the second approach, EOG

screening has been used to determine what hormonal compounds are de-

tected, assuming that sensitive and specific olfactory responses are indicative

of pheromonal function. Together, studies employing these approaches have

described olfactory and behavioural responses to steroids and prostaglandins

in fishes from four orders including Perciformes (black goby: Colombo et al.,

1980; round goby, Neogobius melanostomus: Murphy et al., 2001; Zielinski

et al., 2003), Siluriformes (African catfish: Van Den Hurk and Resink, 1992),

Cypriniformes (goldfish: Sorensen et al., 1987, 1988, 1989, 1990; common

carp: Irvine and Sorensen, 1993; Stacey et al., 1994; crucian carp: Bjerselius

et al., 1995; oriental weatherfish loach: Kitamura et al., 1994a; Ogata et al.,

1994; a cyprinid barb, Puntius schwanenfeldi: Cardwell et al., 1995; roach,

Rutilus rutilus: Lower et al., 2004); Salmoniformes (Atlantic salmon: Moore,

1991; Moore and Waring, 1996: brown trout, Salmo trutta: Essington and

Sorensen, 1996; Olsén et al., 2000; Moore et al., 2002; Laberge and Hara,

2003a; Arctic charr: Sveinsson and Hara, 1995, 2000; lake whitefish: Laberge
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and Hara, 2003a). Moreover, EOG screening studies, the more recent of

which employed approximately 150 commercially available steroids and

prostaglandins, show that most of the more than 100 species tested detect at

least one sex steroid or prostaglandin at pM concentrations (Sorensen et al.,

1990; Cardwell and Stacey, 1995; Stacey and Cardwell, 1995; Stacey et al.,

1995; Murphy et al., 2001; Stacey and Sorensen, 2002; Cole and Stacey, 2003;

Narayanan and Stacey, 2003). These EOG studies also have found species

that detect known hormonal products in another four orders (see Stacey and

Sorensen, 2002) including Elopiformes (Indo‐Pacific tarpon,Megalops cypri-

noides), Characiformes (many species from family Characidae; Cardwell and

Stacey, 1995), Gymnotiformes (brown ghost knifefish, Apteronotus leptor-

hynchus), and Osmeriformes (ayu, Plecoglossus altivelis; Kitamura et al.,

1994b). EOG screening likely underestimates the prevalence of steroids and

prostaglandin detection, both because sensitivity to these compounds tends to

be highly specific and because it is unlikely that naturally occurring odourants

have been tested for all taxa. For example, a large number of steroids have

failed to induce EOG response in the ruVe (Gymnocephalus cernuus), despite

strong evidence that it uses an unknown 21‐carbon steroid metabolite as a

pheromone (Sorensen et al., 2004; Section 5.3.3).

EOG studies reveal a remarkably close correlation between phylogeny

and the patterns of compounds detected. In Cypriniformes, which contains

two superfamilies, Cobitoidea and Cyprinoidea, patterns of olfactory sensi-

tivity reflect phylogeny (Nelson, 1994). Although EOG shows that all of

more than 80 tested cypriniform species detect prostaglandins, no species

from the four cobitoid families detect conjugated or nonconjugated steroids,

whereas only one of the seven cyprinid subfamilies tested (Acheilognathinae;

bitterlings) failed to detect steroidal compounds. Moreover, although pat-

terns of steroid detection vary considerably among cyprinid subfamilies

tested, they are usually remarkably similar within subfamilies (Stacey and

Cardwell, 1995; Stacey et al., 1995; Stacey and Sorensen, 2002). Such pat-

terns suggest that the evolution of hormonal pheromones has been con-

strained and that species specificity, if it has evolved, likely is achieved

by altering ratios of a common odourant mixture and/or the use of other

contextual cues (see Sorensen and Stacey, 1999).
5.1. Hormones and Related Compounds Serving as Hormonal Pheromones

The major reproductive events in the lives of many fish (maturation,

ovulation, and spawning) are temporally correlated with changes in plasma

levels of key reproductive hormones (gonadal steroids and prostaglandins)
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that should have predisposed them (and their precursors and metabolites) to

serve as hormonal pheromones.

5.1.1. Gonadal Steroids

As in tetrapods, postpubertal activity of the brain‐pituitary‐gonad axis

induces gonadal recrudescence and sexually dimorphic plasma concentrations

of 17b‐estradiol (estradiol) and 11‐ketotestosterone (Borg, 1994; Weltzien

et al., 2004). Estradiol stimulates vitellogenesis (Patiño and Sullivan, 2002)

and regulates luteinising hormone secretion (Trudeau, 1997). 11‐
Ketotestosterone regulates luteinising hormone secretion (Antonopoulou

et al., 1999), and induces male‐typical morphology and behaviour (Borg,

1994), spermatogenesis (Schulz and Miura, 2002; Miura and Miura, 2003),

and gonadal sex diVerentiation (Strüssmann and Nakamura, 2002).

Despite clear gender‐typical changes in estradiol and 11‐ketotestosterone
in fish, plasma testosterone concentrations in females, which also increase

during gonadal recrudescence, often are equal to or greater than those in

males (Borg, 1994). Testosterone influences luteinising hormone secretion

in male and female fish (Trudeau, 1997) and also induces male‐typical
phenotype, although where eVects of exogenous testosterone and 11‐
ketotestosterone have been compared, 11‐ketotestosterone typically is more

potent (Borg, 1994; see also Chapter 8).

Released androgenic and estrogenic steroids are likely candidates for

pheromonal function, because they should convey to conspecifics informa-

tion on both gender and reproductive status. Indeed, 11‐ketotestosterone is

detected by the cyprinid P. schwanenfeldi (Cardwell et al., 1995), testosterone

sulphate is detected by the cichlid H. burtoni (Cole and Stacey, 2003), and

estrone and free and conjugated estradiol are detected by H. burtoni (Cole

and Stacey, 2003), the round goby (Murphy et al., 2001), and numerous

characi form specie s (Cardw ell and Stacey, 1995; Stacey and Sor ensen, 2002 ).

However, only in goldfish (Sorensen et al., 2005; Section 5.3.1) and Atlantic

salmon (Moore, 1991; Section 5.3.2.b.i) is there information on both

detection and biological functions of androgen‐related pheromones.

Shortly before germinal vesicle migration and breakdown (GVBD) in

females and spermiation in males, an abrupt surge release of luteinising

hormone typically increases production of MISs. 17,20b‐P is the female

maturation inducing steroid (MIS) in a variety of species (Nagahama

et al., 1994), whereas 4‐pregnen‐17,20b,21‐triol‐3‐one (17,20b,21‐P; also

termed 20b‐S) is the MIS in others (Thomas, 1994). MIS acts through

oocyte membrane receptors to induce oocyte maturation (resumption and

completion of meiosis) (Thomas, 2003) and through nuclear receptors to

induce ovulation (Patiño et al., 2003). Although relatively little is known of

MIS function in males, 17,20b‐P binds to receptors on the sperm plasma
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membrane in spotted seatrout (Thomas et al., 1997) and induces matura-

tional acquisition of sperm motility in salmonids and Japanese eel (Anguilla

japonica) (Miura and Miura, 2003).

EOG studies (Cardwell and Stacey, 1995; Stacey and Cardwell, 1995;

Stacey et al., 1995; Sorensen and Stacey, 1999; Stacey and Sorensen, 2002;

Narayanan and Stacey, 2003) indicate that MISs and related 21‐carbon
steroids are detected by many cypriniforms, characiforms, and siluriforms

as well as Atlantic salmon (Moore and Scott, 1992), and are more commonly

used as pheromones than are 18‐ and 19‐carbon steroids. If true, this might

result not only from the fact that peak MIS production immediately pre-

cedes a critical life‐history event, but also because the typically transient MIS

production should provide unambiguous information about imminent

spawning opportunity. However, even in the roach where MIS production

appears to be high for some time prior to and following maturation in

both sexes, glucuronidated 17,20b‐P (17,20b‐P‐g) is a potent odourant

(Lower et al., 2004). The nature of detected MISs and MIS‐related steroids

varies widely: e.g., both conjugated and unconjugated 17,20b‐P in goldfish

(Kobayashi et al., 2002), conjugated metabolites in African catfish (Van Den

Hurk and Resink, 1992) and Haplochromis (Cole and Stacey, 2003) and

unconjugated metabolites in Synodontis catfish (Narayanan and Stacey,

2003). Such diversity in putative MIS‐derived pheromones raises the distinct

possibility that some may have rather diVerent functions than demonstrated

in goldfish (Sorensen et al., 2004).

5.1.2. Prostaglandins

Sensitive and specific EOG responses to prostaglandin F2a and its meta-

bolites provide strong though indirect evidence that hormonal pheromones

derived from F‐series prostaglandins are widespread, particularly amongst

Cypriniformes, Characiformes, and Salmoniformes (Stacey and Cardwell,

1995; Stacey and Sorensen, 2002; Laberge and Hara, 2003b). With the

exception of goldfish, however, identities and functions of pheromonal

prostaglandin Fs are very poorly understood and have not been studied

using definitive modern biochemical techniques such as mass spectrometry.

In fish, as in a variety of vertebrates, prostaglandin F2a plays a key role in

ovulation, which is stimulated by prostaglandin F2a injection, blocked by the

prostaglandin synthetase inhibitor indomethacin, and consistently asso-

ciated with increased levels of ovarian immunoreactive prostaglandin F2a

(Sorensen and Goetz, 1993; Kagawa et al., 2003). The critical role of pros-

taglandins in ovulation is reflected in a study of circulating levels in the

female goldfish, whose low preovulatory prostaglandin F2a levels (<2 ng/ml)

increase dramatically (�100 ng/ml) at ovulation (Sorensen et al., 1995b).
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This postovulatory prostaglandin F2a increase is an apparent response to

ovulated eggs in the reproductive tract (Section 5.2.2).

Immunoreactive prostaglandin F has been measured in the ovulatory

urine and/or holding water of several fish species, but only for the goldfish

has a specific metabolite (15‐keto‐prostaglandin F2a) been identified using

definitive techniques (mass spectrometry; Sorensen et al., 1995b). However,

HPLC studies (Ogata et al., 1994) indicate ovulated oriental weatherfish

loach greatly increase release of putative 13,14‐dihydro‐15‐keto‐prostaglan-
din F2a, a proposed pheromone (Kitamura et al., 1994a). Immunoreactive

prostaglandin F released by male Arctic charr also is reported to function as

a pheromone that stimulates nest construction by females (Sveinsson and

Hara, 1995, 2000). Because prostaglandin pathways are complex and poorly

characterised, it is important to realise that the small number of commer-

cially available prostaglandin Fs that have been examined is unlikely to

include all physiologically and pheromonally active prostaglandins used by

fish. Clearly, much more information on the identities, sources, and meta-

bolic fates of prostaglandins is required if this evidently significant aspect of

fish hormonal pheromones is to be understood.

5.1.3. Patterns and Routes of Hormonal Pheromone Release

When released, steroid and prostaglandin hormones and related chemi-

cals have the potential to transmit information to conspecifics because their

synthesis is predictably linked with reproductive events. Indeed, changes in

plasma concentrations of key ovarian and testicular steroids associated with

seasonal gonadal recrudescence (Pacific herring; Koya et al., 2002, 2003;

Figure 9.3), final maturation (Stacey et al., 1989; Figure 9.4; Inbaraj et al.,

1997), and the transition from sexual to parental activity (Oliveira et al.,

2002) are often suYciently dramatic to serve as unambiguous indicators of

altered reproductive condition. Unfortunately, with the exception of salmon

and goldfish, little is known about how such plasma hormone changes are

reflected in patterns of release.

Fish release steroids and prostaglandins (PGs) by four routes: gills, urine,

gonadal fluids, and feces (bile) (Resink et al., 1989; Scott et al., 1991a,b;

Scott and Liley, 1994; Oliveira et al., 1996; Vermeirssen and Scott, 1996;

Inbaraj et al., 1997; Appelt and Sorensen, 1999; Sorensen et al., 2000). Both

the rates and routes of steroid release are associated with conjugation: free

steroids are released rapidly by gills, and sulfated and glucuronidated ster-

oids are released more slowly in urine and bile, respectively (Vermeirssen and

Scott, 1996; Sorensen et al., 2000). In goldfish, the best understood model,

the result is that 17,20b‐P synthesised during the periovulatory period gen-

erates at least two 17,20b‐P‐based pheromonal cues (Sorensen et al., 1995a)

that are released by diVerent routes and over diVerent time courses, and that



Fig. 9.3. Annual cycle of gonadosomatic index (GSI; gonad weight expressed as a percentage of

body weight), and plasma concentrations of 17b‐estradiol (E2), vitellogenin, 11‐ketotestosterone
(11‐KT), and 4‐pregnen‐17a,20b‐diol‐3‐one (17,20b‐P) in captive Pacific herring (Clupea pallas-

si) undergoing their first reproductive cycle. (Adapted from Koya et al., 2002, 2003 with kind

permission from the authors and Blackwell Publishing.)
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Fig. 9.4. Changes in serum luteinising hormone (LH) and milt volume in male goldfish held

either with ovulatory females or separated from them by a perforated barrier. After being held

overnight in conditions favourable to spontaneous ovulation (1), males were sampled for

luteinising hormone and milt (2), and females were held for 2 hours to obtain holding water

for 17,20b‐P determination, bled for serum luteinising hormone and 17,20b‐P determination (3),

and checked frequently to determine the precise time of ovulation (4). Approximately half of the

females ovulated. (Adapted from Stacey et al., 1989 and Stacey and Sorensen, 1991 with kind

permission from Elsevier Ltd.)
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act through diVerent olfactory receptor mechanisms to induce distinct

biological responses (Scott and Sorensen, 1994; Sorensen and Scott, 1994;

Section 5.3.1.b). In contrast, prostaglandins in female goldfish are primarily

cleared in urinary pulses that coincide with entering spawning substrate

(Appelt and Sorensen, 1999). It is unfortunate that so little is known about
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hormonal pheromone release, which obviously is a key aspect of pheromone

function (e.g., Parks and Leblanc, 1998).

5.2. Hormonal Regulation of Reproductive Behaviours

As in other vertebrates, fish use reproductive tract hormones to synchro-

nise reproductive behaviour with appropriate stages of gonadal development

(Liley and Stacey, 1983; Borg, 1994). However, fish diVer from many other

vertebrates in that the hormones that induce behaviour‐gonadal synchrony
within the individual are frequently released to act as pheromones synchro-

nising reproductive events between and among conspecifics (Kobayashi

et al., 2002; Stacey and Sorensen, 2002).

5.2.1. Hormonal Control ofMale Behaviour

In male fish, male‐typical behaviours are typically reduced or abolished

by castration and restored in castrates (Borg, 1994), or induced in both

juveniles (Cardwell et al., 1995) and females (Stacey and Kobayashi, 1996;

Kobayashi and Nakanishi, 1999) by exogenous androgen treatments. Stud-

ies that compare the behavioural potencies of testosterone and 11‐ketotes-
tosterone consistently find 11‐ketotestosterone to be the more potent, such

as in the three‐spine stickleback, Gasterosteus aculeatus (Borg and Mayer,

1995) and goldfish (Stacey and Kobayashi, 1996). Although the temporal

correlation between increased 11‐ketotestosterone and male reproductive

behaviours, and the low levels of 11‐ketotestosterone levels in females,

suggest this steroid and its metabolites should be good candidates for male

pheromones, olfactory responses to 11‐ketotestosterone have been observed

only in the cyprinid Puntius schwanenfeldi (Cardwell et al., 1995). However,

testosterone has been proposed to function as a pheromone in Atlantic

salmon (Moore, 1991; Section 5.3.2.b.i), whereas brook charr detect testos-

terone glucuronide (Sorensen and Essington, 1996), H. burtoni detect testos-

terone sulfate (Cole and Stacey, 2004), and male goldfish release and detect

androstenedione (Sorensen et al., 2005).

Plasma androgens increase not only during gonadal recrudescence but

also when mature male fish are sexually active or involved with territorial

activities (Oliveira et al., 2002), raising the possibility of rapid modulations

of androgen‐based hormonal pheromones. Further, in species with paternal

behaviour such as the stickleback, plasma androgens can decline during the

transition from courtship to nesting (Oliveira et al., 2002; Pall et al., 2002a;

Figure 9.5A). These androgen declines have been suggested to mediate the

tradeoV between territorial aggression and paternal care (Oliveira et al.,

2002), although, in the stickleback, the lack of eVect of androgen implants on

spawning‐induced decrease in courtship and increase in paternal behaviour



Fig. 9.5. Changes in male behaviour and 11‐ketotestosterone (11‐KT) with the transition from

courtship to nesting in the male three‐spine stickleback. (A) Serum 11‐KT concentrations

decrease dramatically and in a dose‐dependent manner, in response to spawning on day 0.

(B) Spawning on day 0 also decreases male courtship of additional females on following days.

(C) Courtship behaviour remains high in nonspawned males following sham gonadectomy

(S) or gonadectomy plus 11‐ketoandrostenedione treatment (G þ K), and declines gradually

in gonadectomized males (G). In contrast, spawned males rapidly cease courting, regardless of

surgical or steroid treatment. (D) Surgical and steroid treatments do not aVect the onset of

parental fanning in spawned males. (Adapted from Pall et al., 2002a,b with kind permission

from the authors and Elsevier Ltd.)
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argue that androgens may be the result rather than the cause of the spawning

to parental transition (Pall et al., 2002b; Figure 9.5B).

In many fish, relationships among male hormones, behaviour, and

pheromones are further complicated by their frequent use of alternate
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reproductive tactics (Taborsky, 2001; see also Chapter 8). For example, in

diandric species (species exhibiting more than one mature male morph),

divergent phenotypic adaptations include not only diVerent morphology

and behaviour but also diVerent concentrations of plasma androgens,

11‐ketotestosterone typically being higher in bourgeois males (males that

monopolise females—sometimes known as parental males) than in parasitic

males (typically smaller males that exploit investments of bourgeois males)

(Borg, 1994; Taborsky, 2001; Uglem et al., 2002; see also Chapter 8). These

diVerences raise the possibility that male morphs employ diVerent steroidal
pheromones, a situation which appears to be the case in the black goby

Section 5.3.3).

5.2.2. Hormonal Control of Female Behaviour

Although studied in only a few species of fishes, hormonal control of

reproductive behaviour in females appears to be determined by their mode

of reproduction. In the ovoviviparous guppy (Poecilia reticulata), the only

internally fertilising fish studied, cyclic ovarian estrogen synthesis appears to

synchronise cyclic sexual receptivity with sex pheromone production. Recep-

tivity and release of an unidentified pheromone, which normally coincides

with peak ovarian steroidogenesis for several days after parturition, are

restored in ovariectomised or hypophysectomised females by exogenous

estrogen (Liley, 1972; Meyer and Liley, 1982).

In contrast to the guppy, prostaglandin F2a rather than estradiol induces

female‐spawning behaviour (behaviours associated with oviposition) in the

few externally fertilising species that have been examined (Liley and Stacey,

1983; Sorensen and Goetz, 1993; Kobayashi et al., 2002). Injection of

prostaglandin F2a rapidly induces female‐spawning behaviour in several

cypriniform (goldfish: Stacey, 1976; Puntius spp.: Liley and Tan, 1985;

Cardwell et al., 1995) and perciform species (Cichlasoma bimaculatum: Cole

and Stacey, 1984; paradise fish, Macropodus opercularis: Villars et al., 1985).

