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ABSTRACT 

The primary aim of this study was to examine feeding behaviour of rainbow 

trout (Oncorhynchus mykiss), under a scheduled time and place delivery of 

food, using an integrated approach encompassing fish distribution, feeding 

anticipatory activity (FAA), and sociality as influenced by the light-dark (LD) 

cycle and food availability. 

Using a freshwater recirculated system in a temperature- and light-controlled 

insulated room, the rainbow trout were maintained in Rathbun tanks and small 

raceways under three methods of food delivery (hand-feeding with or without a 

tube, and tube feeding by means of belt- or demand-feeders) with various 

stocking densities (n = 8, 20, or 30). 

The study was conducted over four long-term (634 days) descriptive 

experiments with the aid of visual observations and video recordings on VCR 

and PC systems. The feeding behaviour, distribution and social interactions 

among the fish in the rearing systems (tanks or raceways), and the ability of the 

fish to appear at the correct time and place of food delivery (time/place 

learning) were tested. The results showed that time/place learning is not 

expressed by all individuals but may be expressed by specific individuals in the 

group regardless of tank design, feeding method, and/or stocking density used in 

the experiments. To ascertain and identify which fish were able to demonstrate 

time/place learning, the fish were tagged individually (n = 8). A dominance 
\ 
hierarchy was observed where the dominant fish controlled the behaviour of the 

group but unlike the other fish, dominants appeared to show time/place learning. 

In addition, a correlation between feeding and dominance hierarchies was found 

whereby the dominant fish consumed a disproportionately larger amount of food 

than the other fish. 

Fish spatial distribution, swimming speed, trigger actuations, and agonistic 

behaviour were behavioural measures selected as possible indicators of FAA. 

The study used two, rather than one, meals per day and the appearance of FAA 
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was more likely to be detected using swimming speed and/or the level of 

agonistic behaviour than the other parameters when testing FAA. 

The fish are diurnal with most of their feeding confined to the photophase. 

Feeding activity is strongly anchored to the LD cycle. Periodic food availability 

appeared to be a weaker zeitgeber than LD. In most cases, the fish are present 

for the morning meal prior to delivery and appeared to show a preference for 

this location compared to the afternoon feeding location. The fish feeding 

activity damped rapidly under food deprivation. 
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1. Introduction 

Animals adapt themselves to the environments in which they live. These adaptations 

include many different forms of behaviour such as: feeding, spawning, migration, 

territoriality, finding a suitable place to live, finding a mate and so on. One of the 

most conspicuous properties of animals is behaviour (Noakes and Baylis, 1990). 

Feeding fish is a major cost and one of the most important husbandry practices in 

aquaculture. The importance of optimising all aspects of the feeding is appreciated in 

salmonid culture where 50- 60% of the total operating cost component may be 

attributed to feeding (Sveier and Lied, 1998). In fact, the efficiency with which the 

fish utilise the food supply will greatly determine the economy of a farm fish 

(Alanlira, 1992a). Efficient feed use therefore, is of great importance (Knights, 1985; 

Goddard, 1996). 

Aquaculture is a rapidly growing worldwide industry. As in the future, fish supplies 

from traditional fisheries are unlikely to increase substantially, therefore, aquaculture 

production should rise to help satisfy the growing world demand for fisheries 

products (FAO, 1997). One of the most widely cultured species in the world 

including Australia is rainbow trout. According to the Australian Bureau of 

Agricultural and Resource Economics (ABARE, 2003), Australia (mainly Victoria 

and Tasmania) produced 1864 tonnes of rainbow trout in 2001-02 valued at around 

$13 million. The fish are produced on a large scale mainly for human consumption, 

and also to some extent for recreational purposes, including stock enhancement of 

public and private waters, and on farm 'fish-out' operations (Gooley, 1998). An 

understanding of the feeding behaviour of rainbow trout, one of the most studied 

aquaculture species of fish, can contribute significantly to the management of 

effective feeding regimes (Goddard, 1996). 

2. Feeding behaviour 

There is a need to increase the knowledge of fish feeding behaviour due to its 

important role in culture conditions. In addition, from the scientific and practical 
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points of view, the study of feeding behaviour is of a great interest (Cuenca and De la 

Higuera, 1994). A better knowledge of fish feeding behavior leads to the ability to 

optimise feed delivery and utilisation (Brannas and Alanara, 1992). Even highly 

palatable feeds which fulfill all the nutritional requirements of the fish would be of 

little use to support fish culture without a good knowledge of fish feeding behaviour. 

Therefore, it is desirable to have a sound knowledge of feeding behaviour for 

aquacultural purposes in determining optimal feeding regimes. As the primary 

objective for rainbow trout farmers is to produce a high quality product at minimal 

cost, it is necessary that the fish are fed in an efficient way in order to maximise feed 

utilisation (Sveier and Lied, 1998). fu this study, feeding behaviour of rainbow trout 

is investigated experimentally using two different rearing units and three methods of 

food delivery. The term feeding behaviour as used in this study encompasses activity 

patterns such as movement, relative positioning to feeder or to water current, trigger 

actuation, and social interaction among the fish. 