The eVects of prostaglandin on female behaviour are best understood in

the goldfish (Kobayashi et al., 2002), in which studies were undertaken

following the observation (Yamazaki, 1965) that females cease spawning if

their ovulated eggs are stripped out. Subsequent experiments (Stacey and

Liley, 1974) showed that spawning is extended by preventing egg release, and

restored in stripped fish by injecting eggs into the ovarian cavity. The

behavioural eVect of eggs appears to be mediated by prostaglandin F2a

(Stacey, 1976), which increases in the plasma during the postovulatory

period and in response to egg injection (Sorensen et al., 1988, 1995b) and

acts within the brain (Stacey and Peter, 1979). The eVect of prostaglandin
F2a appears to be independent of sex steroids: prostaglandin F2a‐induced
female behaviour is equivalent in intact males and females (Stacey, 1981;
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Stacey and Kyle, 1983) and in females is unaVected by ovariectomy or

steroid treatment (Kobayashi and Stacey, 1993). Sorensen et al. (1988) first

hypothesised that postovulatory production of prostaglandin F2a has a

pheromonal function in goldfish (Section 5.3.1.c) based on the observations

that male sexual behaviour is dependent on olfaction (Stacey andKyle, 1983),

and that males appear to find prostaglandin F2a‐injected, nonovulated

females as attractive as ovulated females (Stacey, 1981).

Female reproductive hormones undoubtedly have been co‐opted as sex

pheromones because their synthesis and release is temporally correlated with

key reproductive events. This is likely to account for the evidently wide-

spread use of estradiol, MISs, and related steroids as hormonal pheromones

(Cardwell and Stacey, 1995; Stacey and Cardwell, 1995; Murphy et al., 2001;

Stacey and Sorensen, 2002; Cole and Stacey, 2003; Sorensen et al., 2004),

given that production of these steroids is reliably associated with vitellogen-

esis and ovulation (Figure 9.3). Although the synthesis and behavioural

functions of postovulatory prostaglandins have not been well studied, the

fact that the olfactory systems of many dozens of cypriniform (Stacey et al.,

1995; Stacey and Cardwell, 1995), characiform (Cardwell and Stacey, 1995),

and salmoniform fishes (e.g., Moore et al., 2002; Laberge and Hara, 2003a)

detect these compounds, suggests that many fish also use postovulatory

prostaglandins as pheromones.

5.3. Current Models for Hormonal Pheromone Studies

Most recent hormonal pheromone research has involved three groups of

fish: the goldfish and related carps within the subtribe Cyprini, the Salmonidae,

and various perciform species. We refer the reader to earlier reviews of hor-

monal pheromones (Van Den Hurk and Resink, 1992; Sorensen and Stacey,

1999; Stacey and Sorensen, 2002) for information on species (e.g., zebrafish,

African catfish, oriental weatherfish) that are not currently studied.

5.3.1. Goldfish and Related Carps

Goldfish, crucian, and common carp are temperate species that have

little external sexual dimorphism, and live in mixed‐sex, seemingly unstruc-

tured groups with no apparent territoriality, dominance hierarchies, or

parental care. Gonadal recrudescence begins in winter and spawning occurs

sporadically in spring and summer. At ovulation, which occurs near dawn,

males compete for spawning access as females repeatedly enter aquatic

vegetation to oviposit adhesive, undefended eggs over a period of several

hours. We believe that the evolution of these species’ hormonal pheromones

has been strongly influenced by the fact they typically spawn in turbid

water and employ a scramble competition mating system (Taborsky,
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2001). Although much more is known about pheromone identity and func-

tion in goldfish than in related carps, all appear to employ very similar

pheromone systems.

In goldfish, and likely in crucian and common carp, the timing of spawn-

ing is controlled by the female, in which increasing plasma testosterone in late

vitellogenesis primes responsiveness to exogenous factors that induce ovula-

tion (Kobayashi et al., 1989) and thus initiates a cascade of events that

synchronise behavioural and gonadal changes within and between the

sexes. Postvitellogenic females exposed to warm temperatures, aquatic vege-

tation (Stacey et al. 1979a,b, 1989), or waterborne (pheromonal) 17,20b‐P
(Kobayashi et al., 2002) exhibit a dramatic luteinising hormone surge that

commences in midphotophase, induces synthesis of 17,20b‐P (the goldfish

MIS) and subsequent final oocyte maturation, and terminates at ovulation in

the following night (Figure 9.4), at which point female spawning activity is

triggered by prostaglandin F2a synthesised in response to ovulated eggs in the

oviduct (Sorensen et al., 1988, 1995b). During the approximately 15‐hour
period between onset of the luteinising hormone surge and completion of

spawning, females sequentially release a preovulatory steroid hormonal pher-

omone (Section 5.3.1.b) and a postovulatory prostaglandin‐based hormonal

pheromone (Section 5.3.1.c), both of which induce distinct and dramatic

primer and releaser eVects on males (Figure 9.6).

a. Female Recrudescence Pheromone. Female goldfish undergoing

vitellogenesis release a ‘‘recrudescent’’ pheromone that attracts males

(Kobayashi et al., 2002; Figure 9.6). This pheromone (previously termed

the maturation pheromone; Stacey and Sorensen, 2002) was first reported in

urine of E2‐treated female goldfish (Yamazaki and Watanabe, 1979;

Yamazaki, 1990) and confirmed by our recent demonstration that contact

and inspection behaviours among males is increased by the odour of estra-

diol‐treated, ovariectomised females (Kobayashi et al., 2002). The cue is

unidentified and not likely to be estradiol or related 18‐carbon steroids,

which EOG studies (Sorensen et al., 1987) show goldfish do not detect.

b. Female Preovulatory Steroid Pheromone. The preovulatory phero-

mone is a dynamic mixture whose multiple eVects on males change with

the shifting ratios of its three principal components (17,20b‐P, its 20b‐
sulfated metabolite [17,20b‐P‐s], and androstenedione), each of which acts

through separate olfactory receptor mechanisms (see Kobayashi et al., 2002;

Stacey and Sorensen, 2002). The preovulatory pheromone also contains less

potent components (e.g., 20b‐S and 17,20b‐P‐g) that amplify the eVects of

the mixture. During the luteinising hormone surge, the composition of the

preovulatory pheromone changes systematically (Stacey et al., 1989; Scott



Fig. 9.6. Schematic model of female goldfish pheromones and their primer and releaser eVects

on males. 17b‐Estradiol (E2) in vitellogenic females stimulates urinary release of an unidentified

recrudescent pheromone that attracts males. In postvitellogenic females, exogenous cues induce

a luteinising hormone surge stimulating release of a dynamic preovulatory pheromone contain-

ing androstenedione (AD), the maturation inducing steroid 17,20b‐P, and its sulfated metabo-

lite, 17,20b‐P‐s. Early in the luteinising hormone (LH) surge, androstenedione induces agonistic

behaviours among males. As the 17,20b‐P : androstenedione ratio increases, males increase

luteinising hormone and begin to follow and chase conspecifics. Late in the luteinising hormone

surge, 17,20b‐P‐s dominates the preovulatory pheromone mixture, enhancing its behavioural

and endocrine eVectiveness. Males exposed to the preovulatory pheromone increase both the

quantity and quality of sperm in the sperm ducts prior to ovulation. At ovulation, eggs in the

oviduct induce synthesis of prostaglandin F2a (PGF2a), which acts in the brain to stimulate

female sex behaviour and is released with its major metabolite (15K‐PGF2a) as a postovulatory

pheromone stimulating both male courtship and spawning behaviours and additional luteinising

hormone increase. (Adapted from Kobayashi et al., 2002 and Sorensen and Stacey, 2004 with

kind permission of the Royal Society of New Zealand and Elsevier Ltd.)
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and Sorensen, 1994; Sorensen and Scott, 1994). Soon after onset of the

luteinising hormone surge, there is a rapid but temporary increase in andro-

stenedione release, followed first by a dramatic increase in release of 21‐
carbon steroids (including 17,20b‐P) during most of the surge, and then an

equally dramatic decline in steroid release at ovulation, when spawning
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commences. The unconjugated steroids (androstenedione and 17,20b‐P) are
released across the gills, whereas sulfated (17,20b‐P‐s) and glucuronidated

forms (17,20b‐P‐g) are released in urine (Sorensen et al., 2000) and likely

bile, respectively (Vermeirssen and Scott, 1996; Section 5.1.3).

The preovulatory pheromone 17,20b‐P increases a male’s reproductive

performance by increasing both his behavioural competitiveness and the

quantity and quality of his releasable sperm (Kobayashi et al., 2002). More-

over, the pheromone’s eVects evidently change during the luteinising

hormone surge in response to changes in release of its components. For

example, androstenedione released early in the surge increases aggressive

interactions between males while suppressing luteinising hormone release

(Stacey, 1991; Poling et al., 2001). In contrast, 17,20b‐P released during

midsurge rapidly increases plasma luteinising hormone (Dulka et al.,

1987; Zheng and Stacey, 1996, 1997) and induces subtle increases in loco-

motion and inspection behaviour among males that persist until spawing

(DeFraipont and Sorensen, 1993; Poling et al., 2001), whereas 17,20b‐P‐
s released in urine pulses late in the surge also increases male luteinising

hormone but stimulates intense, transient bouts of chasing and following

(Sorensen et al., 1995a; Poling et al., 2001). At normal spawning tempera-

tures, pheromone‐induced luteinising hormone increase in males increases

milt (sperm and seminal fluid) volume within 5 hours (Zheng and Stacey,

1996), likely by increasing synthesis of testicular 17,20b‐P (Dulka et al.,

1987), which is known to promote testicular maturation in fish (Miura and

Miura, 2003).

The culmination of exposure to the preovulatory pheromone is that

males achieve dramatically greater reproductive success in competition with

other males (Zheng et al., 1997). Although pheromone‐enhanced competi-

tive behaviours (Zheng et al., 1997) likely contribute to this eVect, it also
appears due to enhanced sperm function, because pheromonal 17,20b‐P
increases sperm motility and enhances paternity in in vitro fertilisation

(DeFraipont and Sorensen, 1993; Zheng et al., 1997).

c. Female Postovulatory Prostaglandin Pheromone. At ovulation, plas-

ma luteinising hormone dramatically decreases, release of the preovulatory

steroid pheromone dramatically decreases (Stacey et al., 1989; Scott and

Sorensen, 1994), and movement of ovulated eggs into the oviduct induces

synthesis of prostaglandin F2a that triggers spawning behaviour (Stacey,

1976; Sorensen et al., 1995b). Coincidentally, females begin to release the

postovulatory pheromone (prostaglandin F2a and its more potent metabo-

lite, 15‐keto‐prostaglandin F2a [15K‐prostaglandin F2a] ) that attracts the

male to the female, triggers male courtship, and activates mechanisms

(diVerent from those mediating responses to the preovulatory pheromone)



384 NORM STACEY AND PETER SORENSEN
that further increase releasable milt stores (Sorensen et al., 1988, 1989;

Zheng and Stacey, 1996, 1997).

EOG recording shows that the male olfactory epithelium detects prosta-

glandin F2a and 15K‐prostaglandin F2a with great sensitivity (nM and pM

thresholds, respectively), and through separate receptormechanisms (Sorensen

et al., 1988). Unlike the situation with sex steroids, the olfactory epithelium of

male goldfish (Sorensen and Goetz, 1993) and common carp (Irvine and

Sorensen, 1993) is more sensitive to prostaglandin Fs than is that of females,

a sexual dimorphism mediated by hormonal androgen in at least some other

cyprinids (Cardwell et al., 1995; Stacey et al., 2003; Section 5.4). Immunoassay

and mass spectrometry show that ovulated goldfish (20–30 g) release large

quantities of pheromonal prostaglandin F (>200 ng/h; Sorensen et al., 1988,

1995b). Moreover, the pheromone is released exclusively in urine pulses that

coincidewith female spawning activity (Appelt and Sorensen, 1999), raising the

distinct possibility that selection has specialised the control of pheromone

release to enhance female attractiveness.

Exposing grouped male goldfish to prostaglandin F2a or 15K‐prostaglan-
din F2a induces a suite of responses (increased sociosexual interaction,

luteinising hormone concentration, and milt volume) that is superficially

comparable to that induced by pheromonal 17,20b‐P, but diVers significant-
ly in underlying mechanisms. For example, although prostaglandin Fs in-

duce more intense behavioural response than 17,20b‐P, the response to

prostaglandin Fs persists only for about 15 minutes, whereas that to

17,20b‐P persists for hours (Sorensen et al., 1989; DeFraipont and Sorensen,

1993; Poling et al., 2001). Furthermore, pheromonal prostaglandin increases

luteinising hormone and milt only amongst grouped males (Sorensen et al.,

1989), whereas 17,20b‐P also aVects isolated fish (Fraser and Stacey, 2002).

Because responses to pheromonal prostaglandin Fs thus appear to depend

on, and may even be driven by, the social interactions they induce, they

typically have been studied indirectly by observing responses of males

spawning with nonovulated, prostaglandin F2a‐injected females that are

known to release prostaglandin F2a and 15K‐prostaglandin F2a (Sorensen

et al., 1995b). These studies reveal that although 17,20b‐P increases milt

volume only by increasing luteinising hormone, pheromonal prostaglandins

also increase milt through an extrapituitary pathway and with a shorter

latency (<1 hour) than the mechanism activated by 17,20b‐P (Zheng

and Stacey, 1996). Pheromonal prostaglandin Fs and 17,20b‐P also diVer
in the neuroendocrine mechanisms by which they induce luteinising hor-

mone release because dopamine receptor agonists block 17,20b‐P‐induced,
but not pheromonal prostaglandin‐induced, luteinising hormone and

milt responses (Zheng and Stacey, 1997). Although prostaglandin F2a and

15K‐prostaglandin F2a are more potent when tested as a mixture, whether
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these compounds act synergistically and/or have diVerent pheromonal func-

tions in the goldfish has yet to be determined.

In summary, male goldfish respond to the changing odour of periovula-

tory females with a suite of behavioural and physiological responses that

enhance reproductive success. Although elements of the goldfish pheromone

system may have been modified through domestication, it appears remark-

ably similar to those of the closely related (and nondomesticated) crucian

and common carp (Bjerselius and Olsén, 1993; Irvine and Sorensen, 1993;

Stacey et al., 1994; Bjerselius et al., 1995). Recent studies in Barilius bend-

elisis, a more distantly related cyprinid, suggest that preovulatory 17,20b‐P‐s
release also rapidly increases the quantity and quality of releasable sperm

(Bhatt and Sajwan, 2001). The roach also releases and detects both uncon-

jugated and glucuronidated 17,20b‐P (Lower et al., 2004), although the

functional significance is unknown. Given that olfactory detection of MISs

and related 21‐carbon steroids is widespread among the cyprinoid cyprinids

(Stacey and Sorensen, 2002), this diverse group could provide valuable

insight into the evolution of MIS‐based hormonal pheromones.

d. Intrasexual Pheromones. In addition to responding to preovulatory

and postovulatory female pheromones, male goldfish also respond strongly to

the presence and reproductive condition of male conspecifics (Stacey et al.,

2001; Fraser and Stacey, 2002; Sorensen et al., 2005). For example, if onemale

in a group is stimulated to increase sperm stores, by either gonadotropin

injection or exposure to 17,20b‐P, untreated males in the group also increase

their stores (Stacey et al., 2001; Fraser and Stacey, 2002). These results

indicate that male goldfish synchronise their milt production with impending

ovulation by monitoring female condition both directly (by detecting the

preovulatory steroid pheromone) and indirectly (by detecting cues the female

has stimulated othermales to release). Further, males isolated from a group of

unstimulated males dramatically increase their milt volume within 24 hours,

indicating they normally suppress milt production in response to an inhibito-

rymale cue(s) (Fraser and Stacey, 2002). Thesemilt responses tomales appear

functionally distinct from those to females. For example, although both the

female’s preovulatory and postovulatory hormonal pheromones increase

male luteinising hormone and rapidly increase milt (within 5 hours and 30

minutes, respectively; Zheng and Stacey, 1996), the milt increases in response

to stimulated males and isolation have much greater latencies (12 and 24

hours, respectively) and are not preceded by increased luteinising hormone

(Stacey et al., 2001; Fraser and Stacey, 2002).

Recent analyses of male holding water (Sorensen et al., 2005) indicate

that steroidal mixtures dominated by androstenedione are responsible both

for inhibition of milt production and behaviour in unstimulated male groups
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(Stacey, 1991; Fraser and Stacey, 2002; Poling et al., 2001). Sexually active

males release more androstenedione than sexually maturing males or even

females (Sorensen et al., 2005). Moreover, in dramatic contrast to the female

preovulatory pheromone (which has a C19‐to‐C21 ratio of 1:7), males

release androstenedione in the virtual absence of C21 steroids (C19‐to‐C21
ratio of 10:1), suggesting that, if a pheromone from stimulated males induces

the milt response of grouped males (Stacey et al., 2001), it is unlikely to

be comprised of conventional 21‐carbon steroids (Sorensen et al., 2005).

Waterborne androstenedione also stimulates male pushing, evidently a

component of male–male competition (Poling et al., 2001); this male cue,

which is likely perceived as a mixture rather than a specific compound

(androstenedione), thus has both priming and releasing eVects.
Although little is understood about female responses to hormonal pher-

omones, anosmic females undergo apparently normal vitellogenesis, ovula-

tion, and spawning behaviour (Stacey and Kyle, 1983; Kobayashi et al.,

1994, 1997a), suggesting that reproductive functions of females are less

dependent on conspecific odours than those of males. Nevertheless, the

olfactory systems of females and males are sensitive to steroids, and water-

borne 17,20b‐P increases the occurrence of ovulation (Kobayashi et al.,

2002), an eVect likely reflecting female response to the odour of preovulatory

females (Kobayashi et al., 2002), given that females release far more 17,20b‐
P than do males (Sorensen and Scott, 1994; Sorensen et al., 2005) and that

occurrence of ovulation appears unaVected by the presence of males (Stacey

et al., 1979b). Although the adaptive value of the ovulatory response to

pheromonal 17,20b‐P is unclear, it nonetheless is consistent with observa-

tions that females ovulate synchronously both in the field and laboratory

(Kobayashi et al., 1988).

e. Goldfish Pheromones As a Chemical Network. Although our under-

standing of goldfish pheromonal function derives from dyadic and small

group studies in laboratory aquaria, it is important to consider that wild

goldfish and their relatives normally live in shoals in relatively large bodies

of water. Fish in these conditions are expected to routinely encounter each

other’s pheromone plumes (e.g., Sorensen et al., 2000), eVectively creating

dynamic, pheromonally‐mediated information networks that link the repro-

ductive functions of the many individuals within local populations

(Wisenden and Stacey, 2005). We speculate that these networks routinely

result in populations of fish that share an endocrine state characterised by

extended periods of hormonal stasis interrupted at spawning by synchro-

nous hormonal fluctuations. Specifically, we propose that for the majority

of the reproductive season (when stimulatory cues from preovulatory or

ovulated females are absent) male goldfish function as both originators
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and receivers of inhibitory cues (e.g., androstenedione) that suppress sperm

production (and perhaps egg production) by maintaining basal luteinising

hormone (Stacey et al., 2001; Fraser and Stacey, 2002). However, when

exogenous stimuli trigger female preovulatory luteinising hormone surge(s)

and subsequent pheromone release, this stable, negative‐feedback situation

is rapidly and transiently perturbed, as exposed males and nonovulatory

females in turn increase their luteinising hormone, amplifying the original

stimulus, and promoting synchronous final maturation (ovulation and

increased sperm stores) among many individuals. Upon completion of

spawning, the postovulatory pheromone stimulus for luteinising hormone

increase is removed, and basal hormone levels are restored as males resume

release of inhibitory cues.

Although knowledge of the precise interactions among individuals in

such chemically mediated networks awaits further research, it already is clear

that the very nature of hormonal pheromones forces us to broaden our

perspective of classical endocrine function in two significant ways. The first

is to recognise that actions of hormones need not be strictly endogenous, but

can extend outside the animal via pheromonal pathways to aVect conspeci-
fics. The second is to recognise that situations where hormonal pheromones

alter hormone synthesis (and thus hormone release) provide a mechanism for

the evolution of pheromonally‐mediated feedback directly linking conspecific

reproductive endocrine systems. From this perspective, it is ironic that some

hormonal pheromones might well be considered to be ectohormones, the term

originally proposed for pheromones by Bethe (1932). Understanding hor-

monal pheromonal networks could be of practical significance because they

could conceivably be manipulated in aquaculture situations and in the wild to

control invasive species (Sorensen and Stacey, 2004).

5.3.2. Salmonid Fishes

The Salmonidae contains three subfamilies of northern hemisphere spe-

cies (Coregoninae, whitefish; Salmoninae, salmon and trout; Thymallinae,

grayling) that have anadromous and/or lacustrine or riverine lifestyles, and

often exhibit diandry involving large bourgeois males and precociously

mature males. Reproductive pheromones have not been studied in Thymal-

linae but have received considerable attention in the other salmonid

subfamilies.

a. Subfamily Coregoninae. In lake whitefish, 15K‐prostaglandin F2a and

13,14‐dihydro‐prostaglandin F2a, induce large EOG and behavioural re-

sponses in males indicative of pheromonal function (Hara and Zhang,

1997; LaBerge and Hara, 2003a; Figure 9.7). It has been suggested that these

responses to prostaglandins may be mediated by an extrabulbar pathway



Fig. 9.7. Correlation between olfactory and behavioural responsiveness to prostaglandin (PG)

in three salmonids. Top panels: At 10‐nM concentration, rainbow trout exhibit no EOG

response (NR) to prostaglandin F2a (PGF), 13,14‐dihydro‐prostaglandin F2a (13,14) or 15‐
keto‐prostaglandin F2a (15K), whereas brown trout and lake whitefish respond with markedly

diVerent EOG magnitudes (mean � SEM; as a percentage of 10‐mM L‐serine standard). Middle

panels: With the exception of 13,14‐dihydro‐prostaglandin F2a in lake whitefish (which induced

large EOG but no behavioural response), swimming turns following exposure to detectable

prostaglandin Fs (filled bars) were significantly greater than prior to prostaglandin F exposure

(open bars). Bottom panels: In the same apparatus used to test prostaglandin F responses, all

species exhibited more swimming turns following food odour exposure (filled bars) than prior to

food odour exposure (open bars). (Adapted from Laberge and Hara, 2003a with kind permis-

sion of the authors and Blackwell Publishing.)
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because F prostaglandins do not elicit measurable field potentials from

the olfactory bulb, at least using standard integration (Section 3.2). Lake

whitefish also detect the 5b‐reduced androgen, etiocholanolone glucuronide

(Etio‐g), but its function is unknown (Hara and Zhang, 1997).
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b. Subfamily Salmoninae. Hormonal pheromones have been studied in

three salmonid genera, Oncorhynchus, Salvelinus, and particularly Salmo.

i. Genus Salmo. Consistent with their close taxonomic relationship

and ability to hybridise (Youngson et al., 1992), the Atlantic salmon and

the brown trout appear to use very similar hormonal pheromone systems

(Olsén et al., 2000), the specific nature of which is unresolved (see also Stacey

and Sorensen, 2002).

Atlantic Salmon. Studies using the convenient precociously mature

male parr model indicate these fish use sex steroids (testosterone, 17,20b‐s)
and prostaglandin Fs as sex pheromones. Important aspects of this complex

system unfortunately remain unclear, in part because some studies have not

sought, or been able, to support each other. Nonetheless, clear evidence for

priming eVects of a prostaglandin F2a pheromone comes from studies

showing that waterborne prostaglandin F2a increases plasma hormones in

mature male parr (Moore and Waring, 1995, 1996; Olsén et al., 2001), and

that prostaglandin Fs are detected by the olfactory system with high sensi-

tivity, perhaps in a seasonally dependent manner (Moore andWaring, 1996).

Somewhat less clear are the origin(s) and function(s) of prostaglandin F2a.

Thus, whereas Moore and Waring (1996) report that ovulated salmon urine

contains significant immunoreactive prostaglandin F2a, to which they attri-

bute priming activity, Olsén et al. (2001, 2002b) find much higher prosta-

glandin F2a concentrations in ovarian fluid, to which they attribute the

majority of the priming activity. Interestingly, Olsén et al. (2002b) also

report that although ovulated salmon urine has only weak priming activity,

it has strong behavioural activity, which they attribute to unknown com-

pounds. Notably, definitive biochemical techniques have yet to be applied to

the study of salmonid prostaglandin synthesis to determine the actual iden-

tities of compounds released by any route. In any case, together with the

finding that a carbamate pesticide both reduces EOG responses to prosta-

glandin F2a (Chapter 10) and blocks prostaglandin‐induced endocrine re-

sponses (Waring and Moore, 1997), these studies all support the possibility

that a prostaglandin F pheromone in urine and/or ovulatory fluid induces

important priming eVects in the precocious male Atlantic salmon.

Although it has also been suggested that sex steroids function as pher-

omones in Atlantic salmon, the evidence is from a number of isolated studies

and is less clear. For example, EOG recordings (Moore and Scott, 1991)

show that precocious males are extremely and specifically sensitive to testos-

terone, but only for a brief period prior to spawning, a situation not

observed in any other species, even trout. Testosterone also attracts male

parr (Moore, 1991), but does not aVect milt volume or hormone concentra-

tions (Waring et al., 1996). EOG recordings also indicate that mature male

parr do not normally detect 17,20b‐P‐s but become extremely sensitive to
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this steroid immediately following even brief (5‐second) exposure to ovu-

lated female urine (Moore and Scott, 1992), a rapid sensitisation of the

olfactory epithelium for which there appears to be no precedent. Other

studies have failed to identify a function for this compound or explain the

etiology of this unique phenomenon (Waring and Moore, 1995; Waring

et al., 1996). It will be interesting to determine whether responses to steroids

occur only in parasitic parr, or in bourgeois males as well.

Brown Trout. Recent studies using parasitic and bourgeois males re-

veal both similarities and diVerences between putative hormonal phero-

mones of brown trout and Atlantic salmon (Essington and Sorensen, 1996;

Olsén et al., 2000; Moore et al., 2002; Laberge and Hara, 2003a). In particu-

lar, pheromonal activity in both the trout and salmon has been associated

with F prostaglandins, whereas no function has yet been found for any sex

steroid in trout, except perhaps for Etio‐g for which only EOG activity has

been described (Hara and Zhang, 1997; Laberge and Hara, 2003a). Indeed,

even when brown trout are treated with androgenic hormones, their olfac-

tory epithelium is insensitive to sex steroids (Essington and Sorensen, 1996).

Bodily fluids from ovulated female brown trout do, however, induce

pheromonal responses in male trout that appear similar to those in Atlantic

salmon and can be at least partially attributed to F prostaglandins. Thus,

both precocious male brown trout and Atlantic salmon increase circulating

hormone levels when exposed to a mixture of urine and ovulatory fluids

from conspecific and heterospecific females (Olsén et al., 2000). Detailed

studies of male brown trout suggest that most of the priming activity is

attributable to ovulatory fluid which, also like salmon, contains much

higher levels of immunoreactive prostaglandin F (>175 ng/ml) than urine

(<5 ng/ml) (Moore et al., 2002). Further, as in Atlantic salmon, high EOG

sensitivity (1 pM threshold) to prostaglandin Fs provides strong evidence

that brown trout employ prostaglandin Fs as sex pheromones (Essington

and Sorensen, 1996; Hara and Zhang, 1997; Moore et al., 2002; Laberge and

Hara, 2003a; Figure 9.7). However, although four EOG studies agree on the

relative olfactory potencies of prostaglandin Fs in male brown trout (e.g.,

prostaglandin F2a � prostaglandin F1a> 15K‐prostaglandin F2a > 13,14‐
dihydro‐15K‐prostaglandin F2a), and that a single receptor mechanism may

be involved in both trout and salmon (Laberge and Hara, 2003a; Moore and

Waring, 1996), they disagree on whether there might be a relationship

between maturational state and EOG response. In particular, although

Moore et al. (2002) find that only precociously mature parr detect prosta-

glandin Fs (immature parr had no EOG response even at 10 mM), Laberge

and Hara (2003a) report that prostaglandin Fs induce similar EOG re-

sponses in undiVerentiated juveniles, adult females, and bourgeois males

(Section 5.4.), findings consistent with those of Essington and Sorensen
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(1996) in brown trout and of Sveinsson and Hara (2000) in Arctic charr (see

Section 5.3.2.c.ii). In any case, a preponderance of evidence shows that

prostaglandin Fs have pheromonal activity in brown trout. Thus, Moore

et al. (2002) report that both prostaglandin F1a and prostaglandin F2a

increase male parr hormone and milt levels, similar to eVects they describe

in the Atlantic salmon. However, Laberge and Hara (2003a) report that

prostaglandin Fs also have behavioural activity in trout; for example, pros-

taglandin Fs increased swimming and turning activities in mature bourgeois

male trout (Figure 9.7) and induced digging and nest probing in females.

Although it will be important to identify the specific prostaglandin Fs

released by brown trout, and to determine their precise origins and activities

in all life history stages/genders, it is clear that, as in salmon, this class of

compounds exerts important pheromonal eVects that warrant further study.
ii. Genus Salvelinus (Charrs). Evidence for prostaglandin F phero-

mones in charrs comes from EOG studies showing that prostaglandin F2a

is detected by Arctic, lake (S. namaycush), and brook charr (S. fontinalis)

(Essington and Sorensen, 1996; Hara and Zhang, 1997; Sveinsson and Hara,

2000). With the exception of Etio‐g detected by all tested salmonids

(Essington and Sorensen, 1996; Hara and Zhang, 1997; Laberge and Hara,

2003a) and testosterone glucuronide detected in brook charr (Essington and

Sorensen, 1996), charrs have not been found to detect any sex steroids or

their metabolites. EOG responsiveness to prostaglandin F2a appears un-

aVected by gender or maturity in bourgeois Arctic (Sveinsson and Hara,

2000) and brook charr (Essington and Sorensen, 1996), consistent with the

study of brown trout by Laberge and Hara (2003a), but in marked contrast

to other studies of brown trout (Moore et al., 2002) and precocial male

Atlantic salmon (e.g., Moore and Waring, 1995).

Ovulated Arctic charr are attracted to prostaglandin F2a and bourgeois

male Arctic charr are reported to release immunoreactive prostaglandin Fs

(Sveinsson and Hara, 2000), a scenario seemingly diVerent than that pro-

posed for Salmo, whose males are suggested to respond to prostaglandin Fs

released by females (e.g., Olsén et al., 2002b; Moore et al., 2002). Such

diVerences are surprising, given that brook charr and brown trout hybridise

(Sorensen et al., 1995c).

Bile acids released by stream‐resident fish have been suggested to serve as

pheromonal attractants for maturing adult charr that frequently have an

anadromous life history. A variety of studies (Døving et al., 1980; Zhang

et al., 2001) show that Arctic charr and lake charr release and detect

various bile acids, which also induce behavioural responses (Selset and

Døving, 1980; Jones and Hara, 1985). However, it remains to be determined

which specific bile acids released by charrs exert these eVects or what their
precise behavioural significance might be.
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iii. Genus Oncorhynchus (Pacific Salmon). Sex pheromones of Onco-

rhynchus appear to be rather diVerent than those of Salmo and Salvelinus.

Ovulatory fluid from rainbow trout has long been known to attract males

(Emanuel and Dodson, 1979), which also exhibit rapid endocrine responses

both to bile fluid (containing both bile and sex steroid conjugates; Vermeirs-

sen and Scott, 2001) and urine from ovulated females (Scott et al., 1994;

Vermeirssen et al., 1997). Most recently, Yambe and Yamazaki (2001) find

that responses to urinary pheromone(s) are androgen‐dependent. Urine‐
induced, androgen‐dependent behaviours also occur in masu salmon

(O. masou; Yambe et al., 1999, 2003; Yambe and Yamazaki, 2000; Section

5.4.). Oncorhynchus species thus appear to release a variety of sex

pheromones of undetermined identity by several routes.

Although Dittman and Quinn (1994) report that 17,20b‐P repels chinook

salmon (O. tshawytscha), and one EOG study (Pottinger and Moore, 1997)

indicates that immature rainbow trout detect testosterone, all other studies

ofOncorhynchus spp. show that (with the exception of Etio‐g) rainbow trout,

chinook, and amago salmon (O. rhodurus) do not detect a range of prosta-

glandins and steroids including testosterone and 17,20b‐P (Kitamura et al.,

1994b; Hara and Zhang, 1997; Laberge and Hara, 2003a; Dittman and

Sorensen, unpublished results). The urinary pheromone employed by masu

salmon does not have chemical characteristics of known sex steroids or

prostaglandins, although ovulated masu urine contains a modest concentra-

tion of immunoreactive prostaglandin F2a (Yambe et al., 1999). In summary,

the present evidence indicates either that, as suggested by Laberge and Hara

(2003a), Oncorhynchus have lost the use of prostaglandin Fs (Figure 9.7)

or that, as suggested by Yambe et al. (1999), this group employs novel

prostaglandins or other compounds.

5.3.3. Perciform Fishes

Order Perciformes (>9,000 species) contains 40% of extant teleost fishes

(Nelson, 1994) and is the dominant vertebrate group in oceans and tropical

freshwaters. However, despite their ecological and economic importance and

the fact that hormonal pheromones were first described in a perciform (black

goby; Colombo et al., 1980), little is known about the reproductive phero-

mones of this taxon. Most information comes from studies of two gobies

(family Gobiidae) that provide evidence for olfactory sensitivity to sex ster-

oids and suggest a biological function for the putative steroidal pheromones.

As well, EOG studies show that an African cichlid (Haplochromis burtoni;

family Cichlidae) detects and discriminates between a number of conjugated

sex steroids (Robison et al., 1998; Cole and Stacey, 2003), whereas behaviour-

al studies of the ruVe (family Percidae: Sorensen et al., 2004) suggest it

employs novel and unidentified steroids as male pheromones.
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a. The Black and Round Gobies. Goby mating systems typically involve

male territoriality, nest defense, and paternal behaviours, and can also involve

alternative male tactics in which parasitic males fertilise eggs in the nest of

bourgeois males (e.g., Rasotto and Mazzoldi, 2002; Immler et al., 2004;

Chapter 8). Male gobies possess a mesorchial gland, a specialised, nonsper-

matogenic portion of the testis containing a high concentration of interstitial

(Leydig) cells producing primarily 5b‐reduced androgen conjugates, in

particular Etio‐g and Etio‐sulphate (see Locatello et al., 2002). EOG and

behavioural studies provide strong evidence that in the round and black

gobies Etio‐g and other steroids function as hormonal pheromones

(Colombo et al., 1980; Murphy et al., 2001), possibly a result of female mate

choice. Indeed, specialisation of pheromone production is expected in species

where females respond to odours of nest‐guarding males (e.g., Laumen et al.,

1974; Gonçalves et al., 2002; Rasotto and Mazzoldi, 2002).

EOG recordings using a large number of commercially available sex ster-

oids and prostaglandins show that male and female round gobies do not

respond to prostaglandinFs, but exhibit sexually isomorphic responses tomore

than a dozen free and conjugated 18‐, 19‐, and 21‐carbon steroids (including

Etio‐g) that appear to be discriminated by four olfactory receptor mechanisms

for which the most potent known odourants are estrone, 17b‐estradiol‐3b‐
glucuronide, etiocholanolone (Etio), and dehydroepiandrosterone‐3‐sulphate
(Murphy et al., 2001; Figure 9.8A and B). Unfortunately, it is not yet known if

round gobies release any of these putative pheromonal steroids.

Although in laboratory tests none of the steroids detected by round

gobies induced overt reproductive behaviours, males increased the frequency

of ventilation (opercular and buccal pumping) when exposed to Etio, es-

trone, or 17b‐estradiol‐3b‐glucuronide, and females exhibited a similar re-

sponse to Etio (Murphy et al., 2001; Figure 9.8C), a dimorphism that is

androgen‐dependent (Murphy and Stacey, 2002; Section 5.4). The ventila-

tion increase induced by steroid odourants may facilitate odour detection by

increasing water flow through the olfactory organ, as has been proposed in

other benthic fish (Nevitt, 1991). Importantly, because the ventilation re-

sponse adapts within 15 minutes, it provides a simple behavioural assay that

demonstrates the steroids discriminated at the sensory level also are discri-

minated behaviourally (Murphy et al., 2001; Figure 9.8D). Although Etio

(or Etio‐g) likely attracts female round gobies to male nests, as in the black

goby (Colombo et al., 1980), the functions of other steroids detected by this

species are not known.

In the black goby, where males employ alternate reproductive tactics

(Rasotto and Mazzoldi, 2002), bourgeois and parasitic males appear to

release distinct odours. Thus, bourgeois male odour induces aggression in

nest‐holding males, whereas parasitic male odour does not (Locatello et al.,
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2002; Figure 9.9). Although the basis for these diVerential eVects is not

known, the much larger mesorchial glands of bourgeois males might suggest

diVerential release of Etio‐g or other steroids (Rasotto and Mazzoldi, 2002;

Figure 9.9). The fact that gobies are a speciose and widely available

group that are well‐suited to laboratory studies suggests they will become

increasingly valuable model species for hormonal pheromone studies.

b. The Eurasian RuVe. The ruVe (family Percidae) was accidentally in-

troduced into the Great Lakes with detrimental eVects on native fauna.

RuVe alarm and female reproductive pheromones are the best understood

of any percid because they have been examined with the objective of popu-

lation control (Maniak et al., 2000; Sorensen et al., 2004). Typical of percids,

ruVe are nonterritorial, spawn only once in the spring (at night and often in

turbid waters), do not employ specific spawning substrate, are sexually

monomorphic and, as with the goldfish, appear to employ a promiscuous

mating system in which males engage in scramble competition.

Bioassays using female ruVe holding water show that, during final oocyte

maturation, females release a behaviourally active pheromone, but cease

doing so at ovulation (Sorensen et al., 2004). Pheromone release is closely

correlated with circulating levels of 20b‐S (17,20b,21‐P), the proposed MIS

for this species and other perciforms (Thomas, 1994). Further, the phero-

mone appears to be derived from 20b‐S because injecting this steroid into

females (but not males) rapidly induces pheromone release via the urine

whereas 17,20bP injection has no such eVect (Sorensen et al., 2004). Because

EOG studies indicate ruVe do not detect any commercially available pre-

cursors or metabolites of either 17,20bP or 20b‐S (or other steroids and
Fig. 9.8. EOG and behavioural responses (mean � SEM) of round gobies to waterborne

steroids. (A) Male (filled bars) and female (open bars) exhibit equivalent EOG responses to

etiocholanolone (Etio), estrone (E1), and 17b‐estradiol‐3‐glucuronide (E2–3g). (B) EOG cross-

adaptation studies indicate Etio, E1, and E2‐3g are detected by separate olfactory receptor

mechanisms. Top: During adaptation to 100 nM Etio, EOG response to a 10 nM Etio pulse is

drastically reduced (filled bar), whereas responses to E1 and E2–3g (open bars) are unaVected.