2.1. Tank design 

Tank design can influence fish behaviour, water flow characteristics and quality, and 

biological performance (Anras et al., 2001; Rasmussen and McLean, 2004). Even 

though rainbow trout have been cultured using ponds, tanks, raceways and recently 

cages, in this study feeding behaviour of the rainbow trout is addressed under tank 

and raceway culture. According to their shapes, rearing tank designs can be classified 

into circular and rectangular (raceway). Circular tanks with relatively high-velocity 

water flow provide uniform water quality (Ross and Watten, 1998), while raceways 

usually with low-velocity water flow generate a distinct water quality gradient from 

inlet to outlet (Westers, 1992). Furthermore, rate of aggression among fish in circular 

(mixed-flow) tanks with a uniform fish distribution tends to be higher than in 

raceways (plug-flow) (Ross et al., 1995), where the distribution of fish is uneven 

(Cripps and Poxton, 1992). fu any tank design however, attention is paid to water 

flow management, because current may affect feed distribution, fish swimming 

orientation and activity, schooling behaviour and agonistic responses (Jobling et al., 

1993). In the case of rainbow trout, tank design is one of the most important 
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determining factors in fish distribution and orientation, total aggression and other 

physical and biological variables (Ross et al., 1995). 

2.2. Feeding methods 

4 

Two major methods of feed administration have been developed for fish feeding in 

aquaculture: hand and mechanised feeding. The traditional and probably easiest way 

is to feed the fish by hand. In hand-feeding techniques, the farmer has direct contact 

with the fish daily, making visual observation of feeding activity possible (Alanara et 

al., 2001 ). In this method, the provision of feed at times of the day is determined by 

the farmer (Jobling, 1998). The hand-feeding method is suitable for monitoring small 

numbers of fish however, due to the high labour costs, it has not been considered on 

a large-scale commercial production (Alanara et al., 2001), except as a 

supplementary technique to automatic feeding. 

The mechanised feeding systems include automatic and demand feeders. In this 

study however, only one type of the automatic feeders is addressed, i.e. belt-feeders. 

The belt-feeders are incorporated with clockwork driven moving belts (Goddard, 

1996). Food are spread along the belts and when the belts moves slowly forward, the 

small quantity of food falls from the edge of the belts into the water. These feeders 

reduce labour costs and may produce a lower disturbance to the fish, compared to the 

hand-feeding method in which the fish are attracted to the person delivering the feed 

(Tipping, 2001). Nevertheless, in both methods of feed delivery (hand-feeding and 

belt-feeder), a set feed ration is administered to the fish. 

An alternate feeding technique is demand-feeding in which the demand of the fish 

regulates the supply of feed (Alanara et al., 2001). In this method, the fish adjust 

feeding regimes either directly (self-feeders), or indirectly (interactive feedback 

systems) (Jobling, 1998). In a self-feeder system, the fish regulate the delivery of 

feed by activating a trigger, usually placed below the water surface (Alanara, 1996). 

Thus, the fish must be able to learn how to operate the system in order to obtain food. 

In rearing tanks and in groups of 100-300 individuals, trout require 25 days to learn 

how to operate the sensor on a demand feeding system (Alanara, 1996). 
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Feeding fish by any method can be limited to specific, rather than ad hoe, times 

every day. In this case, food is presented on a daily feeding cycle. Fish provided with 

a regular feeding (scheduled daily meal) may learn (e.g. after 3-4 weeks) the timing 

of food delivery and appear in the location of food delivery before feed is made 

available. A phenomenon in which the fish learn to appear at the correct time and 

place of food delivery is known as time/place learning. Despite the existence of a 

large body of knowledge of the ecology, physiology and nutrition of rainbow trout, 

one of the most studied aquaculture species of fish, the time/place learning has not 

been examined in this species. 

3. Time/place learning 

One specific issue of feeding behaviour is learning the time-place association of 

food. In time/place learning, animals learn to visit specific places at specific times 

(Reebs, 1993). A successful time/place learning association of food occurs when 

animals locate a resource (food) in one location at a particular time of day and in a 

different location at another time of day, locate the same resource (Wilkie, 1995). 

Increased foraging efficiency is the ecological benefit of time/place learning in fish 

and in other animals (Wilkie et al., 1994; Reebs, 1996). In fact, time-place learning is 

a kind of response to daily spatio-temporal patterns of food availability. Also, time

place learning supports the theory that animals have a kind of memory (Wilkie, 

1995). Table 1 shows the evidence for this behaviour in variety of animals which in 

rats and birds are mostly documented. 