Middle and bottom: Similar results during adapation to E1 and E2–3g. (C) Both males (filled

circles) and females (empty circles) exhibit a transient increase in ventilation frequency (pre-

sented as a percentage of mean pre‐exposure frequency) in response to 10 nM waterborne Etio,

whereas only males respond to 10 nM E1. (D) Males that are behaviourally adapted to 10 nM

Etio do not increase ventilation in response to a 10% increase in Etio concentration, but do

increase ventilation in response to an equivalent amount of E1. (E) Females implanted with

methyltestosterone capsules for 18 days (filled circles) do not increase ventilation in response to

ethanol vehicle (EtOH) but do increase ventilation in response to 1 nM E1, E2‐3g and Etio;

control females implanted with empty capsules (open circles) respond only to Etio. (Adapted

from Murphy et al., 2001; Murphy and Stacey, 2002; Stacey et al., 2003 with kind permission of

Springer‐Verlag GmbH, NRC Research Press, and Elsevier Ltd.)



Fig. 9.9. In bourgeois (territorial and paternal) male black gobies (B), gonadosomatic indices

(GSI; gonad weight as a percentage of body weight [%BW]) are smaller than in parasitic males

(P), but seminal vesicle somatic indices (SVSI; seminal vesicle weight as a percentage of BW) are

larger, and the mesorchial gland covers a greater proportion of the gonadal surface. Bourgeois

males exhibit defensive (tail beating) behaviour (presented as a percentage of pre‐exposure level;
dashed line) in response to the odour of bourgeois, but not of parasitic males. C, blank water

control. (Adapted from Locatello et al., 2002; Rasotto and Mazzoldi, 2002 with permission of

the authors, Blackwell Publishers, and John Wiley and Sons.)
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prostaglandin Fs), it seems reasonable to hypothesise that the ruVe phero-

mone is an unknown metabolite of 20b‐S that stimulates prespawning

aggregation (Sorensen et al., 2004).

If so, an important lesson from the ruVe is that the steroid, prostaglan-

din, and bile acid pheromones of many fish are likely novel metabolites that

cannot be elucidated by EOG and immunoassay using known, commercially

available chemicals as test stimuli (see Section 5 introduction). Another

potential example of unknown steroid metabolites functioning as phero-

mones is the Mozambique tilapia (Oreochromis mossambicus), where EOG

responses to fractionated body odours suggest steroid sulfates have phero-

monal function, but no tested steroid has olfactory activity (Frade et al.,

2002). In these, as in many other aspects of fish pheromone research, our

poor understanding of hormone and bile acid metabolism is clearly a major

impediment to progress.

5.4. Hormonal Modulation of Pheromone Responses

It is logical to expect that physiological mechanisms have evolved to

synchronise pheromonal responsiveness with those life‐history stages in

which reproductive responses to conspecifics are adaptive. In the case of
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bile acid‐derived pheromones of sea lamprey, for example, only maturing

adults respond to the migratory pheromone and, at the time of ovulation,

females respond only to the male sex pheromone (Bjerselius et al., 2000;

Section 4). Although the physiological basis for these changes in sea lamprey

is unknown, in some teleost fishes it is clear that the reproductive endocrine

system serves both as the source of pheromones and as the regulator of

responses to them. The physiological basis of endocrine regulation of pher-

omonal responsiveness is not well understood, but evidently can involve

actions at both peripheral and central levels.

The best evidence for central regulation comes from species in which a

pheromone induces equivalent peripheral (EOG) olfactory responses in both

sexes, but a biological response in only one. These studies have exploited the

adult sexual bipotentiality of the fish brain (Kobayashi et al., 2002) to

determine if pheromone‐induced responses that are normally seen only in

males also can be induced in androgen‐treated females. In the round goby,

for example, where male and female exhibit equivalent EOG responses to

Etio, estrone, and 17b‐estradiol‐3b‐glucuronide (Figure 9.8A), males in-

crease ventilation (sniYng) in response to all three steroids, whereas females

respond only to Etio (Murphy et al., 2001). However, within 2 weeks of

methyl‐testosterone implant, female round gobies not only exhibit male‐
typical ventilation responses but also behaviourally discriminate (assessed

by sniYng) between Etio, estrone, and 17b‐estradiol‐3b‐glucuronide
(Murphy and Stacey, 2002; Figure 9.8E). Also in the goldfish, where phero-

monal 17,20b‐P induces equivalent EOG responses in males and females

(Figure 9.10A) but gender‐typical luteinising hormone responses, females

treated with 11‐ketotestosterone exhibit male‐typical luteinising hormone

response to pheromone exposure (Kobayashi et al., 1997b; Figure 9.10G).

EOG studies also provide clear evidence that gender‐typical pheromone

response in some species might be attributable to androgenic actions on the

olfactory epithelium. Mature male goldfish (Sorensen and Goetz, 1993), red

fin sharks (Epalzeorhynchus frenatus; Stacey et al., 2003) and tinfoil barbs

(Cardwell et al., 1995; Figure 9.10B) have lower EOG thresholds and larger

EOG responses to prostaglandin Fs than do mature conspecific females,

whereas both genders exhibit similar EOG responses to sex steroids (Stacey

et al., 2003; Figure 9.10C and D). Circulating androgens likely mediate these

adult gender diVerences in olfactory response, because treating juveniles

with androgen markedly enhances response to prostaglandin Fs without

aVecting EOG responses to steroids (Figure 9.10H–J). In the cyprinid Bar-

ilius bendelisis, androgen treatment also enhances behavioural response to

15K‐prostaglandin F2a and an ovarian extract believed to contain steroid

sulfates (Bhatt et al., 2002), although it is not clear where or how androgen

treatment has this eVect. EOG studies in both lake whitefish and brown



Fig. 9.10. (A–F) Gender diVerence in EOG response (as mV or percentage of a 10 mM L‐amino

acid standard) to putative hormonal pheromones (males and females represented by filled and

empty circles, respectively). (G–L) EVects of androgens on EOG and behavioural responses

(androgen‐treated and control fish represented by filled and empty circles, respectively, in H–J).

(A) Mature male and female goldfish exhibit equivalent EOG response to 17,20b‐P. (B–D)

Mature male and female tinfoil barbs also exhibit equivalent EOG response to steroids, 17,21‐P
and 11‐ketotestosterone (11‐KT), but males are more responsive to 15‐keto‐prostaglandin F2a

(15K‐PGF2a). (E–F) In mature lake whitefish and brown trout, EOG threshold to 15K‐PGF2a

and prostaglandin PGF2a (PGF2a) respectively, is similar in males and females, but males have

larger EOG amplitudes. (G) 11‐KT implant induces male‐typical luteinising hormone (LH)

response to water‐borne 17,20b‐P (P) in female goldfish; E, ethanol control odour. (H–J)

In juvenile tinfoil barbs, androgen implants increase magnitude of EOG response (mV) to

15K‐PGF2a but do not aVect response to 17,21‐P or 11‐ketotestosterone. (K–L) Immature masu

salmon parr normally do not respond to ovulated female urine. However, in parr treated with

androgen in the diet, ovulated urine (filled circles) induces greater behavioural (K) and endo-

crine (L) response than does urine from nonovulated females (empty circles). (Adapted from

Sorensen et al., 1987; Cardwell et al., 1995; Kobayashi et al., 1997; Stacey and Sorensen, 2002;

Laberge and Hara, 2003a; Stacey et al., 2003; Yambe et al., 2003 with kind permission of the

authors, Blackwell Publishers, Elsevier Ltd., NRC Research Press, and Springer‐Verlag
GmbH.)
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trout indicate olfactory threshold to prostaglandin Fs is similar in males and

females, although males exhibit larger responses than females at suprathres-

hold concentrations (Laberge and Hara, 2003a; Figure 9.10E and F), the

significance of which is also not understood. In the masu salmon, precocious

maturity of male parr induces attraction to ovulated urine (Yambe et al.,

1999); androgen appears to mediate not only this behavioural change

(Yambe and Yamazaki, 2001; Figure 9.10K) but also a steroidal primer

response to urine (Yambe et al., 2003; Figure 9.10L).

The physiological mechanisms mediating these peripheral and central

androgenic eVects on pheromonal responsiveness are completely unknown.

However, it already is clear that these eVects play a major part in pheromone

function and are widespread in current model species.
6. SUMMARY

Although it has been recognised for many years that pheromones play

important roles in fish reproduction, only recently has progress in identifying

three chemical classes of reproductive pheromones (bile acids, sex steroids,

and F prostaglandins) in a variety of fish provided clear insight into both the

complexity and diversity of their functions. Although bile acids are pro-

duced, released, and detected by many fishes, only in the sea lamprey is their

function understood. Here, diVerent sets of bile acids function as attractants

for migratory adults and as a male sex pheromone, raising the possibility

that this class of compounds might also have multiple, endocrine‐associated
functions in many other species. Better understood are the sex steroid and

prostaglandin pheromones (hormonal pheromones), which are widespread if

not ubiquitous among the bony fishes, where they are detected with great

sensitivity and specificity, and induce potent and specific behavioural and

physiological eVects in such major taxa as carps and salmonids. Because

these hormonal pheromone systems chemically link an individual’s endo-

crine system with the nervous systems of conspecifics, they challenge classi-

cal concepts that sex hormone actions are restricted to the individual.

Indeed, the interrelationships among hormones and pheromones appear so

pervasive that it now seems prudent to assume that many aspects of fish

reproductive endocrine function can be understood only in the context of the

social group. Despite these exciting advances, major aspects of reproductive

pheromone function remain almost unexplored. Remarkably little is known

about the metabolism and release of bile acids, sex steroids, and, particular-

ly, prostaglandins. Even less is known about how these cues might function

as mixtures that could contribute to species specific function; progress in
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these latter areas is essential if we are to determine the true nature of fish

reproductive pheromones.
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1. INTRODUCTION

As has been described in great detail in the preceding chapters, the

physiology and behaviour of fish are closely associated, but this relationship

presents a fragile link open to interference from outside disturbances. The
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aquatic ecosystem has been altered by human activities in many ways, and so

a volume on the interactions between fish physiology and behaviour would

not be complete if it did not address how human activities can, and do,

influence these interactions. As one of the most prevalent forms of anthro-

pogenic disruption, chemical pollution will be the main focus of the current

Chapter. Chemical contaminants are sourced from many places including

households, industry, and agriculture and can be roughly divided into

several groups. Inorganic chemicals (including metals), organic pollutants,

radioisotopes, and, more recently, pharmaceuticals all make their way to the

aquatic environments that fish inhabit and are thus a major concern for the

health of aquatic ecosystems. Table 10.1 contains a list of chemicals that will

be addressed in this Chapter with abbreviations and the major uses of these

compounds. Less researched are acoustic disturbances (e.g., sonar systems,

seismic air guns, underwater explosions, boat noise, and sonic booms),

which are considered briefly in Chapter 2, Section 6. Physical disturbances

such as habitat destruction from activities such as trawling, agriculture, and

water abstraction, as well as the release of transgenic fish are other potential

problems initiated by man. However, these are beyond the scope of the

current review.

Many chemical contaminants target specific physiological systems and

exert their eVects on behaviour via physiological pathways. In some cases,

behavioural changes may be detectable before physiological changes are

manifested, and the use of fish behaviour as a sensitive and ecologically

relevant tool for monitoring thresholds of eVect has long been suggested

(Little et al., 1985; Rand, 1985; Beitinger, 1990). This Chapter is not

intended to be an extensive overview of the volumes of literature available

on anthropogenic eVects on fish biology. Instead, it will look at the interac-

tions between fish behaviour and physiology discussed in the preceding

Chapters and consider some examples of how these interactions can be

disrupted. Understudied and overlooked areas of behavioural toxicology

are highlighted as potential directions for future research.
2. EFFECTS OF CONTAMINANTS ON COGNITION

2.1. Interference with Learning and Awareness

The eVects of anthropogenic contaminants on cognition have been in-

vestigated mainly through studying conditioned responses in the laboratory.

For example, using a conditional avoidance technique, Weir and Hine (1970)

looked at retention of a conditioned response in goldfish, Carassius auratus,

after exposure to sodium arsenate (Na2HAsO4), lead nitrate (Pb(NO3)2),



Table 10.1

Compounds Used in Fish Toxicity Studies With Their Abbreviations, Chemical Structures and Major Uses

Common name Abbreviation/chemical structure Major uses

Aroclor 1254 C12H9Cl Aroclor is the registered trademark for the Monsanto

Chemical Company for their PCB mixtures. Hundreds

of industrial and commercial applications

Atrazine 2‐chloro‐4‐ethylamino‐6‐
isopropoylamino‐s‐triazine

A pre‐ and postemergence herbicide for the control of

annual and perennial weeds

Bis (tributyltin) oxide TBTO/ C24H54OSn2 A tributyltin (TBT) compound used as a biocide,

particularly in antifouling paints

Cadmium Cd A component of Ni‐Cd batteries, TV sets,

semiconductors, electroplating and control rods and

shields within nuclear reactors

Carbaryl 1‐napthyl‐N‐methyl carbamate A broad spectrum carbamate insecticide

Carbofuran 2,3‐dihydro‐2,2‐dimethyl‐7‐
benzofuranyl methyl carbamate

A water‐soluble carbamate insecticide used as an

alternative to organophosphate chemicals

Chlorpyrifos O,O‐diethyl O‐3,5,6‐trichloro‐2‐
pyridyl phosphorothioate

A broad spectrum organophosphate insecticide

Copper Cu A component of electrical generators, wiring, radio and

TV sets, home heating systems, water pipes and

fungicides

Crude oil Mixture of hydrocarbons A naturally occurring substance that is then refined

into diVerent usable products

Cypermethrin cis, trans‐3‐(2,2‐dichlorovinyl)‐2,2‐
dimethylcyclopropanecarboxylate

A type II pyrethroid pesticide used in sheep dips and

also to treat sea lice in aquaculture

Diazinon O,O‐diethyl 0‐2‐isopropyl‐6‐methyl

(pyrimidine‐4‐yl)phosphorothioate
Organophosphate pesticide used to control household

and public health insects

Dichlorodiphenyl

trichloroethane

DDT/C14H9Cl5 An organochlorine insecticide

(continued )
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Dichlorvos DDVP/ 2,2‐dichlorovinyl
dimethylphosphate

An organophosphorus insecticide

2,4‐dinitrophenol C6H4N2O5 A wood preservative and insecticide, also used in

photochemicals and explosives and as an acid‐base
indicator

Diuron N‐(3,4‐dichlorophenyl)‐N,N‐
dimethyl urea

A substituted urea herbicide

Endosulfan (Thiodan) 6,7,8,9,10,10‐hexachloro‐1,5,5a,6,9,9a‐
hexahydro‐6,9‐methano‐2,4,3‐
benzodioxathiopin‐3‐oxide

An organochlorine insecticide‐miticide

17b‐estradiol E2 An endogenous female hormone and a component of

municipal sewage

Ethambutol 2,20‐(Ethylenediimine)‐di‐1‐butanol A tuberculostatic drug

Ethinyl oestradiol EE2 A synthetic estrogen used in the contraceptive pill.

Fenitrothion (Sumithion) O,O‐dimethyl O‐(3‐methyl‐4‐
nitrophenyl phosphorothioate

An organophosphate insecticide and miticide

Fenvalerate (Pydrin) Cyano(3‐phenoxyphenyl) methyl

4‐chloroalpha‐(1‐methylethyl)

benzeneacetate

A synthetic pyrethroid insecticide

Flutamide 2‐methyl‐N‐[4‐nitro‐3
(trifluoromethyl) phenyl]

propanamide

An acetanilid, non‐steroidal anti‐androgen used in

treatment of prostate cancer

Gentamicin sulphate C21H43N5O7; C20H4N5O7;

C19H39N5O7; C20H41N5O7

A broad spectrum bactericidal aminoglycoside

antibiotic

Table 10.1 (continued )
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Lead Pb A component of lead‐acid batteries, piping, weights,

roofing and lead cames in stain glass windows

Lindane g‐HCH/ Hexachlorocyclohexane;

benzene hexachloride

An organochlorine pesticide

Malathion Diethyl (dimethoxy

thiophosphorylthio) succinate

A nonsystemic, wide‐spectrum organophosphate

insecticide

Manganese Mn A component of dry cell batteries, used in iron and

steel making and aluminum alloys

Mercury Hg A component of barometers, manometers, thermometers,

mercury‐vapor lamps and electric switches

Methylmercury MeHg A fungicide. MeHg mainly occurs as a result of

environmental transformation from inorganic Hg

Nickel Ni A metal used in the production of alloy steels,

particularly stainless steel, gas turbines, coins, paints

and rocket engines

Nicosulfuron 2‐[(4,6‐dimethoxpyrimidin‐2ylcar
bomoyl)sulfamoyl]‐N‐
N‐dimethylnicotinamide

A general use pesticide

No. 2 Fuel oil Mixture of hydrocarbons An oil with various energy uses including home heating.

1‐octanol C8H18O A component of perfumes, pesticides, flavourings,

essential oils, resistant coatings and linings.

ortho, para‐dichlorodiphenyl trichloroethane o,p0‐DDT/C14H9Cl5 An isomer of DDT

Paraquat 1,10‐dimethyl‐4,40bipyridinium A quaternary nitrogen herbicide

Pentachlorophenol PCP A chlorinated hydrocarbon insecticide and fungicide.

Phenol C6H6O A component of the production of phenolic resins, and

in plywood, construction, automotive and appliance

industries

(continued )
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Dichlorodiphenyl dichloroethane p,p0‐DDE / C14H8Cl4 A DDT metabolite

Selenium dioxide SeO2 A component of electronics, ceramics, rubber

vulcanising and photocopying

Sodium arsenate Na2HAsO4 An insecticide (e.g., ant poison)

Sodium‐dodecylbenzene sulphonate C18H29NaO3S A component of many detergents

Sodium lauryl sulphate SLS/ C12H25NaO4S An anionic detergent used in shampoos, hair

conditioners and bubble baths

4‐tert‐octylphenol C14H22O/ 4‐(1,1,3,3‐tetramethylbutyl)

phenol

An intermediate in the production of surfactants and

formaldehyde resins and formed from the breakdown

of octylphenol ethoxylates

Thiobencarb 5‐4‐chlorobenzyldiethyl
(thiocarbamate)

A selective herbicide.

Vinclozolin 3‐(3,5‐dichlorophenyl)‐5‐methyl‐
vinyl‐1,3‐oxazolidine‐2,4‐dione

A dicarboximide fungicide

Zinc Zn A metal used for galvanising, construction, brass and

pharmaceuticals

Table 10.1 (continued )

Common name Abbreviation/chemical structure Major uses
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mercuric chloride (HgCl2), or selenium dioxide (SeO2; see Table 10.1).

Goldfish were placed in a conditioned avoidance apparatus. To obtain a

correct score, when swimming in the part of the apparatus where light

appeared, the fish were required to move past the midline of the tank to

the dark, unelectrified side. If this did not occur within 3 seconds, then the

fish received an electric shock. All contaminants impaired performance at

levels below the concentration at which 1% mortality of the population

occurred following 48‐hour exposure and 7 subsequent days in clean water.

Of the four contaminants investigated, mercury (Hg) had the greatest eVect,
causing disruption of conditioning at 3 mg/l. In similar experiments, Hg and

aromatic hydrocarbons have been found to impair conditioned learning

(Salzinger et al., 1973; Purdy, 1989), whereas experiments with dichlorodi-

phenyltrichloroethane (DDT) have yielded conflicting results (Anderson and

Peterson, 1969; McNicholl and Mackay, 1975a,b).

Low and high doses of chlorpyrifos (10 and 100 ng/ml on days 1–5

postfertilisation) had significant persisting eVects on spatial discrimination

learning in zebrafish, Danio rerio (Levin et al., 2003). Zebrafish were given

the choice of swimming into either the left or right compartment of a maze

tank and the choice accuracy calculated. Swimming into the ‘‘wrong’’

compartment resulted in a confinement period. Average choice accuracy

decreased with increasing concentration of chloropyrifos exposure, a

behavioural impairment that lasted through to adulthood.