In fish, our knowledge of time-place learning is generally limited. Beling (1935) was 

probably the first person who attempted to show this phenomenon in the minnow fish 

Phoxinus phoxinus; however she failed to train the fish in order to discriminate 

between t~es of day. Reebs (1993, 1996, and 1999) has intensively investigated 

time/place learning in three fish species. In 1993, he tested time/place learning in a 

cichlid fish Cichlasoma nigrofasciatum. Food was delivered in the same or different 

comers of the aquarium after a signal was given. After 18-30 days, the fish did not 

show evidence of time/place learning but learned the time at which food was given, 

as indicated by fish searching those comers that led to the food after a feeding signal 
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had been given. He claimed the lack of time/place learning might have been due to 

low cost of travel between the comers of the aquarium. If the fish were not at the 

right time and in the right place, they could correct their mistake by swimming easily 

to the correct comer of food delivery. In addition, the interference in memory from 

learning various associations may explain the failure of time/place learning in cichlid 

fish (Thorpe et al., 2003). Reebs suggested that due to the use of a signal before food 

delivery, a signal-and-food association was established, which might have interfered 

with the time/place learning phenomenon. Finally, he claimed that the use of discrete 

feeding times may have limited the number of rewards for the fish, reducing the 

chance to associate time and place of food delivery. In 1996, Reebs was able to show 

successful time/place learning in golden shiners Notemigonus crysoleucas. The best 

results were achieved when two times over two places (2T/2P) were used rather than 

three times over two places (3T/2P). Time/place learning was rarely or not at all seen 

in three times three places (3T/3P). He related evidence of time/place learning in 

2T/2P to the foraging behaviour of the shiners in their natural habitats (lakes) to 

suggest that they need just two different places. This agrees with the findings of Hall 

et al. (1979) that diel migration of the golden shiners (in the littoral zone during the 

day and during dusk to the open water region of the lake) is due to the prey 

availability (Daphnia) in the two areas. Reebs (1999) tested time/place learning in 

another fish, the inanga Galaxias maculatus. In addition to the time/place learning, 

he investigated whether the fish were able to move between areas at the right time of 

day, in order to avoid predation. He found that fish could show time/place learning 

based on food avajlability but not on predation risk. Throughout this study, 2T/1P 

treatment has been chosen as a reference of time/place learning against which the 

other treatment (2T/2P) is compared. 

Gomez-Laplaza and Morgan (2005) replicated Reebs's experiment (1996) to show 

time/place learning in another cichlid fish, the angelfish Pterophyllum scalare. To 

demonstrate 2T/2P, food was delivered in a comer of tank in three installments in the 

morning and in three other installments in the diagonally opposite comer, in the 

afternoon. After 3 weeks, the fish were able to show time/place learning as indicated 

by the presence of more than half of the fish on the feeding side during the subjective 

feeding period on day 21, during which food had been withheld. As the angel fish 
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~ showed food-oriented behaviour 15 min before the expected mealtimes, the authors 

claimed that an endogenous timing mechanism in time/place learning was involved. 

Recently, Delicia et al. (2006) have tested time/place learning (2T/2P) in another 

cichlid fish, the Nile tilapia Oreochromis niloticus. During a 30-day period, food was 

delivered at one side of the aquarium in the morning and at the opposite side in the 

afternoon. The fish did not appear at the correct time and place of food delivery on 

test days (15 and 30), during which the fish were not fed, suggesting the Nile tilapia 

are not able to show time/place learning. 

Table 1. Evidence of time/place learning in animals. 

Invertebrates 

Ants: 

Honeybees 

Vertebrates 
Fish: Golden shmers 

Birds: 

Rabbits: 

Rats: 

Inanga 

Angelfish 

Garden warblers 

Weavers 

Starlmgs 

Kestrels 

Oystercatchers 

Pigeons 

Blackbrrds 

Hares 

Species 

Paraponera clavata 

Ectatomma ruzdum 

Apzs mellifera 

Notemigonus cryso/eucas 

Galaxzas macu/atus 

Pterophyllum sea/are 

Sylvia bonn 

Ploceus bzcolor 

Stumus vulgaris 

Fa/co tznnunculus 

Haematopus ostralegus 

Columbia livia 

Euphagus cyanocephalus 

Agelams phoemceus 

Stumel/a neglecta 

Lepus europaeus 

Rattus norvegzcus 

Reference (s) 

Harrison and Breed (1987) 

Schatz et al (1994, 1999) 

Wahl (1932), Gould (1987), Moore et al (1989) 

Reebs (1996) 

Reebs (1999) 

Gomez-Laplaza and Morgan (2005) 

B1ebach et al (1989, 1994), Krebs and Biebach (1989) 

Falk et al. (1992) 

Wenger et al. (1991), Daan (1981) 

Rijnsdorp et al (1981) 