The physiological basis for behavioural learning in fish is complex (see

Chapter 1) and thus understanding how these behaviours are aVected by

contaminants at the physiological level is not a simple matter. Disruption of

memory, perception (i.e., sense organs), and locomotion could all play roles

in the observed eVects of toxicants on learning. A potential candidate for the

inhibition of learning is the interference with cholinesterase activity (see

Section 2.2.1; Hatfield and Johansen, 1972). Other malfunctions in the brain

and the central nervous system (CNS) could also be involved.
2.2. Physiological Disruption of Brain Function

2.2.1. Neurotransmitters

The blood–brain barrier may provide a certain amount of protection

against pollutants, but many contaminants can either cross this barrier or

bypass this route by entering the brain directly via the olfactory system.

Commonly measured indicators of disrupted brain function include com-

pounds associated with nerve transmission. Cholinesterases (ChEs) can be

divided into two types of enzymes: acetylcholinesterase (AChE) and butyr-

ylcholinesterase (BChE). AChE degrades the neurotransmitter acetylcholine
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(ACh) to end cholinergic neural transmission. Acetylcholine synapses are

particularly associated with the spinal cord and the brain and participate in a

number of central circuits, including those involved in motor coordination.

BChE can also hydrolyze acetylcholine, although its preferred substrate is

butyrylcholine. The majority of toxicological studies have measured either

total brain cholinesterase (ChE) activity or AChE activity because less is

known about the occurrence and distribution of BChE in fish (Chuiko,

2000). Compounds that result in the inhibition of AChE cause an accumu-

lation of acetylcholine, eliciting cholinergic toxicity due to continuous stim-

ulation of cholinergic receptors throughout the nervous system. AChE

inhibition is commonly associated with exposure to organophosphate pesti-

cides (Sandhal and Jenkins, 2002). There are many examples of compounds

that aVect AChE activity including carbofuran, diuron, nicosulfuron, para-

quat, chlorpyrifos, and copper sulphate (CuSO4) (Table 10.1; Nemcsók

et al., 1984; Sturm et al., 1999; Bretaud et al., 2000; Chuiko et al., 2002;

Flammarion et al., 2002). Dose‐dependent inhibition of AChE activity can

vary among tissues. For example, high concentrations of organophosphates

inhibit levels of AChE activity in the brain and muscle to similar levels but

lower concentrations produce a higher inhibition in the brain than in the

muscle (Straus and Chambers, 1995; Sancho et al., 1997).

European eels, Anguilla anguilla, exposed to sublethal concentrations of

thiobencarb for 4 days displayed inhibition of AChE activity in the brain,

muscle, and gill tissues (Fernánadez‐Vega et al., 2002). Depuration in clean

water resulted in a recovery of activity to about 60–80% of control values

after 4 days. Behavioural eVects were also observed, including reduced

motility, loss of equilibrium, uncoordinated movements, and an increase in

the levels of respiratory frequency. Additionally, European eels exposed to

sublethal fenitrothion for 4 days suVered a 44% reduction in brain AChE

activity at 0.02 mg/l and 64% at 0.04 mg/l (Sancho et al., 1997). One week of

recovery in clean water was not suYcient for AChE activity to return to

control levels. The resultant behavioural changes in this study included

erratic swimming and convulsions.

Exposure to malathion and diazinon, two well‐known cholinesterase‐
inhibiting chemicals (Table 10.1), aVected the swimming behaviour of rain-

bow trout, Oncorhynchus mykiss (Brewer et al., 2001). Following 24 hours of

exposure to malathion, trout showed decreases in distance swum and swim-

ming speed and tended to swim in a more linear path than control fish. These

behavioural changes were more pronounced after 96 hours of exposure but

were eliminated after 48 hours in clean water. Diazinon caused similar

symptoms to malathion but without subsequent recovery following 48 hours

of depuration (the period of time spent in clean water with the potential for

contaminant release). Behaviour correlated with brain ChE activity. In fish
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exposed to malathion, greater inhibition of brain ChE activity resulted

in lower swimming speed and distance swum (r2 > 0.9). A negative correla-

tion existed between ChE activity and the rate of turning following mala-

thion exposure (r2 ¼ 0.7). In contrast, behavioural parameters were less

correlated to ChE activity in diazinon‐exposed fish, although there was

still a significant relationship between swimming behaviour and brain ChE

activity (r2 ¼ 0.4; p < 0.01).

Beauvais et al. (2001) also examined the relationship between swimming

behaviour and brain ChE activity in rainbow trout exposed to either carba-

ryl or cadmium (Cd). In addition, they measured the number and aYnity of

muscarinic cholinergic receptors (MChR). Brain ChE activity and swimming

speed both decreased with increasing concentrations of carbaryl (188–750

mg/l) but there was no correlation between ChE activity and behaviour in

trout exposed to 2.5 or 5.0 mg/l Cd. Neither chemical aVected MChR binding

aYnity, and MChR number did not appear to downregulate.

These studies present correlative evidence that changes in swimming

behaviour are linked with changes in brain cholinesterase activity. In addi-

tion, bream (Abramis brama) exposed to sublethal concentrations of the

organophosphorus insecticide dichlorvos (DDVP) showed both decreased

food consumption and inhibited AChE activity in the brain (Pavlov et al.,

1992), with behavioural eVects apparent after 96 hours exposure to only one‐
fifteenth of the 48‐hour LC50 (1.87 mg/l) DDVP. Intraperitoneal injection of

drugs that block cholinergic receptors (e.g., atropine and TMB‐4 [dipiroxim,

1,10‐3‐methylene‐bis (4‐formilpiridine bromide) dioxim] recovered the feed-

ing activity to that of control fish. In addition, TMB‐4 resulted in recovery of

AChE activity, suggesting a direct link between impaired feeding behaviour

and lowered brain AChE activities.

2.2.2. BrainMonoamines

Links between brain monoaminergic systems and stressful situations

have been established (Winberg and Nilsson, 1993; see Chapter 5 for

further details) and monoaminergic neuronal systems, particularly the sero-

tonergic neurons, are well conserved within the vertebrate phylum (Parent,

1984). Examples of biogenic amines include serotonin (5‐HT; 5‐hydroxy-
tryptamine), 5‐hydroxyindoleacetic acid (5‐HIAA; the major metabolite

of 5‐HT), dopamine (DA), homovanillic acid (HVA; a DA metabolite),

3,4‐dihydroxyphenylacetic acid (DOPAC; a DAmetabolite), norepinephrine

(NE), and 3‐methoxy, 4‐hydroxyphenyl glycol (MHPG; an NE metabolite).

Waterborne exposure of rainbow trout to 0.05 and 0.1 mg/l of lindane

(g‐HCH; an organochlorine pesticide; see Table 10.1) for 2 hours caused a

dose‐dependent decrease in the hepatic concentration of tryptophan (the

amino‐acid precursor of 5‐HT), whereas blood serum tryptophan levels
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increased (Rozados et al., 1991). Brain tryptophan concentrations were not

aVected by lindane exposure but 5‐HT increased significantly in the hypo-

thalamus and decreased in the optic tectum (see Chapter 1 for details on

brain structure). Variations in eVects of lindane among diVerent brain

regions were attributed to a specific mode of action and could relate to

specific alterations in behaviour. In contrast, rainbow trout given intraperi-

toneal coconut oil implants containing 0.05 mg of lindane showed decreased

concentrations of tryptophan in the hypothalamus (Aldegunde et al., 1999).

Decreased concentrations of both 5‐HIAA and 5‐HT were also found in

the hypothalamus indicating a lowering of hypothalamic serotonergic me-

tabolism. In the telencephalon of lindane‐implanted fish, levels of trypto-

phan were unaltered but concentrations of 5‐HT were elevated, resulting

in lower 5‐HIAA/5‐HT ratios. It appears, therefore, that the decrease in

serotonergic activity in the telencephalon is not related to tryptophan avail-

ability but rather a decrease in 5‐HT synthesis or release. Levels of brain

lindane were higher in implanted fish than control fish but no discrimination

between diVerent regions of the brain was made when measuring the brain

accumulation of this pesticide.

Khan and Thomas (1996) considered the eVects of a dietary PCB (poly-

chlorinated biphenyl) mixture (Aroclor 1254) on monoamine concentrations

in regions of the hypothalamus in male Atlantic croaker (Micropogonias

undulatus). Similar to the eVects of lindane exposure seen by Aldegunde

et al. (1999) but in contrast to the work of Rozados et al. (1991), a significant

decline in 5‐HT was seen in the preoptic‐anterior hypothalamus and medial

and posterior hypothalamus. Concentrations of other monoamines were

also measured in response to this 30‐day dietary exposure to Aroclor 1254

(0.1 mg per 100 g body weight) and DA levels were also seen to decline. Both

the 5‐HIAA/5‐HT and DOPAC/DA ratios increased in the hypothalamus

following exposure to Aroclor.

Methyl mercury (MeHg), like many organic chemicals, is capable of

crossing the blood‐brain barrier and has been suggested as a potential

explanation for diVerences in brain monoamine concentrations seen among

mummichog (Fundulus heteroclitus) populations from diVerent habitats.

Heads of untreated mummichog larvae from a site polluted by a mixture

of chemicals including MeHg had higher levels of DA and its metabolites

(DOPAC and HVA) than larvae from a ‘‘clean’’ site (Zhou et al., 1999).

However, no diVerences in concentrations of 5‐HT or 5‐HIAA/5‐HT ratios

were seen between populations. Dopaminergic and serotonergic activity

were suppressed in mummichog larvae from the clean site when they were

subsequently exposed to 10 mg/l MeHg after hatching (Zhou et al., 1999).

Concentrations of 5‐HT decreased in a dose‐dependent fashion in

the hypothalamus of male tilapia, Oreochromis mossambicus, following a
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6‐month exposure to 0.015 and 0.05 mg/l HgCl2 (Tsai et al., 1995) beginning

7 days posthatching. Lead (Pb) caused an increase in whole brain levels of

5‐HT and NE in fathead minnows, Pimephales promelas (Weber et al., 1991),

which was associated with changes in feeding behaviour, but Munkittrick

et al. (1990) found little evidence of brain monoamine disruption following

exposure of white sucker (Catostomus commersoni) to waterborne copper

(Cu) and zinc (Zn) associated with mining wastes. De Boeck et al. (1995)

exposed juvenile common carp, Cyprinus carpio, to Cu concentrations of 14,

22, and 54 mg/l for 1 week and observed dose‐dependent falls in 5‐HT and

DA concentrations in the telencephalon, with approximately 50% of losses

occurring following exposure to the highest Cu concentrations. Less dramat-

ic decreases in these monoamines were also seen in the hypothalamus and

brainstem. No eVects of Cu on 5‐HIAA concentrations were seen.

2.2.3. Brain Pathologies

Other toxicant‐induced changes in the brain and central nervous system

can occur, as well as alterations in brain neurotransmitters and monoamines.

At a cellular level within neurons, toxicants can interfere with aerobic

metabolism, protein synthesis, intermediate metabolism, and permeability

of cell membranes. Damage to axonal transport, non‐neuronal cells, and
blood capillaries will also aVect nervous system function (Buckley, 1998).

Handy (2003) reported edema (swelling) and the formation of vacuoles in

the cell body layers of the tectum close to the hypothalamic region of

rainbow trout exposed for 6 weeks to dietary copper (1000 mg Cu/kg).

Berntssen et al. (2003) found that 5 mg/kg of MeHg (dietary) increased

by twofold the antioxidant enzyme superoxide dismutase (SOD) in the

brains of Atlantic salmon, and 10 mg/kg caused a sevenfold increase in lipid

peroxidative products and a subsequent 1.5‐fold decrease in antioxidant

enzymes. Brains of fish fed 10 mg/kg MeHg also showed pathological

damage and reduced monoamine oxidase activity; these fish also showed

reduced postfeeding activity.

2.3. Linking Alterations in Brain Function with Behavioural Changes

In general, contaminants have the ability to interfere with cholinesterase

activity, brain monoamine concentrations, and/or to cause physical damage

to brain tissue. Many compounds decrease brain ChE activity; in some cases,

this has been correlated to changes in swimming (Beauvais et al., 2000, 2001;

Brewer et al., 2001) and feeding behaviour (Weber et al., 1991; Pavlov et al.,

1992). The eVects of aquatic contaminants on brain monoamines are less

clear and in some cases conflicting. Some of the apparent conflict in results

may be explained by the fact that many substances in the central nervous
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system show endogenous rhythms (Handy, 2003), so it is possible that

diVerent sampling times are aVecting the results. Changes in brain mono-

amine concentrations are also dependent upon brain region. Although there

is evidence that monoamines play an important role in behavioural processes

and there is increasing evidence for physiological disruption of these systems

by toxicants, there appears to be a surprising lack of data relating toxicolog-

ical changes in brain monoamines to changes in behaviour. We have pre-

sented evidence for contaminants aVecting learning behaviours and also

examples of toxicants interfering with brain function. There is, however, a

large gap in our knowledge of how these studies interrelate and further

research is now essential to understand how physiological changes in brain

function aVect cognition.
3. EFFECTS OF CONTAMINANTS ON THE SENSES

Olfaction, vision, sound, mechanoreception, and electroreception all

provide fish with valuable information about their surrounding environment

and allow eVective communication between conspecifics (see also Chapter

2). Little research has been conducted into the eVects of toxicants on

communication and subsequent behavioural eVects but physiological dis-

ruption of sensory systems obviously has the potential to aVect communica-

tion pathways. The important role of communication in predator/prey

relations, social behaviour, and reproduction means that disruption of the

sensory systems has far‐reaching implications. The small number of papers

that have considered both toxicant‐induced changes in sensory systems and

subsequent behavioural eVects are summarised in Table 10.2.
3.1. Olfaction

The olfactory apparatus is particularly vulnerable to waterborne con-

taminants because it is in direct contact with the external medium and toxic

damage to this sense organ occurs easily. A method regularly used to

monitor the damaging eVects of waterborne pollutants on the olfactory

apparatus is to consider how the normal electrical response of the olfactory

epithelium (measured as an electro‐olfactogram [EOG]) in response to

odourants varies following exposure to contaminants. Many of these odour-

ants (e.g., L‐serine) are known to elicit neurological and avoidance behaviour

responses in fish (Rehnberg and Schreck, 1986). Histological examination of

the olfactory apparatus can yield evidence of toxic eVects, in particular by

considering changes in olfactory receptor number and aYnity.



Table 10.2

Studies That Have Considered Both the Physiological/Morphological Injury Caused to Sensory Systems Through Toxicant Exposure and

Subsequent Behavioural Changes

Sense Pollutant Species

Exposure

concentration

Duration of

exposure

Route of

exposure Injury Behavioural eVect Reference

Olfaction Cu Colorado

pikeminnow

66 mg/l 24 hours Waterborne Decrease in

ciliated

olfactory

receptor

cells

Decreased response

to alarm

pheromone

Beyers and

Farmer (2001)

Olfaction Cd Rainbow trout 2 mg/l 7 days Waterborne Accumulation

of Cd in

olfactory

system

Decreased response

to alarm

pheromone

Scott et al.

(2003)

Olfaction Detergent Yellow

bullheads

4–5 mg/l 24 hours to

4 weeks

Waterborne Thickening of

sensory cell

borders in

olfactory

rosette folds

Reduced chemical

detection of food

Bardach et al.

(1965)

Taste Detergent Yellow

bullheads

0.5–1.0 mg/l 24 hours to

4 weeks

Waterborne 50% of taste

buds eroded

Reduced chemical

detection of food

Bardach et al.

(1965)

4
2
5
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The electrical responses of the fish olfactory epithelia in response to

olfactory stimulants such as L‐serine or L‐alanine can be studied by immo-

bilising the fish by light anesthesia and removing the skin flaps around the

nares to allow direct dispensing of solutions onto the epithelium (Hara et al.,

1976; Baatrup et al., 1990; Winberg et al., 1992). Using this technique, it has

been demonstrated that Hg depresses the olfactory response to stimulants

(Hara et al., 1976) with inorganic HgCl2 and organic CH3HgCl (methylmer-

curic chloride) exerting very diVerent reversibility, the latter having a greater

element of irreversibility (Baatrup et al., 1990). Cu can also decrease olfac-

tory bulb responses in a dose and time dependent manner (Hara et al., 1976;

Winberg et al., 1992; Hansen et al., 1999). Organic contaminants such as the

anionic detergent sodium lauryl sulphate (Hara and Thompson, 1978) and

diazinon (Moore and Waring, 1996) have similar eVects. Interference with

the response to a variety of olfactory stimuli ranging from amino acids to sex

pheromones suggests that disruption of olfaction can have implications for

many behaviours, ranging from feeding to reproduction.

Histological methods show that the number of olfactory receptors de-

creases in Chinook salmon, Oncorhynchus tshawytscha, exposed to >50 mg/l
Cu and in rainbow trout exposed to �200 mg/l for 1 hour (Hansen et al.,

1999). Three classes of receptors were detected in the olfactory tissue of both

species: microvillar receptors with 1‐ to 2‐mm diameter apical knobs, ciliated

receptors with dendrites having 1‐ to 2‐mm diameter apical knobs, and a type

II ciliated receptor having a 3.5‐ to 5‐mm flat dendrite apex containing both

cilia and microvilli. Exposure to 25 mg/l of Cu for 4 hours reduced the

number of olfactory receptors in both species. Histological examination

showed that the loss of receptors was due to cellular necrosis. Copper‐
induced damage was only evident in ciliated type I and microvillar receptors.

Ciliated type II receptors and other cells in the epithelium were not visibly

damaged. Metals may also disrupt olfaction by decreasing the aYnity of

odourants for their receptors or by forming metal‐odour complexes. For

example, Hg can inhibit serine‐receptor binding, which has been linked to

changes in behavioural avoidance of serine by coho salmon, Oncorhynchus

kisutch, (Rehnberg and Schreck, 1986). When considering the eVects of

contaminants on the olfactory system, it should be remembered that many

of the sensory cells are replaced on a regular basis (e.g., see Zeni et al., 1995)

and so recovery from contaminant injury may be possible, especially if a

depuration period is allowed.

Not only is the olfactory sense vulnerable to damage from direct contact

with a contaminated external medium, but the olfactory apparatus can also

transport contaminants along nerve connections towards the brain. Using

autoradiography, Tjälve et al. (1986) considered the whole body distribution

of Cd during waterborne exposure of brown trout (Salmo trutta) and found
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that the tissues accumulating the highest levels of Cd were the olfactory

apparatus, the gills, and the trunk kidney. Following waterborne exposure,

Cd was present in the epithelium of the olfactory rosette, the olfactory nerve,

and the anterior part of the olfactory bulb of the brain. A similar pattern of

accumulation occurred in the olfactory systems of pike (Esox lucius) exposed

to waterborne Hg (Borg‐Neczak and Tjälve, 1996). Transport of Cd in the

olfactory nerves is believed to be as a Cd‐metallothionein (CdMT) complex

(Tallkvist et al., 2002) thatmoves at amaximal velocity of 2.38� 0.1mm/h at

10 �C by active axoplasmic transportation, being similar to the transport

of proteins and amino acids rather than simple diVusion (Gottofrey and

Tjälve, 1991).

Similar studies in rats have found that manganese (Mn) can migrate via

secondary and tertiary olfactory pathways and via further connections into

most parts of the brain and spinal cord (Tjälve et al., 1996). This is in

contrast to Cd, which cannot pass the synaptic junctions between the prima-

ry and secondary neurons. Nickel (Ni), again in contrast to Cd, is taken up

in the olfactory epithelium and can pass to secondary and tertiary olfactory

neurons (Henriksson et al., 1997; Tallkvist et al., 1998). Ni is transported

through the olfactory system at a maximal rate of 0.13 mm/h at 10 �C,
indicating that it travels by a class of slow axonal transport bound to both

particulate and soluble cytosolic constituents (Tallkvist et al., 1998). Orga-

nometals can also undergo axonal transport. Rouleau et al. (2003) demon-

strated that 113Sn‐labelled tributyltin (TBT) could reach the brain via

sensory systems and also across the blood–brain barrier, with ‘‘hot spots’’

of TBT accumulation occurring in parts of the brain receiving sensory nerves

from water‐exposed sensory organs.

Therefore, direct contact between waterborne contaminants and the

olfactory system has the potential to transport contaminants to the brain.

Although Cd and Hg are transported along the primary olfactory pathways

to the olfactory bulbs but can not go any further, Ni can pass as far as

secondary and tertiary neurons and Mn and TBT have the capacity to be

passed transneuronally to other parts of the brain.

3.2. Vision

Vision is an important sense for fish, particularly diurnal species, with

many behavioural communication displays utilising visual signals; examples

such as luminescence (Sasaki et al., 2003) and reflective communication

(Rowe and Denton, 1997) are deeply reliant upon this sense. Changes in

turbidity can occur naturally but can also be accentuated by activities such

as dredging, sewage disposal, and soil erosion through deforestation. In-

creases in turbidity can cause serious problems for visual communication
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and disrupt essential behaviours (Sweka and Hartman, 2003). Disturbances

in mate choice, sexual selection, and reproductive isolation in cichlid species

of Lake Victoria have been attributed to constraints in colour vision result-

ing from increased turbidity (Seehausen et al., 1997).

Toxicants may specifically target the visual system. Neurotrans-

mitters within the fish retina play a role in retinal signal processing. In

particular, GABA has been indicated as an important retinal neurotransmit-

ter (Douglas and Djamgoz, 1990). Although little is understood regarding

the eVects of toxicants on eye function and visual processing, there is some

evidence to suggest toxicant disruption of visual neurotransmitters. The

high nerve activity associated with the visual system may also increase

sensitivity to toxicant exposure. Thiobencarb exposure (0.22 mg/l for 96

hours) had significant inhibitory eVects on total and specific acetylcholines-

terase (AChE) activity in the eyes of yellow eel (Anguilla anguilla; Sancho

et al., 2000). AChE activity was reduced by up to 70%, and was still

depressed after 1 week of recovery in clean water. Parental exposure to

ortho, para‐DDT (o,p0‐DDT; 2 or 10 mg/l/day in the diet for 1 month)

aVected the responses of larval Atlantic croaker to a visual stimulus

(Faulk et al., 1999). Mean and maximum burst swimming speeds were

decreased in o,p0‐DDT‐exposed fish. Other chemicals may also have the

potential to interfere with optic nerve function (e.g., the tuberculostatic drug

ethambutol; Parkyn and Hawryshyn, 1999).

3.3. Octavolateral System

The auditory, vestibular, and lateral line systems make up the octavo-

lateral system of fish and are often considered together as they share a

common sensory cell type (Schellart and Wubbels, 1998; see also Chapter

4). Thus toxicants have the potential to interfere with these systems by

similar mechanisms. Acoustic communication is particularly important

for nocturnal species where visual communication is reduced, and the

lateral line is used for communication in shoaling fish where information

about the location of other fish or objects is perceived by this pressure‐
sensitive organ.

Ototoxins are chemicals that can damage the hair cells in the ear and

lateral line and have been utilised in particular by researchers to investigate

the physiological and behavioural role of the lateral line. Examples of

ototoxins include the antibiotics gentamicin sulphate and streptomycin and

the diuretic drug amiloride, all of which are known to block lateral‐line
function (Wiersinga‐Post and van Netten, 1998).

A concentration of 0.002% (�20 mg/l) of the aminoglycoside antibiotic

gentamicin sulphate was suYcient to cause damage to the sensory hair cells
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in the lateral line receptors of oscars (Astronotus ocellatus; Song et al., 1995).

However, scanning electron microscopy (SEM) revealed that only one class

of the lateral line receptors, the canal neuromasts, were aVected but there

was no evidence of damage to the superficial neuromasts. The pattern of cell

destruction seen by Song et al. (1995) is similar to that previously seen in

the fish ear. Although Song et al. (1995) did not consider behavioural eVects
of these pharmaceuticals, interference with lateral‐line function has clear

behavioural implications. Rheotaxis trials were carried out by Baker and

Montgomery (2001) on banded kokopu (Galaxias fasciatus) by looking at

the orientation of fish in a current. These experiments were conducted in the

dark using infrared light so that the fish had no visual cues. Fish were

exposed to 1 or 2 mg/l of Cd and interference with lateral‐line function

occurred after exposure to the higher concentration. A positive control using

streptomycin sulphate was also used, as this compound is known to entirely

block lateral line function. Cadmium‐induced interference with the lateral

line was reversible after 14 days in clean water.

There is obvious potential for contaminants to interfere with lateral line

and auditory function. In general, the use of ototoxic pharmaceuticals in fish

research has helped our fundamental understanding of lateral‐line function.
However, with increasing concern regarding pharmaceuticals in the environ-

ment (Hirsch et al., 1999), the occurrence of unidentified ototoxic com-

pounds in the environment should perhaps be considered. For example,

the antibiotic gentamicin, which has clear behavioural eVects in fish, has

been detected in hospital wastewater at concentrations ranging from 0.4–7.6

mg/l (LöZer and Ternes, 2003).

As well as studies investigating the eVects of toxicants on the octavolat-

eral system, there has been considerable research into the eVects of noise

pollution on fish behaviour (Knudsen et al., 1997; Wardle et al., 2001; Maes

et al., 2004). The eVects of anthropogenic acoustic disturbances on fish

behaviour are also discussed in Chapter 2.

3.4. Taste

Another sense important in determining fish behaviour is that of taste.

Disruption of taste can have severe implications for feeding behaviours.

Both ‘‘hard’’ and ‘‘soft’’ detergents caused disintegration of the central

portion of the taste buds in yellow bullheads, Ictalurus natali (Bardach

et al., 1965). Action potentials from aVected taste buds diminished after

exposure to detergents and chemical detection of food was reduced. Catfish

(Ictalurus sp.) exposed to 3 mg/l of an anionic detergent (Na‐dodecylbenzene
sulphonate) for 15 days showed histological changes in the mandibular

barbels (Zeni et al., 1995). The taste buds were detached from the surrounding
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epidermis and protruded outwards. No interruption of this degenerative

process had occurred after 3 days transfer to clean water, but after 6, 9,

and 12 days in clean water the authors noted a large number of taste buds

with a lesser degree of damage.
4. EFFECTS OF CONTAMINANTS ON PREDATOR‐PREY
RELATIONSHIPS AND PARASITE INTERACTIONS

4.1. Predator Avoidance and Foraging Behaviours

Interactions between predator and prey are complex and although pre-

dation is usually density‐dependent (Sutherland, 1997), it is very diYcult to

predict the eVects of toxicological interference on these relationships using

lab‐based studies. Many fish species are piscivorous but will also be preyed

upon by other fish species. Any contaminants entering the aquatic environ-

ment therefore have the potential to aVect more than one trophic level.

Although top predators external to the aquatic environment, such as birds

and mammals, may not be directly exposed to waterborne contaminants,

dietary exposure through eating contaminated fish may have eVects further
up the food chain.

Numerous studies have considered either the eVects of chemical pollu-

tants on the ability of fish to avoid predation (predator avoidance) or

foraging behaviour (predatory ability; Tables 10.3 and 10.4, respectively).

All of the studies given in Table 10.3 report a decreased ability to avoid

predation caused by a suite of diVerent chemicals. For example, guppies

(Poecilia reticulata) exposed to pentachlorophenol (PCP; Table 10.1) have a

reduced ability to avoid largemouth bass (Micropterus salmoides) predation

(Brown et al., 1985). Additionally, largemouth bass exposed to a lower

concentration of PCP have a reduced ability to feed on live brine shrimp

(Artemia spp.; Brown et al., 1987). Many other examples of reduced foraging

ability in response to toxicants exist (Table 10.4).

These studies in combination allow the conclusion that predator–

prey relationships can be influenced by aquatic toxicants. But the simplicity

of the studies makes it very diYcult to predict how these relationships

might be aVected and any subsequent population eVects. When both preda-

tor and prey are exposed, the situation could become far more complex,

depending on the relative sensitivity of predator and prey species and the

local and migratory movements of both. Studies that have exposed both

predator and prey simultaneously have found that the feeding behaviour of

exposed predators may still be disadvantaged when feeding on exposed prey

(Sandheinrich and Atchison, 1989). Thus, in some cases either the predator



Table 10.3

Studies That Have Considered the EVects of Chemical Contaminants on the Ability of Fish to Behaviourally Respond to a Predation Threat

Pollutant Species

Exposure

concentration

Duration of

exposure

Exposure

route

Lowest

concentration/

shortest time

eVect seen

End‐point
measured Reference

Sumithion

(Fenitrothion)

Atlantic

salmon

0.1 and 1 mg/l 24 hours Waterborne 1 mg/l Increase in

vulnerability

to predation

by brook

trout (Salvelinus

fontinalis)

Hatfield

and

Anderson

(1972)

Endosulfan Medaka 0.5, 1, 1.5 mg/l 24 hours Waterborne 1 mg/l Consumed

quicker by

bluegill

Carlson

et al.

(1988)

Fenvalerate Medaka 0.4–1.6 mg/l 24 hours Waterborne 0.9 mg/l Consumed

quicker by

bluegill

Carlson

et al.

(1988)

1‐octanol Medaka 8.9–17.8 mg/l 24 hours Waterborne 7.8 mg/l Consumed

quicker by

bluegill

Carlson

et al.

(1988)

2,4‐dinitrophenol Medaka 7.5–14.5 mg/l 24 hours Waterborne 10 mg/l Consumed

quicker by

bluegill

Carlson

et al.

(1988)

PCP Guppy 100, 500,

700 mg/l
4 weeks Waterborne 100 mg/l Reduced ability

to avoid

predation by

largemouth bass

Brown

et al.

(1985)

(continued )

4
3
1



EE2 Stickleback 100 ng/l �1 month Waterborne NA Exposed fish

were more

active under

predation risk

Bell (2004)

Bis(tributyltin)‐
oxide

Stickleback 3, 9, 27 mg/l 24 hours Waterborne 3 mg/l Decreasing

ability to

immediately

respond to

visually

stimulated

predator attack

Wibe et al.

(2001)

MeHg Mummichog 5 and 10 mg/l Fertilisation

to hatching

or 1 week

as larvae

Waterborne 10 mg/l More susceptible

to predation

by grass

shrimp or

1‐year old
mummichogs

Weis and

Weis

(1995a)

Hg Mosquito fish

(Gambusia aYnis)

0.005–0.1 mg/l 24 hours Waterborne 0.01 mg/l Increased

predation rate

by largemouth

bass

Kania and

O’Hara

(1974)

Table 10.3 (continued )

Pollutant Species

Exposure

concentration

Duration of

exposure

Exposure

route

Lowest

concentration/

shortest time

eVect seen

End‐point
measured Reference

4
3
2



Hg Golden shiner

(Notemigonus

crysoleucas)

455 and 959 ng/g 90 days Dietary 455 ng/g Exposed fish

formed less

compact

schools after

predator

disturbance

Webber and

Haines

(2003)

Cd Fathead minnow 0.013–0.5 mg/l 48 hours

to 21 days

Waterborne 0.375 mg/l

for 48 hours

Proportion of

fish eaten by

largemouth

bass increased

Sullivan

et al.

(1978)0.025 mg/l

for 21 days

Pb Mummichog 0.1–1.0 mg/l 2–4 weeks Waterborne 1.0 mg/l at

4 weeks

Increased

vulnerability to

predation by

grass shrimp

Weis and

Weis

(1998)

4
3
3



Table 10.4

Studies That Have Considered the EVects of Chemical Contaminants on the Ability of Fish Foraging or Predatory Behaviour

Pollutant Species

Exposure

concentration

Duration of

exposure

Exposure

route

Lowest

concentration/

shortest time

eVect seen

Endpoint

measured Reference

PCP Largemouth

bass

1.6–88 mg/l 8 weeks Waterborne 67 mg/l Significantly

fewer feeding

acts and lower

rate of capture

of brine shimp

(Artemia) and

Daphnia pulex

Brown et al.

(1987)

PCP Largemouth

bass

50 mg/l 14 days Waterborne NA Less eYcient at

feeding on live

Poecilid fish,

Xiphorous

maculatas

and X. helleri

Mathers

et al.

(1985)

Sea‐water‐soluble
fraction of Cook

Inlet Crude Oil

Coho salmon 230–530 mg/l
total

hydrocarbons

17 days Waterborne NA Reduced feeding

on live rainbow

trout fry

Folmar

et al.

(1981)

No. 2 fuel oil Coho salmon 800 mg/l total
hydrocarbons

17 days Waterborne NA Reduced feeding

on live rainbow

trout fry

Folmar and

Hodgins

(1982)

Aroclor 1254 Coho salmon 150 g/kg Single

injection

Intraperitoneal

injection

NA Reduced feeding

on live rainbow

trout fry

Folmar and

Hodgins

(1982)

4
3
4



MeHg Mummichog 2, 5, 10 mg/l Fertilisation

to hatching

Waterborne 10 mg/l Slower ability to

capture Artemia

salina nauplii

Weis and

Weis

(1995b)

MeHg Zebrafish 5–15 mg/l Fertilisation

to hatching

Waterborne 10 mg/l Ability to capture

Paramecium

was reduced

Samson

et al.

(2001)

Pb Mummichog 0.1, 0.3, 1 mg/l 4 weeks Waterborne 1 mg/l Ability to capture

Artemia salina

nauplii decreased

Weis and

Weis

(1998)

Cd Lake charr

(Salvelinus

namaycush)

0.5 and 5 mg/l 106–112 days Waterborne 0.5 mg/l Reduced

consumption

of fathead minnow

Kislalioglu

et al.

(1996)

Cd Bluegill 30–240 mg/l 21–22 days Waterborne 37.3 mg/l Attack rates on

Daphnia

were reduced

Bryan et al.

(1995)

Cd Brook trout 0.5 and 5 mg/l 30 days Waterborne 0.5 mg/l Decrease in

ability to

capture mayfly

(Baetis

tricaudatus)

nymphs.

Riddell

et al.

(2005).

4
3
5
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or prey may be more severely impacted by a pollutant (Hedtke and Norris,

1980). The potential also exists for toxicants to make fish less susceptible to

predation, for example, by reducing activity and therefore the chances of

being detected (although this in turn would reduce foraging ability). More

studies are clearly necessary to better understand and predict the eVects of
contaminants on the complexity of predator–prey relations.

The majority of toxicological studies consider the eVects of a single

chemical and yet this is clearly not representative of the cocktail of chemicals

present in the aquatic environment. In a suite of studies, interlinking labo-

ratory and field‐based approaches, Weis and colleagues considered the im-

pacts of combined aquatic pollutants on the susceptibility of mummichogs

to predation. These studies focused on comparisons between a clean site

(Tuckerton) and a polluted site (Piles Creek), in New Jersey, located in a salt

marsh near many industrial works. Piles Creek has elevated levels of many

pollutants in its sediments including Hg, Cu, Cd, Zn, and polyaromatic

hydrocarbons (PAHs) (Weis and Khan, 1990).

Mummichogs from Piles Creek had a reduced ability to capture prey and

to avoid being eaten compared to Tuckerton mummichogs (Smith and Weis,

1997). Mummichogs taken from the clean site at Tuckerton and exposed for

3 weeks to water, sediment, and food from Piles Creek experienced a

substantial decrease in prey capture ability. However, Piles Creek fish al-

lowed to depurate for 10 weeks in clean water did not increase their ability to

catch grass shrimp, Palamonetes pugio. Brain accumulation of Hg was high

in Piles Creek fish and did not decrease following depuration in clean water.

Tuckerton fish had lower brain Hg concentrations but when exposed to Piles

Creek conditions showed a corresponding increase in brain Hg concentra-

tion (Figure 10.1). Thus the foraging and predator avoidance behaviours of

mummichog appeared to correlate with brain Hg concentrations.

Pollutants may not only aVect the predator–prey relationships of the

exposed generation but can have transgenerational eVects. One‐month‐old
mummichog larvae bred from adults taken from a polluted site were more

susceptible to predation than larvae bred from adults from a clean site (Zhou

and Weis, 1999). When embryos and larvae (bred from adults of both clean

and polluted sites) were subsequently exposed toMeHg in the lab, both groups

of larvae had a decreased ability to avoid predation by yearling mummichogs.

However, larvae bred from adults from the clean site were more resistant to

MeHg exposure and least vulnerable to predation (Zhou and Weis, 1998).

Thus parental exposure altered not only the ability of oVspring to avoid

predation but also the eVects of subsequent toxicant exposure.
Other studies on the behaviour of oVspring from adults that have

been exposed to contaminants have yielded conflicting results. No eVect on
predator avoidance or feeding behaviour of fry was seen in lake trout,
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Salvelinus namaycush, following parental exposure to PCBs and DDT

through field exposure in Lake Michigan and contaminant‐soaked food

pellets (Savino et al., 1993). Larvae from adult Atlantic croaker fed Aroclor

1254 (0.4 mg/kg fish/day for 2 weeks) during the final stages of gonadal

recrudescence exhibited decreased startle responses, possibly making them

more susceptible to predation (McCarthy et al., 2003).

In addition to the overall complexity associated with predator/prey rela-

tions, there are inherent problems with using predator/prey behaviours as

end‐points in toxicological studies. The ability to avoid being eaten, or to

catch food to eat, consists of a series of behaviours rather than one fixed act.

For example, foraging involves locating, identifying, chasing, capturing,

handling, and consuming behaviours and toxicants can interfere with one

or many of these stages. Additionally, such parameters can be influenced by

interpopulation diVerences in behaviour (Weis et al., 2001), diVerent food
rations (Mathers et al., 1985), diVerent‐sized prey (Bryan et al., 1995),

acclimation (Weis and Khan, 1990), and genetic diVerences between popula-

tions (Zhou et al., 2001). Chemical contamination may alter prey distribu-

tions and can result in decreased food conversion eYciencies (Mathers et al.,

1985). Nevertheless, it is clear that many chemical contaminants do have the

potential to alter both predator avoidance and foraging ability both through

direct exposure and through transgenerational eVects. Any attempt to use

these behavioural changes as indicators of exposure therefore necessitates an

understanding of the physiological processes underlying these behaviours.