Daan and Koene (1981) 

Saksida and WI!lae (1994), Willae et al (1994) 

Orians and Hom (1969) 

Broekhmzen and Maaskamp (1980) 

Boulos and Logothetis (1990), M!stlberger et al. (1996), 

Carr and Wilkie (1997, 1998, 1999), 

Carr et al. (1999), Widman et al. (2000, 2004), 

Pizzo and Crsytal (2002, 2004), Thorpe and Willae (2005) 

3.1. Mechanisms underlying time/place learning: 

Two mechanisms are involved in time/place learning; 1) time, 2) place. 
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3.1.1. Timing mechanisms 

One part of time/place learning involves temporal processes. Two main timing 

mechanisms have been proposed: circadian (phase-timing) and hourglass (interval

timing) (Biebach et al., 1991). The rhythm of the former is governed by an 

entrainable self-sustained endogenous oscillator, which is lacking in the latter 

(Biebach et al., 1991). The hourglass mechanism explains the rhythmic behaviour of 

feeding, based on the energy depletion and repletion cycles (Sanchez-Vazquez and 

Madrid, 2001). Using circadian timing, animals can anticipate events occurring at a 

fixed time in the light-dark cycle, whereas animals can anticipate events recurring at 

some fixed time after some other event by means of the hourglass timing mechanism 

(Wilkie, 1995). Under constant conditions and in the absence of any environmental 

factors (zeitgebers), circadian rhythms free-run, deviating somewhat from exactly 24 

h (Aschoff, 1981), depending on the experimental conditions (e.g. light intensity) or 

the species studied (Mendlewicz and Praag, 1983). Constant condition leading to 

free-running or introducing a phase-shift in the LD cycle are two kinds of 

experiments by which circadian and hourglass mechanisms can be distinguished 

(Biebach et al., 1989). Using an hourglass mechanism set by the LD cycle, the 

behaviour of organisms should change immediately on the first day of the phase-shift 

trial, in contrast to circadian clock, which will change gradually. 

3.1.2. Place mechanisms 

A second part of time/place learning involves spatial processes. It appears that 

animals use a cognitive map, enabling them to navigate from one location to another 

(Wilkie, 1995). For example, it has been shown that garden warblers Sylvia borin are 

able to show time/place learning at four different times and feeding places. To 

investigate the mechanism underlying the spatial aspects of time/place learning, the 

birds are prevented from entering one of the places at the normal time. It was found 

that the birds, independent of the preceding route taken to get the place, learn an 

association between the time and place of food delivery (i.e. a time/place map), 

rather than following a fixed route in which room 2 always follows room 1, and 

room 3 always follows room 2 and so on (Krebs and Biebach, 1989). Fish like birds 
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and mammals, can encode information about their surroundings into a cognitive map 

(Reese, 1989; Teyke, 1989; Rodriguez et al., 1994; Broglio et al., 2003; Burt de 

Perera, 2004). 

As food is presented periodically on a daily feeding cycle in time/place learning, the 

fish may develop some activity (e.g. by increasing their swimming speed) in 

anticipation of the forthcoming meal within a few days of the feeding cycle being 

established. This pre-feeding behaviour is known as feeding anticipatory activity 

(FAA) (Sanchez-Vazquez and Madrid, 2001). 

4. Feeding anticipatory activity (FAA) 

While the circadian system of animals is able to generate self-sustained oscillation, it 

can also be synchronised (entrained) to periodic variation of environmental factors 

(zeitgebers) such as LD cycle or food. Factors such as light intensity, photoperiod, 

and food availability can affect fish behaviour directly (Almazan-Rueda et al., 2004). 

Mammals (rodents) possess an endogenous circadian clock known as light

entrainable oscillator (LEO) which is entrained by photoperiodic signals. It is 

thought that rodents' LEO is localised in the suprachiasmatic nucleus (SCN) of the 

hypothalamus (Stephan and Zucker, 1972; Moore and Eichler, 1977), synchronising 

light-related rhythms. In fish, unlike mammals, little is known on this topic 

(Sanchez-Vazquez et al., 1995b ), but in most fishes a circadian rhythm of locomotor 

activity has been proposed which appears to be feeding-entrained (Kavaliers, 1979, 

1980; Tabata et al., 1989). 

In addition to light, there is strong evidence that food availability synchronises many 

behavioural rhythms in fish. In cultured fish for example, scheduled feeding (once 

per day at a regular time) appears to act as a zeitgeber, producing Feeding 

Anticipatory Activity (FAA), or a pronounced increase in activity beginning several 

hours prior to mealtime (Boulos and Terman, 1980; Spieler, 1992; Mistlberger, 

1994). Richter (1922) was the first person to demonstrate this phenomenon in rats. 

The first evidence of this behaviour in fish was provided by Davis (1964), who 



Chapter 1 10 

showed that bluegill Lepomis macrochirus and largemouth bass Micropterus 

salmoides increased their locomotion 1-3 h prior to food delivery. This phenomenon 

has been documented in a number of fish species (see Table 2). 

Table 2. Evidence of FAA in different fish species. 

Fish SJ.!ecies Reference (s) 

Bluegill Lepom1S macroch1rus Davis (1964) 

Largemouth bass Micropterus salmoides 

Mummichog Fundulus heteroclitus Davis and Bardach (1965) 

Lesser sandeel Ammodytes marinus Winslade (1974) 

Mudskipper Penophthalmus cantonens1S Nislnkawa and lslubaslu (1975) 

Goldfish Carass1us auratus Spieler and Noeske (1984), Gee et al. 
(1994), Sanchez-Vazquez et al (1997) 

Medaka Ory:aas lat1pes Weber and Spieler (1987) 

Cave fish Nemacheilus evezardi Pradhan et al. (1989) 

Silver carp Hypophthalmichthys molitnx as reported in Spieler (1992) 

Common carp Cyprinus carpio 

Loach M1sgumus angu11lzcaudatus Naruse and Oishi (1994) 

Sea bass Dicentrarchus labrax Sanchez-Vazquez et al. (1995b), Azzaych 
et al. (1998) 

Golden shiner Notem1gonus crysoleucas Reebs (1996) 

Inanga Galaxzas maculatus Reebs (1999) 

Greenback flounder Rhombosolea tapinna Purser and Chen (200 l) 

Rainbow trout Oncorhynchus mykiss Boujard et al. (1993), Bollie! et al. (2001), 
Chen and Tabata (2002) 

The appearance of FAA is gradual and can persist during food deprivation, both 

under LD cycle and constant lighting conditions (Spieler and Clougherty, 1989; Gee 

et al., 1994; Sanchez-Vazquez et al., 1997). This may show that a sustained 

endogenous clock controls FAA, rather than it being controlled purely by food or 

light (photoperiod). Restricted feeding is a prerequisite for FAA, as indicated by the 

persistence of FAA during food deprivation and its disappearance during ad libitum 

feeding (Sanchez-Vasquez et al., 1997). Balliet et al. (2001) showed that rainbow 

trout are able to anticipate a single daily meal. However, recently Chen and Tabata 

(2002) demonstrated that individual rainbow trout are capable of anticipating not 

only single, but also two scheduled daily meals. Likewise, groups of inanga Galaxias 

maculatus (Reebs, 1999), golden shiners Notemigonus crysoleucas (Reebs, 1996) 

and sea bass Dicentrarchus labrax (Azzaydi et al., 1998) can anticipate two or three 

daily meals. While individuals may demonstrate FAA in relation to multiple meals, it 
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also has been suggested that different individuals in a group appear to be responsible 

for anticipating different meals (Chen and Tabata, 2002). While these studies have 

described FAA associated with 1-3 meals, all meals were delivered in one location 

and not multiple locations, as would occur when investigating time/place learning. 

Purser and Chen (2001) in researching the combined effect of meal size and meal 

duration in greenback flounder, found an inverse correlation between magnitude and 

duration of FAA and meal duration, for each of three meal sizes tested. It is thought 

that FAA is regulated by a food-entrainable circadian oscillator (FEO), which in rats 

is anatomically and functionally distinct from the LEO (Edmonds and Adler, 1977; 

Stephan et al., 1979; Boulos et al., 1980; Clarke and Coleman, 1986). Possession of a 

FEO, in addition to a LEO in higher vertebrates (e.g. rats and pigeons) has been 

demonstrated (Stephan, 1986a, b, c; Phillips et al., 1993; Mistlberger, 1994; Rashotte 

and Stephan, 1996). However, it is still not clear whether fish have a separate FEO in 

addition to a LEO. Thus, currently two hypotheses have been proposed to explain 

feeding rhythm in fishes: 

1. Fish may have separate but tightly coupled LEO and FEO. 

2. They have a single oscillator, entraining by both light and food; however, one 

zeitgeber is stronger than the other (Sanchez-Vazquez et al., 1997). 

In the case of rainbow trout, the existence of a LEO has been reported by Cuenca and 

De la Higuera (1994) and Sanchez-Vazquez and Tabata (1998). However, the only 

evidence of a FEO in addition to the LEO in rainbow trout has been suggested by 

Bolliet et al. (2001). 

Food per se can act as an environmental cue (zeitgeber) but it is strong when it gives 

rise to FAA. In addition to periodic feeding there are other non-photic environmental 

factors which act as potential zeitgebers, capable of entraining circadian rhythms: 

changes in ambient temperature (Sweeney and Hastings, 1960; Francis and Coleman, 

1997; Pohl, 1998), social cues (Aschoff et al., 1982), and arousal by certain drugs or 

chemicals (Canal-Corretger et al., 2003). Non-photic cues also have the potential to 

influence circadian rhythms however their effects can be masked by photic cues 

(Castillo et al., 2004). 
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As this study will use a group of rainbow trout held in captivity (experimental tanks), 

another aspect of this research is to investigate the social dynamics of individuals in 

the group and the development of social interaction. 