4.2. Linking Physiological Mechanisms with Altered

Predator–Prey Behaviours

Olfaction plays a crucial role in predator–prey interactions and several

studies have associated the physiological eVects of contaminants on the

olfactory system with changes in predator/prey behaviours. Perhaps one of
Fig. 10.1. In this experiment, the foraging ability of mummichogs from a polluted environment

(Piles Creek [PC]), a clean environment (Tuckerton [TK]), the polluted environment but given a

10‐week depuration period in clean water (PC[d]), and from the clean environment but exposed

to PC conditions for 3 weeks (TK[PC]) was considered. (A) Mean number of shrimp remaining

(� SEM) after predation experiments with Piles Creek (PC) and Tuckerton (TK) fish, TK(PC)

and PC(d). PC and TK were significantly diVerent after 5 minutes (p < 0.02) and remained so

after 30 minutes (p < 0.05); PC(d) were not significantly diVerent in their feeding behaviour

from TK (p > 0.1) or PC (p > 0.75) fish. There was a significant reduction in feeding ability in

TK(PC). (B) Levels of brain Hg (mg Hg/g brain � SEM) in each group of fish tested. PC had

significantly higher concentrations of Hg compared to TK fish (p < 0.001); PC(d) were not

significantly diVerent from PC fish, neither were TK(PC). (Adapted from Smith and Weis, 1997

with permission from Elsevier and the authors.)
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the easiest methods of linking impaired predator avoidance behaviour specif-

ically to olfactory damage is to consider the response of exposed fish to alarm

pheromone. Alarm pheromone is released from damaged skin of a prey fish

and acts as a warning signal to other conspecifics. Addition of alarm phero-

mone to tank water characteristically results in antipredator behaviours (see

Chapter 2, Section 5 and Chapter 3, Section 3.4). Olfactory ability, defined as

the behavioural response to alarm pheromone, decreased with increasing Cu

concentration in Colorado pikeminnow (Ptychocheilus lucius) (Beyers and

Farmer, 2001). By calculating the probability of response to skin homogenate

as a function of exposure concentration, it was demonstrated that exposure to

Cu concentrations of less than 66 mg/l resulted in a greater eVect on the

olfactory system following 24 hours of exposure than seen following 96 hours

of exposure. This would suggest that the fish were able to both acclimate and

recover from the toxic eVects of Cu even during continued exposure. Scan-

ning electron microscopy (SEM) of the olfactory apparatus showed that the

ciliated receptor cells seen in control fish were absent in fish immediately after

Cu exposure, providing a potential disrupting mechanism for behavioural

responses to alarm pheromone. These cells were regenerated after 96 hours of

exposure, paralleling the reduced eVect at this time.

Diazinon exposure (1.0 mg/l) aVected the olfactory‐mediated behavioural

response of chinook salmon to alarm pheromone (Scholz et al., 2000) but

swimming behaviour and visually guided food capture were not aVected at

this concentration. Waterborne Cd exposure (2 mg/l) for 7 days eliminated

normal antipredator responses to alarm pheromone in rainbow trout (Scott

et al., 2003). Exposures of shorter duration or lower concentrations had no

eVect. These Cd‐induced changes in behaviour were clearly mediated via the

olfactory system as 7‐day exposure to Cd via the diet (resulting in similar

tissue burdens of the metal as found during waterborne exposure) had no

eVect on antipredator behaviour. Scott et al. (2003) also used autoradiogra-

phy to illustrate Cd accumulation in the olfactory system during waterborne

exposure (Figure 10.2).

Another way in which contaminants may disrupt behavioural responses

to alarm pheromone was demonstrated by Leduc et al. (2003) who found that

weakly acidic conditions (pH 6.0) reduced the normal antipredator response

seen in juvenile pumpkinseed (Lepomis gibbosus) in response to chemical

alarm cues. Under weakly acidic conditions the cyprinid alarm cue (hypo-

xanthine‐3‐N‐oxide; Brown et al., 2001) is chemically altered with an asso-

ciated loss of function. Although pumpkinseed are centrarchids, it is possible

that here the alarm signal is being eliminated before detection occurs. This

should be an important consideration for additional studies on response to

alarm pheromone. Hubbard et al. (2002) demonstrated that pheromonal cues

(the pheromones 17a, 20b‐dihydroxy‐4‐pregnen‐3‐one and prostaglandin



Fig. 10.2. (A) Sagittal whole‐body autoradiogram showing 109Cd accumulation in rainbow

trout after 7‐day Cd exposure followed by a 2‐day depuration in control water. (B) Cor-

responding whole‐body tissue section for comparison of location of organs within the body. It

can be seen that cadmium accumulated in the posterior intestine, kidney, liver, gills, olfactory

rosette (OR), olfactory nerve (ON) and olfactory bulb (OB). (Adapted from Scott et al., 2003.)
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F2a) can be altered by the presence of humic acid and become unavailable for

olfactory detection by goldfish (see also Chapter 3, Section 3.4 and Chapter

9, Section 1).

If pheromonal cues warning of predator presence are detected, contami-

nants can still interfere with the ability of a fish to avoid being eaten.

Fish generally possess a pair of Mauthner cells located either side of the

brainstem. The cells are neurons with large dendrites that receive informa-

tion from the sensory systems and are intrinsically involved in the ‘‘escape’’

response (see also Chapter 3). Exposure of 21‐ to 32‐day‐old medaka,

Oryzias latipes, to carbaryl and phenol aVected transmission fromMauthner
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cell to motoneuron while exposure to chloropyrifos, carbaryl, phenol

and 2,4‐dinitrophenol had neuromuscular eVects (Carlson et al., 1998).

Physiological signs of poisoning by chlorpyrifos and carbaryl (e.g., muscle

weakness and fatigue) were consistent with elevation of acetylcholine (ACh)

in neuromuscular synapses and these chemicals may increase suscepti-

bility to predation due to reduced eYciency in the escape response. Both

behavioural and electrophysiological eVects of endosulfan were consistent

with disruption of glycine and GABA‐mediated synapses. In particular,

endosulfan‐exposed medaka were hyperactive when disturbed.

Physiological disturbances have also been related to changes in foraging

behaviour. Yellow bullheads exposed for 4 weeks to detergent showed a

decreased foraging ability (Bardach et al., 1965). Detergent‐treated bull-

heads only found food when it was in their swimming path, unlike control

fish that could actively search for food, suggesting that the chemical detec-

tion of food was reduced in exposed fish. However, detergent‐exposed fish

were hyperactive and thus increased the number of times food was encoun-

tered by chance. Histological preparations of olfactory rosettes, barbels, and

taste buds in fish demonstrated that the olfactory epithelium seemed more

resistant to detergent exposure than the taste buds. Concentrations between

4 and 5 mg/l caused a thickening of the borders of sensory cells in the folds of

the olfactory rosette. Histological damage lagged behind functional im-

pairment of chemoreception and the change in feeding behaviour happened

at concentrations lower than those where histological damage could be

detected. Disruption of brain monoamine concentrations in fish with toxi-

cant‐induced reductions in feeding ability have also been noted (Weber et al.,

1991; Smith et al., 1995), although more data is needed to support these

correlative studies.

In comparison to the large number of studies that have tested the eVect
of aquatic contaminants on predatory and foraging behaviour, it is clear that

much is still unknown regarding the physiological disruptions underlying

these behavioural changes. Future research must strive not only to address

the complexity of disruption to predator–prey systems but also to under-

stand the physiological processes underlying these complex behaviours.
4.3. Parasites

Predators must be avoided to increase the chances of survival, but fish are

also susceptible to parasites which can have adverse physiological and beha-

vioural consequences for the fish (see Chapter 4). Research into the eVects of
contaminants on the interactions between fish and parasites is lacking.

However, it is important to acknowledge that anthropogenic disturbances
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can influence the occurrence and prevalence of parasites in fish populations

(Khan and Thulin, 1991) and have the potential to interact with behavioural

changes associated with host–parasite interactions.

Synergism of parasitic infections with environmental contaminants

has been demonstrated (Pascoe and Cram, 1977; Khan et al., 1986; Khan,

1987) and is perhaps not surprising as both toxicants and parasites can

reduce immunocompetence and increase stress levels, thus rendering fish

more susceptible to further stressors. However, some parasites may be

decreased by environmental pollutants. For example, Narasimhamurti and

Kalavati (1984) found that the myxozoan gill parasite Henneguya waltair-

ensis was absent among tanks of the freshwater catfish Channa punctatus

exposed to sewage but present in tanks of control fish. High salinity, low

oxygen levels, and increased turbidity were suggested as the explaining

factors of decreased infections of this ectoparasite. The use of com-

pounds such as CuSO4, which is toxic to fish in large doses, as a prophy-

lactic treatment in fish culture against a variety of fish parasites also

shows how diVerential sensitivity to toxicants interferes with the normal

host–parasite relationship. Parasitic infections thus appear to be an impor-

tant consideration in behavioural toxicological studies and vice versa

(i.e., toxicants in studies on the eVects of parasites on the behaviour and

physiology of fish).
5. EFFECTS OF CONTAMINANTS ON SOCIAL BEHAVIOUR

AND HIERARCHIES

Social hierarchies based upon dominant–subordinate behaviours are

an expression of individual diVerences in competitive ability and are respon-

sible in part for reducing severe aggression among conspecifics and enhanc-

ing exploitation of food resources and may lead to population stability

(Gurney and Nisbet, 1979). For salmonids at least, there is a clear potential

for contaminants (especially those targeting the neuroendocrine systems) to

disrupt behaviour and interfere with the establishment and/or maintenance

of social hierarchies. If the motivation or ability of fish to socially compete is

disrupted, then dominance hierarchies may be altered or their formation

prevented. Not only does this have potential implications for population

stability, but within mixed‐species hierarchies the competitive ability of one

species may be more susceptible to toxicant exposure, leading to competitive

exclusion of that species from the habitat. Despite this potential, the eVects
of environmental contaminants on social hierarchies are currently poorly

understood, even though such investigations should give ecologically

relevant information for predictions about population eVects.
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5.1. How Social Rank May AVect Susceptibility to Pollution

Social interactions and aggression among immature juvenile salmonid

fish for feeding territories results in the formation of social hierarchies. The

‘‘social stress’’ associated with social status leads to distinct physiological

diVerences between dominant and subordinate fish, at least when held in

pairs (dyads). Subordinate fish characteristically display increased blood

plasma cortisol concentrations (Øverli et al., 1999; Sloman et al., 2001),

higher standard metabolic rates (Sloman et al., 2000), together with de-

creased growth rates, condition (Pottinger and Pickering, 1992), and resis-

tance to disease (Peters et al., 1980). Thus the position or rank of a fish

within a social hierarchy can influence its behaviour and physiology. Brain

monoamine concentrations can also vary with social rank, in particular

subordinate fish demonstrate elevated 5HIAA/5‐HT ratios (Winberg and

Nilsson, 1993; see also Chapter 5). Both Cd and Pb are known to disrupt this

relationship between physiology and social rank in dominant–subordinate

pairs of rainbow trout (Sloman et al., 2005).

In view of the clear correlation of physiological variables and social rank

in nonexposed salmonids, it has further been hypothesised that there may be

rank‐related diVerences in the sensitivity to environmental toxicants. For

example, between pairs of bluegills, Lepomis macrochirus, Sparks et al.

(1972) found that dominant fish survived exposure to Zn longer than subor-

dinate fish. This eVect of social rank could be alleviated by the addition of a

shelter suggesting a link between intensity of aggression and diVerential
response to toxicants.

As a dramatic example to demonstrate how social rank can aVect
sublethal susceptibility to toxicants, the rate of uptake of Cu in rain-

bow trout was shown to be �20‐fold higher in subordinate fish than in

dominant fish when held in pairs (Figure 10.3A). When fish were held

in social groups of 10 individuals exposed to 30 mg/l Cu for 1 week, the

liver copper concentration was inversely correlated with specific growth

rate (i.e., highest in the slower growing, more subordinate fish; Sloman

et al., 2002). A similar relationship, though less pronounced, has been found

for pairs of trout exposed to silver (Ag), with subordinates having

twofold higher Ag uptake rates compared to dominant fish (Figure 10.3B;

Sloman et al., 2003a). Enhanced uptake of a toxicant in subordinate fish

could simply reflect the greater stress (and plasma cortisol/catecholamine

concentrations) or elevated metabolic rate of subordinates (Sloman et al.,

2000) leading to greater ‘‘functional’’ exposure of the uptake surface to

the toxicant. This would be similar to faster metal uptake rates found in

smaller fish with higher mass‐specific metabolic rates (Carpenter, 1930;
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Sorensen, 1991). If this explanation were correct then it could apply to

many, if not all, contaminants that are absorbed across the gills.

However, further study has shown that the rates of uptake of both Cu

and Ag in trout are not strongly correlated with metabolic rate or whole‐
body cortisol, but instead they are tightly coupled to the branchial uptake

rates of sodium (Naþ), which are substantially elevated in subordinate fish

(Sloman et al., 2003a; Figure 10.3C). Both Cu and Ag appear to share a

common entry pathway to Naþ at the apical membrane of fish gills (i.e., a

Naþ channel; Bury and Wood, 1999; Grosell and Wood, 2002). The en-

hanced uptake of these toxic metals in subordinate fish therefore seems to be

a byproduct of a several‐fold higher Naþ uptake rate (Sloman et al., 2003a).

The reason for enhanced Naþ uptake rate in subordinates may indirectly

involve higher metabolic rate, as this would also induce a greater diVusive
loss of ions across the gills (Gonzalez and McDonald, 1992) and/or excretion

via the urine (e.g., exercise‐induced diuresis; Wood and Randall, 1973).

Indeed, increased Naþ loss across both the gills and kidney of subordinate

trout has been documented (Sloman et al., 2004). However, the mono-

polisation of food by dominant fish would also reduce the dietary intake

of sodium in subordinates, requiring greater active branchial uptake to

compensate.

Such a generalised phenomenon, of subordinates being more prone to

the uptake of toxicants, could have far‐reaching consequences for the struc-

ture of hierarchies and population stability in the wild. However, the influ-

ence of social rank on the uptake of toxicants does not appear to be this

simple once other contaminants are considered. In contrast to the studies on

Cu and Ag (Sloman et al., 2002, 2003a), Cd has been found to accumulate

more rapidly in the gills of dominant, rather than subordinate, trout when

exposed to 2 mg/l for 1 week (Sloman et al., 2003b). Whereas Cu and Ag are

believed to enter the gills in parallel with Naþ uptake, at least some Cd is

accumulated via the calcium uptake pathway through chloride cells of

freshwater fish (Verbost et al., 1989; Wickland Glynn et al., 1994). Branchial

uptake of calcium seems to correlate well with the need for growth, which is
Fig. 10.3. The mean uptake rates (� SEM) for copper (A), silver (B), and sodium (C) by

dominant and subordinate rainbow trout. Size‐matched fish (means ranging from 1.64 �
0.09 g to 3.69 � 0.5 g) were held in pairs (N ¼ 8 pairs per treatment) for 48 hours under control

conditions to establish dominance hierarchies. After a further 48‐hour exposure to either 20 mg/l
copper or 0.2 mg/l silver, the uptake rates of each metal were measured simultaneously with the

uptake rate of sodium by the addition of either 64Cu and 22Na, or 110mAg and 24Na. *Significant

diVerence from the uptake rate in the dominant fish (p < 0.05). (Adapted from Sloman et al.,

2002, with permission fromAlliance Communications Group and from Sloman et al., 2003, with

permission from Elsevier.)



446 KATHERINE A. SLOMAN AND ROD W. WILSON
higher in dominant fish (associated with higher food intake) and hence they

accumulate more Cd.

The relationship between social rank and the sensitivity to toxicants can

therefore be opposite for diVerent toxicants. Routes of exposure can also

influence the sensitivity of diVerent social ranks. If a toxicant is present in the

diet, then a dominant fish that eats a greater proportion of the diet is likely

to accumulate toxicants faster. However, these examples demonstrate an

important principle that has so far been ignored in toxicology: the potential

for toxicants to selectively target either end of the social hierarchy spectrum.

The eVects this might have on the structure of hierarchies and population

stability in the wild are unknown and present an exciting line of future

research.

5.2. Social Behaviours

Not only does the sensitivity to toxicants have the potential to vary with

position in the social hierarchy, but toxicants also have the ability to inter-

fere with the behavioural processes involved in social behaviour, specifically

the formation and stability of social hierarchies. Several studies have used

paired contests, where one fish will become dominant and the other subordi-

nate (largely as a result of greater success of the former in aggression contests)

to test the potential for contaminants to interfere with social behaviour.

Sloman et al. (2003b,c) showed that even acute (24‐hour) exposure to 2–3

mg/l of the neurotoxic metal Cd can significantly reduce aggression between

pairs of exposed fish, and speed up the formation of social hierarchies among

groups of exposed fish. Furthermore, 24–72 hours of exposure to this level of

Cd rendered fish much more likely to become subordinate when paired with

nonexposed fish, with clear implications for the competitive ability of trout

following acute exposure to Cd in the wild. The mechanism behind these

acute eVects of Cd on social behaviour is thought to involve its ability to

accumulate in, and disrupt the function of, the olfactory system (Scott et al.,

2003), and possibly the inability to detect conspecific odours that enhance

aggression (Sloman et al., 2003b). However, although the olfactory neurons

are capable of regeneration and normal social behaviours can recover from

acute Cd exposure (e.g., after 5 days of depuration in clean water), the extent

of its interference with the maintenance of social hierarchy during chronic

exposures remains to be determined.

Sloman et al. (2003c) also compared the eVects of acute (24‐hour) expo-
sure to Cd with that of four other toxic metals (Cu, Ni, Zn, and Pb) on the

ability of rainbow trout to form social relationships. Although Pb had a

tendency to increase successful aggressive attacks in pairs (though not

significant), it is notable that only the example given above (i.e., Cd) was
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found to signi ficantly alter social behaviou r in these pairs . Thi s could relat e

to the fact that of these five meta ls only Cd (and Pb) are known neurotoxi c

agents ( Sorensen, 1991 ), a nd hence fits with the init ial hypo thesis stated

abo ve that co ntaminan ts known to target the neu roendocri ne syst ems ha ve

great poten tial to disrupt the establis hment of social hierarch ies. Ho wever,

again the maint enance or stabili ty of social hierarch ies during chronic expo-

sure to any of these meta ls remains unknown . Dietary contam inants also

have the poten tial to aV ect hierar chy form ation. Dyads of rainbow trout fed

a copper ‐ con taminate d diet (730 mg Cu/kg dry wei ght of feed) formed

dominan t–subor dinate relat ions fast er with less aggres sion than seen in

inter actions betwe en c ontrol fish ( Campb ell et al ., 2005 ).

5.3. Energeti cs and Soc ial Behav iour

Other chemi cals not c onsider ed as ne urotoxi ns have been associ ated with

chan ges in social behaviour. Joh nsson et al . (2003) found that expo sure to

pap er mill e Z uent reduced territor ial aggres sion in rainbow trout fry, an d
Henry and Atc hison (1986) foun d that amon g groups of bluegi lls the beha-

viour of the most subord inate a nd the most dominant fish were mo st aV ected
by exposure to Cu. Subord inate fish ha d higher cough, yawn, a nd fin ‐flick
frequenci es during the treatment and the dominan t fis h had the next highest

frequenci es. The aggres sion level s of the dom inant fish also decreas ed a fter

Cu exposure. It may be that these e V ects on aggression an d social be haviour
can be explained by energet ic constr aints caused by the toxic ants, rather

than specific targeting of the nervou s syst em per se.

Some evidence for this explanat ion is provided by studies on the chronic

expo sure of fis h to diV erent toxic meta ls. Several studi es have demonst rated

that toxic meta ls that incur a metab olic cost (e.g., reduced aerobic capacit y

or elevat ed basal/ routine metabo lism) can cause chan ges in spontaneou s

acti vity in fish , possibly influencing social interac tions as a result. For

exampl e, both waterborne alumi nium (C leveland et al ., 1986; W ilson et al.,

1994; Smit h an d Haine s, 1995; Al; Allin and Wilso n, 1999, 2000 ) an d dieta ry

Cu (Han dy et al ., 1999 ; Campb ell et al ., 2002) have been foun d to reduce

metabolically expensive burst (anaerobic) activity and increase the time

spent either stationary or at slower swimming speeds when fish are held in

social groups (Figure 10.4; Allin and Wilson, 1999, 2000; Campbell et al.,

2002). In the case of Al, this reduced spontaneous activity has been attrib-

uted to its respiratory toxicity, specifically the changes in gill morphometrics

and impaired respiratory function (Wilson et al., 1994; Allin and Wilson,

1999, 2000). It is also known that during sublethal exposure to Al, the

reduction in spontaneous burst activity within the whole social group is

largely associated with a reduced rate of aggressive attacks initiated by the



Fig. 10.4. Mean values (� SEM) for diVerent swimming behaviours measured in groups of

rainbow trout (15 fish per tank and three replicate tanks per treatment) exposed to one of three

treatments. Prior to Day 0 all fish were maintained in circumneutral, artificial soft water (pH

6.4). Open diamonds joined by dotted line represent control fish maintained in circumneutral

water (pH 6.4) without any added Al. Open triangles joined by a dashed line represent fish

exposed to sub‐lethal low pH (5.2) in the absence of Al. Filled triangles joined by a solid line

represent fish exposed to sublethal low pH (5.2) in the presence of 30 mg/l of Al. The chronic

sublethal exposure to Al caused a sustained reduction in metabolically expensive bursts (sudden

movements of at least two body lengths per second, most likely to be anaerobic muscle use) and

the time spent cruising at aerobic speeds (slow swimming). *Significant diVerence (p < 0.05)

from the neutral control group. {Significant diVerence (p < 0.05) from the acid only group.