5. Social interaction 

Due to competition for limited resources (e.g. food or space), dominance hierarchies 

(or sometimes called 'peck-order') usually appear for those animals that live in 

groups. Dominance hierarchies are common in natural salmonid populations 

(Y amagishi, 1962) as well as in fish hatcheries (Noakes, 1980). In many fish, the 

development of a dominance hierarchy is a feature of social organisation (Winberg 

and Nilsson, 1993). In rainbow trout for example, social and aggressive interactions 

may lead to the formation of dominance hierarchies (Gilmour et al., 2005). 

Social behaviour of fish may vary in relation to the feeding methods and spatial 

pattern of food distribution. Feeding fish through a tube or when using a demand

feeder, is a type of defensible food patterning where food is offered at a single point 

source. This may lead to the development of dominance hierarchies and increasingly 

aggressive interaction among fish competing at a food source (Ryer and Olla, 1991). 

In a defensible pattern of food, dominant fish monopolise and defend the food 

resource which results in a disproportional consumption of food within the group 

(Thorpe and Huntingford, 1992). By contrast, if food is uniformly distributed over 

the water surface (e.g. hand-feeding method); the food patterning is indefensible, 

resulting in greater feeding opportunity within the group and less likely formation of 

dominance hierarchies (McCarthy et al., 1999). In addition, intense agonistic 

behaviour rarely appears in fish provided with an indefensible source (Olla et al., 

1992). Further, when the food resource is defensible, establishment of feeding 

hierarchies is most likely the major characteristic of dominance hierarchies in 

salmonid fish including rainbow trout, where dominant individuals generally have 

preferential access to food and maintain high feeding rates compared with 

subordinate fish (Pausch, 1984; Metcalfe et al., 1989; McCarthy et al., 1992). 
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Stocking density (increase number of individuals per volume of water) is another 

influential factor on fish social behaviour (Kalleberg, 1958; Keenleyside and 

Yamamoto, 1962; Fenderson and Carpenter, 1971; Fleming and Johansen 1984; 

Jorgensen et al., 1993). Agonistic behaviour of salmonids appears to be reduced at 

high stocking density (e.g. 40 fish of the same size and in the same aquarium), b:ut 

increases at low stocking density (Wallace et al., 1988; Briinnas and Alanara, 1992; 

Jorgensen et al., 1993). Dominance hierarchies in rainbow trout are influenced by 

population (stocking) density and food supply (Al11n1irii and Briinniis, 1996; Boujard 

et al., 2002). For example, Landless (1976) observed that hierarchies in small groups 

(5-10) of trout, led to violent interactions. He also found a more marked aggression 

in groups of trout. 

An issue of sociality is social learning. In several cases of social learning in 

vertebrates, it has been shown that young subordinate individuals copy the action of 

older and more dominant individuals (Reebs, 2001). Reebs implied that a group of 

uniformly- sized golden shiners that knew when and where food was available, could 

lead their naive individuals to food. Dominance is not always associated with 

leadership so that subordinates may tend to be more active and exploratory than 

dominants (Beauchamp, 2000). Laland and Williams (1997) in their investigation of 

the behaviour of guppies found that naive (observer) fish could learn a route to a 

foraging patch by following more knowledgeable (demonstrator) fish. Experimental 

studies show that feeding behaviour of guppies often attracts con-specific behaviour 

in other fish of the same species (Lachlan et al., 1998). For example, in local 

enhancement which is common basis for shoal formation (Brown and Laland, 2002), 

naive individuals copy the conspecific behaviour of the informed fish. However, no 

study has demonstrated conclusively that fish which have learned about food sources 

attract other individuals of the group. Reebs (2000) has shown that naive golden 

shiners Notemigonus crysoleucas could be trained to make daily migrations to a food 

site, by following the trained conspecific demonstrator. In mice, it has been shown 

that when the dominant mice were removed, one of the subordinate rapidly became 

dominant and monopolised the feeding area (Hayashi, 1996). Likewise, Hughes 

(1992a) using Arctic grayling Thymallus arcticus found that the removal of the 

dominant fish from the pool resulted in the movement of subordinate fish into the 
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position previously occupied by the dominant fish. Finally, Klopfer (1973) 

demonstrated that by removing individual fowl from a population and reintroducing 

them days later, they returned to their former hierarchial position. Similarly, this 

study will determine how dominance stability may change when the dominant fish 

are removed and returned to the group after a few days. 