(Adapted from Allin and Wilson, 1999, with permission from NRC.)
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most dominant fish in each tank (Figure 10.5; Owen and Wilson, unpub-

lished data). In other words, the most dominant fish causes the majority

of the burst activity within the group (e.g., causing at least one, and often

two, subordinate fish to use burst activity to escape an attack), so when

aggressive challenges are reduced in the dominant fish due to the toxicant,

this expensive activity declines accordingly within the whole social group.

Interestingly, exposure to hypoxia (with the obvious metabolic

constraint this imposes) has a similar eVect to the above respiratory toxi-

cants, such as to reduce both aggressive behaviour and spontaneous activity

(Kramer, 1987; Sneddon and Yerbury, 2004). Although social behaviours

have not often been the primary focus of toxicology studies, in hindsight

there are many other toxicants that are known to alter spontaneous activity

(carbaryl and cadmium: Beauvais et al., 2001; malathion and diazinon:

Brewer et al., 2001; and also reviewed by Beitinger, 1990 and Little and

Finger, 1990) that could well exert this eVect through changes in social

interactions in groups of fish.

Campbell et al. (2002) also suggested that the eVects of excess dietary Cu

on spontaneous activity could be explained by the suppression of normal

social behaviour, and found that this was further expressed in changes (or

loss) in the circadian periodicity of activity. There is clear potential for

toxicants that interfere with endocrine systems involved with such beha-

vioural rhythms (e.g., melatonin, see Chapter 6) to cause similar disruption

to social behaviour. However, to the authors’ knowledge there is little data

published on toxicants known to specifically target such endocrine/beha-

viour systems (but see Handy, 2003). Indeed there is scant information

available on the relationship between social interactions and circadian

rhythms even in the absence of toxicants (e.g., Chen et al., 2002).

5.4. Energetics and Migratory Behaviour

The potential of contaminants to upset metabolic processes has implica-

tions not only for social behaviour but also other energetically demanding

processes such as migration. The homing ability of fish to return their natal

streams is disrupted by contaminants that interfere with olfaction (Scholz

et al., 2000) but the potential for the migration and dispersal of fish to be

aVected by contaminants that alter metabolism and energy allocation has

yet to be considered. Brett (1958) classified environmental stressors in

terms of their eVect on aerobic metabolism as limiting (reducing maximum

oxygen uptake) and/or loading (increasing the metabolic cost of routine

maintenance; i.e., higher oxygen uptake at rest or at diVerent swimming

speeds). Both limiting and loading stressors can obviously impact upon

swimming performance by either reducing the oxygen delivery to muscles



Fig. 10.5. Mean values (� SEM) for (A) burst swimming activity (sudden movements of at least

two body lengths per second, most likely to be anaerobic muscle use) within the whole social

group, and (B) aggressive challenges initiated by the most dominant fish in the social group.

Data are for brown trout both prior to exposure, and after 1 day exposure to either sublethal

low pH in the absence of Al (open bars) or in the presence of sublethal Al at 13 mg/l (solid bars).

Low pH alone had no eVect, but exposure to Al dramatically reduces both the burst activity

within the whole social group, and the aggressive challenges initiated by the most dominant

fish. *Significant diVerence (p < 0.05) from the relevant preexposure data. {Significant diVerence

(p < 0.05) from the acid only group at the same time point. (Owen and Wilson, unpublished

data.)
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at the maximum speed (limiting stressors) or diverting oxygen away from

working muscles at all speeds (loading stressors). There are a number of

examples of toxicants that have been shown to have either or both these

eVects on swimming performance in fish (e.g., Al: Wilson et al., 1994; Ni:

Pane et al., 2004; Cu: Waiwood and Beamish, 1978; Beaumont et al., 1995)

and therefore have the potential to influence migration and dispersion.

Although there are many studies that have used radiotelemetry to study

the migration of smolting salmonids (e.g., Dieperink et al., 2002; see also

Chapter 7), we are not aware of any that have examined the potential for

toxicants to influence this particularly energetic behaviour.

In some species, migration to spawning grounds involves movement

from hyposaline (i.e., freshwater) to hypersaline waters (e.g., estuaries or

marine environments). In these cases, migration will also be vulnerable to

toxicants that can interfere with ion and osmotic regulation. There

are numerous toxicants known to impair ion regulation in freshwater fish

(e.g., metals such as Al, Cu, Zn, Cd, Ag; see reviews by Wood, 1992; Wood

et al., 1999) and exposure of salmon and tilapia to organic chemicals such as

4‐nonylphenol, atrazine, and estradiol in freshwater has been shown to

impair the hypo‐osmoregulatory ability of these fish when artificially trans-

ferred to seawater (Moore et al., 2003; Madsen et al., 2004; Waring and

Moore, 2004; Vijayan et al., 2001). However, once again very little is known

about the influence of exposure to such toxicants on migratory behaviour, as

opposed to just the osmoregulatory potential of euryhaline migratory fish.

One exception is the study of Madsen et al. (2004) in which smolting Atlantic

salmon were exposed to either 17‐b estradiol or 4‐nonylphenol by repeated

injection with 2 mg/g or 120 mg/g, respectively, over a 20‐day period in

freshwater, before being released into a river. Compared to an appropriate

control group, both the exposure groups suVered a significant delay and

reduced success (presumably due to greater predation by herons) during a

subsequent 3.2‐km downstream migration to a trap site. Thus, a toxicant can

have negative impacts on both the physiological capacity and the appropri-

ate behaviour required for successful migrations between freshwater and

seawater.

There is clearly a need to investigate the potential for other tox-

icants that target the neuro‐ and endocrine systems, as well as less specific

toxicants that can influence energetics and activity, to interfere with

social behaviour and initiation of social hierarchies. Furthermore, there is

currently very little information available concerning the eVects of

chronic exposures on the maintenance of already established hierarchies,

and hence the potential for interference with the long term stability of

populations.
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5.5. Schooling Behaviour

As dominance hierarchies make up the majority of research into the

social behaviour of fish, there is a tendency to overlook other social beha-

viours when considering the eVects of toxicants. Less is known about the

eVects of contaminants on schooling, a social behaviour vital to the survival

of many fish species. Koltes (1985) recorded schools of Atlantic silverside

(Menidia menidia) on video and compared activity before and after exposure

to concentrations of Cu ranging from 0–100 mg/l. Exposure to Cu increased

swimming speed, decreased the rate of change of direction, and also de-

creased the distances between nearest neighbour within the schools. In

addition, schools swam more in parallel orientation following contamina-

tion. The physiological mechanisms involved in the disruption of these

behaviours warrant further research. In particular, the increasing concern

regarding the release of pharmaceuticals into the environment, many of

which are ototoxic, may raise some interesting questions for behaviours that

are particularly dependent upon orientation and lateral‐line function.
6. EFFECTS OF CONTAMINANTS ON REPRODUCTION

Many fish species show morphological sexual characteristics that can

be used in sexual displays to attract mates and may produce sexual pher-

omones to both attract and prime potential partners (Liley and Stacey, 1983;

Chapter 9). The prominent fat pads on the heads of male fathead minnows

and associated face tubercles are one such example of female attractants

(Harries et al., 2000) The ability to build and defend nests is a compulsory

component of sexual reproduction for some species such as the stickleback,

Gasterosteus aculeatus, requiring the physiological ability to produce the

nest glue spiggin (Katsiadaki et al., 2002). Successful reproduction will also

depend on spawning and courtship behaviours and, for migratory species

such as Atlantic salmon, the ability to return to natal streams (as discussed in

Chapter 7). The sexual plasticity of some fish species resulting in alternative

reproductive tactics and sex change of some individuals within a breeding

group (Hourigan et al., 1991; Chapter 8) is yet another factor involved in

successful reproduction.

Arguably some of the most important questions concerning the toxicity

of a compound focus around reproductive capacity. Do toxicological prop-

erties of aquatic contaminants impair the ability of fish to reproduce and

produce viable oVspring that can also successfully reproduce? Repeatable

tests for the presence of contaminants have been designed around the

breeding characteristics of certain fish species (e.g., Harries et al., 2000).
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Many studies have illustrated the potential of aquatic toxicants to alter

either physiological or behavioural endpoints (see also reviews by Jones

and Reynolds, 1997; Scott and Sloman, 2004). Table 10.5 presents a suite

of toxicants that in particular cause decreases in courtship behaviours,

spawning success, and gonadosomatic indices. For example, vinclozolin, p,

p0‐dichlorodiphenyldichloroethane (p,p0‐DDE), and flutamide disrupt the

courtship behaviour of guppies and interfere with male reproductive physi-

ology (Bayley et al., 2002). Toxicant‐induced changes in parental care have

also been extensively reviewed by Jones and Reynolds (1997).

Transgenerational studies have considered not only survival of oVspring
from exposed parents but also the reproductive success of the next genera-

tion. OVspring of MeHg‐exposed mummichogs displayed reduced reproduc-

tive ability and altered sex ratios (Matta et al., 2001). Exposure of adults to

moderate concentrations of MeHg (equivalent to 0.44–1.0 mg/g measured in

adult carcasses) produced a skew towards more male oVspring and more

females at higher concentrations (equivalent to <1.0 mg/g measured in adult

carcasses). Although exposure of fathead minnows to MeHg did aVect
spawning success, Hammerschmidt et al. (2002) found no relationship be-

tween concentrations of Hg and developmental and hatching success of

embryos of 7‐day survival and growth of larvae. In contrast, eggs laid by

fathead minnows exposed to 0.5 mg/l Pb for 4 weeks were less viable than

those laid by control fish (Weber, 1993). Eggs of Japanese medaka exposed

to 25 and 30 mg/l of octylphenol from 1 day to 6 months posthatch showed

various developmental defects including circulatory problems, incomplete

eye development, and failure to inflate swim bladders on hatching (Gray

et al., 1999). Transgenerational eVects on physiological reproductive para-

meters have thus been demonstrated, but there is a now a need to consider

transgenerational eVects on reproductive behaviours in more detail, as has

been conducted for predator–prey interactions.

6.1. Potential Physiological Causes of Altered Reproductive Behaviour

Many of the toxicological disruptions to physiological mechanisms

discussed already have the potential to interfere with reproductive beha-

viour. Sensory systems are important for detecting the attractive nature of

partners and environmental cues used to synchronise mating behaviours.

Olfaction is vital not only for return migrations to natal streams but also

to ensure detection of priming hormones. As covered in Section 3.1,

many aquatic contaminants interfere with the electrical responses of the

olfactory epithelia in response to stimulants. Female Atlantic salmon urine

and prostaglandin F2a (PGF2a) act as olfactory cues, both exerting a

‘‘priming’’ influence on males resulting in elevations of sex steroids



Table 10.5

Studies That Have Considered the EVects of Chemical Contaminants on the Physiology and Behaviour of Fish Reproduction

Pollutant Species

Exposure

concentration

Duration

of exposure

Exposure

route

Lowest

concentration/

shortest time

eVect seen

Endpoint

measured Reference

Vinclozolin Guppy 0.1,

10 mg/mg

Birth to

adulthood

Dietary 0.1 mg/mg Reduction in orange

colouration, inhibited

gonopodium development,

reduced sperm count and

suppressed courtship behaviour

Bayley

et al.

(2002)

p,p0‐DDE Guppy 0.01,

0.1 mg/mg

Birth to

adulthood

Dietary 0.01 mg/mg Reduction in orange colouration,

inhibited gonopodium

development, reduced sperm

count and suppressed

courtship behaviour

Bayley

et al.

(2002)

Flutamide Guppy 0.01,

1.0 mg/mg

Birth to

adulthood

Dietary 0.01 mg/mg Reduction in orange colouration,

inhibited gonopodium

development, reduced sperm

count and suppressed

courtship behaviour

Bayley

et al.

(2002)

4‐tert‐
octylphenol

Guppy 150 mg/l 4 weeks Waterborne NA Decrease in rate and intensity

of sexual displays

Bayley

et al.

(1999)

Octylphenol Japanese

medaka

10, 25,

50,

100 mg/l

1 day

posthatch

to 6 months

posthatch

Waterborne 10 mg/l Reduction in courtship

behaviour and overall

reproductive success

Gray

et al.

(1999)

4
5
4



Vinclozolin Guppy 1,

10,

100 mg/mg

30 days Dietary 1 mg/mg Disruption in courtship

behaviour, reduction in

ejaculated sperm and

reduction in orange‐yellow
colouration

Baatrup

and

Junge

(2001)

p,p0‐DDE Guppy 0.1,

1,

10 mg/mg

30 days Dietary 0.1 mg/mg Disruption in courtship behaviour,

reduction in ejaculated sperm,

and reduction in orange‐yellow
colouration

Baatrup

and

Junge

(2001)

Flutamide Guppy 1,

10,

100 mg/mg

30 days Dietary 1 mg/mg Disruption in courtship behaviour,

reduction in ejaculated sperm

and reduction in orange‐yellow
colouration

Baatrup

and

Junge

(2001)

Phenol Guppy 10 mg/l Up to 30 days Waterborne NA Reduction in courtship behaviour Colgan

et al.

(1982)

Lindane Guppy 1 mg/l 1 week Waterborne NA Decrease in courtship activities Schröder

and

Peters

(1988)

Pb Fathead

minnow

0.5 mg/l 4 weeks Waterborne NA Suppressed spermatocyte

production, retarded ovarian

development, decreased

number of eggs oviposited

and reduced nest preparation

and maintenance

Weber

(1993)

4
5
5
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(17,20b‐dihydroxy‐4‐pregnen‐3‐one, testosterone and 11‐ketotestosterone)
and expressible milt (Chapter 9). Exposure of male salmon to carbofuran,

atrazine, cypermethrin, or diazinon decreases the olfactory response to

PGF2a (Moore and Waring, 1996, 1998, 2001; Waring and Moore, 1997)

and the physiological priming eVects of female pheromones. To see whether

there were direct eVects of these compounds on the testes or whether the

reduction in priming eVects was mediated by olfactory disruption, testes

were removed from control and exposed fish and incubated in vitro in the

presence of salmon pituitary extract. In control animals, this resulted in the

release of sex steroids. Cypermethrin and carbofuran did not influence

in vitro steroid production and therefore are likely to reduce priming of male

salmon solely via olfactory disruption. However, exposure to atrazine had a

direct eVect on the testes, as well as on olfactory function, altering both

17,20b‐dihydroxy‐4‐pregnen‐3‐one and androgen secretion in vitro.

Reproductive behaviour is also influenced by brain neurotransmitters

and, as discussed previously, many aquatic contaminants are neurotoxic.

With particular reference to reproductive physiology, Khan and Thomas

(2000) considered the eVects of Aroclor 1254 and Pb on the 5‐HT pathway.

In goldfish and Atlantic croaker, 5‐HT stimulates maturational gonadotro-

pin secretion (GTH II), possibly through its actions on the gonadotropin

releasing hormone (GnRH) system in the preoptic‐anterior hypothalamic

area and pituitary gland (Khan and Thomas, 1992). The rate‐limiting en-

zyme in 5‐HT synthesis, tryptophan hydroxylase, and the catabolic enzyme

monoamine oxidase were measured in the hypothalamus of Atlantic croaker

following dietary exposure to these compounds. Aroclor 1254 significantly

inhibited tryptophan hydroxylase resulting in a decline in 5‐HT, but mono-

amine oxidase activity was not aVected. Only slight decreases in tryptophan

hydroxylase activity were associated with Pb exposure and were accompa-

nied by minor increases in monoamine oxidase activity. Khan and Thomas

(2000) also found a significant inhibition of the GTH II response when Pb

and Aroclor 1254 exposed fish were intraperitoneally administered with a

luteinising hormone‐releasing hormone analog (LHRHa; 5 ng/g body

weight). The authors deduced that reduced 5‐HT synthesis may result in a

disruption of the 5‐HT‐GnRH pathway that controls GTH II secretion and

gonadal growth.

Interference with endogenous reproductive hormonal pathways is a ma-

jor way in which aquatic toxicants could interfere with reproductive beha-

viours, whether via neurotransmitters or acting directly upon hormone

synthesis or receptor function. The current concern over the abundance of

endocrine disrupting chemicals (EDCs) that can mimic endogenous hor-

mones or interfere with their production has focused primarily on reproduc-

tive hormones. Certainly, synthetic estrogens such as ethinyl estradiol (EE2)
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can alter gonad development (Jobling et al., 1998), vitellogenin synthesis

(Harries et al., 1997), and secondary sexual characteristics in male fish

(Harries et al., 2000), the latter perhaps being more relevant to behavioural

changes. The lability of the sexual diVerentiation process in the early life

stages of some fish species (e.g., zebrafish) can also make them susceptible

to EDCs (Fenske and Segner, 2004). The hormonal control of the develop-

ment of secondary sexual characteristics and reproductive behaviour is

also vulnerable to disruption from these types of chemicals, but surprisingly

few studies have considered disruption of hormone levels and/or brain

neurotransmitters in conjunction with changes in reproductive behaviour.

Bell (2001) correlated plasma sex hormone concentrations and beha-

viours in male sticklebacks and found a disruption in male reproductive

behaviour following exposure to EE2. However, the results from this study

were insuYcient to relate changes in behaviour associated with EE2 exposure

to hormonal changes. Given the important implications of fish reproductive

behaviours in ensuring the next generation and ultimate survival of the

population (Jones and Reynolds, 1997), there is an obvious gap in our

understanding of how the behavioural changes are influenced by physiology.

Although there are many potential ways in which altered physiology may

aVect reproductive behaviour, little work conducted to date has aimed to

link these two areas.
7. CONCLUSION

The interdependence of behaviour and physiology throughout the entire

lifecycle of an individual fish presents many ways in which anthropogenic

eVects upon its environment can wield detrimental eVects. It is clear from

reviewing the literature that there are many areas that remain unresearched.

What eVects do contaminants have on host–parasite interactions? What do

individual diVerences in physiology induced by social status mean for popu-

lation stability and ultimately survival? What impact do contaminants have

on an ecosystem if predator and prey are aVected either similarly or diVer-
entially? How do contaminant‐induced changes in endocrine systems and

energy expenditure aVect important behaviours such as circadian rhythms

and migration? How are changes in reproductive behaviours related to

changes in physiology? The preceding nine chapters illustrate the strong link

between behaviour and physiology in fish and the challenge now is to apply

this knowledge eVectively to ecotoxicological studies. There is a need to

continue research that furthers our understanding of how behaviour and

physiology interact during toxicant exposure and to measure both in con-

junction rather than separately to provide a more holistic understanding and
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better predictive capabilities. It is also imperative that we start to develop

toxicity and chronic eVect tests that take into account the natural environ-

ment of the fish as much as possible, incorporating the existence of social

hierarchies, parasites, and an understanding that the whole ecosystem will

likely be aVected, not just one species at a time.
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