One specific issue of social learning which provides information about the quality of 

environmental resources is "public information" (Valone, 1989). This information is 

obtained through monitoring the sampling behaviour of others, allowing individuals 

to make faster, more accurate assessment of their environment (Templeton and 

Giraldeau, 1996; Giraldeau et al., 2002). It may lead to a better understanding of the 

behaviour of individuals in social aggregations. In starlings Sturnus vulgaris for 

example, by varying the location of food, the ability of the birds to obtain public 

information was assessed; if food was deeply recessed, individuals were not able to 

observe the foraging success of others and thus public information was not used. 

However, when food was not recessed the public information was available, since 

foragers on the patch could monitor when others found food (Templeton and 

Giraldeau, 1995a). Thus, public information in terms of foraging efficiency, may 

give an advantage to animals feeding in cohesive groups in an uncertain environment 

(Fraser et al., 2006). 

Work on public information use has been focused mainly on birds (Valone and 

Benkman, 1999) with few studies on fishes. In rainbow trout for instance, public 

information has been used in opponent assessment. Rainbow trout can use public 

information to assess rapidly and more accurately the fighting ability of their 

opponents and based on this information make appropriate decisions (Valone and 

Templeton, 2002). In rainbow trout, a dominance hierarchy establishes in 

significantly less time if they are paired with a familiar rather than an unfamiliar fish 

(Johnsson and Akerman, 1998). 

In the current study, the fish feeding behaviour will be influenced by two main 

environmental factors in the experimental room, i.e. the LD cycle and food. The 

effect of these two factors is addressed below. 
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6. LD cycle/food as zeitgebers 

Fish, like other animals are behaviourally adapted to cyclic fluctuations in the 

environment and respond to them accordingly. These responses are in a rhythmic 

manner (Manteifel et al., 1978) and appear to be species-specific. Some fish can 

change their circadian rhythm of behavioural or feeding activity on a seasonal basis 

(Eriksson, 1978; Muller, 1978; Eriksson and Van Veen, 1980; Sanchez-Vazquez et 

al., 1996). Sea bass or goldfish can spontaneously switch from nocturnal to diurnal 

phasing without any changes in the experimental conditions (Sanchez-Vazquez et al., 

1995a, b, 1996). LD cycle and periodic food access are known to synchronise many 

rhythms in vertebrates (Boulos and Terman, 1980; Mistlberger, 1994). 

The LD cycle is one of the most obvious factors influencing feeding behaviour and 

also food intake in salmonids (Eriksson and Alanara, 1992). In rainbow trout, 

Boujard and Leatherland (1992b) found a marked diurnal pattern of feeding activity, 

with a main peak at dawn. Alanara and Brannas (1997) investigated the feeding 

activity of rainbow trout and Arctic char and found the main peak of activity 

occurred around lights on. In addition, it has been shown that when rainbow trout 

were exposed to both LD and restricted feeding (RF) cycles, LD was the dominant 

synchroniser of the feeding activity (Balliet et al., 2001). In fact, rainbow trout are 

visual feeders (Boujard and Leatherland, 1992b) and tend to be most active during 

the day however, their feeding declines at night (Angradi and Griffith, 1990). 

It is thought that the effects of LD cycle and food availability on the circadian system 

are mediated through the LEO and FEO, respectively. In mammals, SCN is identified 

as major circadian oscillator, possessing the LEO. In fish, however no such center 

has been reported but the pineal organ and lateral eyes compose the circadian 

oscillators (Falcon et al., 1992). In fact, melatonin, a hormone produced by the pineal 

organ, as an internal zeitgeber (under the control of the LD cycle), is involved in the 

control of various circadian and seasonal rhythms (Balliet et al., 1996). In salmonids, 

in contrast to most other fish species, the pineal organ lacks an endogenous oscillator 

to produce self-sustained melatonin rhythms (Sanchez-Vazquez et al., 2000). fu 

rainbow trout however, rhythmic secretion of melatonin does not persist under 
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darkness (Gem and Greenhouse, 1988; Randall et al., 1991) but rather displaying a 

continuous melatonin secretion (Bolliet et al., 1996). In summary, the pineal organ of 

rainbow trout may not be the site of a pacemaker that controls feeding rhythms. 

However, because it is known that rainbow trout demonstrate circadian rhythms in 

behaviour and physiology (Laidley and Leatherland, 1988; Lyon and Baker, 1993), 

the retina has been suggested as a location of a circadian clock in this species 

(Zaunreiter et al., 1998). 

7. Behaviour change 

The behaviour of any animal is the result of a complex interplay of genes, 

environment, interaction between those genes and environmental factors, and the 

specific set of experimental factors (Noakes and Baylis, 1990). The interaction of the 

genes and environment is so complex that rarely can we identify the extent of genetic 

and environmental components of an individual's behaviour (Bateson, 1983). Figure 

1 shows the relative role of genes and environment (experience) during an animal's 

lifetime. There is always interaction between genes and the environment, even 

though when age increases, the role of genes tends to decrease. As a consequence, a 

behaviour, initially programmed in the genome, can be expressed and developed in 

the proper environment and can also be modified by experience (learning) (Lehner, 

1996). 
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Figure 1. Contribution of genotype and environment on behaviour (After Lehner, 1996). 
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Accordingly, behaviour of hatchery fish appears to be different to wild fish due to 

different environmental conditions. For example, it has been shown that 

domestication may genetically alter the behaviour (Femo and Jarvi, 1998). 

Domestication of brown trout Salmo trutta has been led to a change in the foraging 

behaviour of this fish (Johnsson et al., 1996). In fact, culturing salmonid has led to a 

behaviour change in feeding and aggressiveness compared to the wild counterpart so 

that hatchery fish usually feed less but more aggressively than the wild fish. This 

change in behaviour may especially be true for rainbow trout which has been 

cultivated for a long time and therefore their behaviour may have been altered 

(Brannas and Alanara, 1992). 

Rainbow trout under culture conditions are usually kept at high densities (which may 

induce stress) and fed by diets (pelleted foods) which are artificial both in appearance 

and composition (Sayer, 1998), compared to the natural prey in the wild. In addition, 

the diets used do not allow fish to learn about natural prey handling, even though it is 

nutritionally improved (Davis et al., 2005). The physical environment (space) for 

cultured rainbow trout is limited and restricted to the tank area. This, together with a 

high stocking density may increase social encounters in particular agonistic acts 

among the fish. The high density of cultured fish has created an inability to observe 

the behaviour of their companions and learn to exploit social cues, while feeding 

behaviour of wild fish may be influenced by sight of nearby conspecific foragers 

through social learning (Sundstrom and Johnsson, 2001). 

8. Objectives of the study 

This study has taken an integrative approach to feeding behaviour in rainbow trout, 

simultaneously assessing time/place learning, FAA, social hierarchies, and effect of 

LD and food as zeitgebers to gain a picture of the complexity of the feeding process 

under culture conditions. No other study has focused on a commercially reared, 

'domesticated' species (rainbow trout), in terms of time/place associated behaviour. 

Integrating the behavioural requirements to improve fish performance under culture 

condition could be useful to the farming industry. By delivering food in the same or 

different area of a hatchery tank for example, a farmer may be interested to know: 
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• How does the feeding behaviour of fish change, when a scheduled feeding 

regime applies? 

• Which feeding method is more efficient than others? 

• Does the stocking density in a hatchery matter? 

• What are the preferred feeding times of rainbow trout (morning or 

afternoon)? 

• How can social interactions among fish be manipulated through feeding 

method and/or stocking density? 

18 

• Are agonistic encounters among fish by means of demand-feeders or hand

feeding the same, and if so, can they be ameliorated by increasing numbers of 

feeding locations? 

• Does an increase/decrease in the fish numbers lead to fewer agonistic acts? 

Rainbow trout Oncorhynchus mykiss (Walbaum 1792), formerly Salmo gairdneri 

(Richardon 1836), is a member of the subfamily Salmoninae in the family 

Salmonidae. It is an attractive fish in Tasmania, Victoria and New South Wales, 

which prefers still, freshwater habitats to fast-flowing rivers and streams (Last et al., 

1983). The rainbow trout is endemic to western North America and eastern Asia 

(Groot, 1996) but it was in~oduced to Australia in the 1890s (Allen et al., 2002). 

This study addresses the lack of information on time/place learning and FAA in 

relation to rainbow trout. The specific research questions were as follows: 

1. Do rainbow trout demonstrate time-place learning relative to feeding? 

2. Is FAA expressed by rainbow trout only in one feeding place or across multiple 

feeding locations? 

3. How does social structure and fish interactions influence feeding behaviour, or 

specifically is the behaviour driven by 'demonstrator' fish within the group? 

4. What are the effects of environmental cues in the experimental room (LD cycle 

and food) on the development of feeding behaviour? 

It is acknowledged that experiments are not tank replicated and results should be 

considered cautionly, however trials were conducted over extended periods with 

multiple factors describing the behaviour of a batch of trout. 



Chapter 1 19 

8.1. Chapter scopes 

This thesis is composed of four data chapters. As each chapter sought the same 

questions and was comprised of stand-alone manuscript for publication, there may be 

some repetitive passages especially overlapping with sections of the Introduction. 

All completely descriptive experiments performed in the following chapters were 

conducted at the School of Aquaculture, University of Tasmania, Tasmania 

(Australia), by use of a freshwater recirculated system in a temperature-and light

controlled insulated room, with the recording of fish feeding activity and distribution 

aided by visual observation as well as cameras mounted on the ceiling. During the 

experiments, the length of the photoperiod (LD cycle), and/or the time of food 

availability were changed to determine whether or not the fish used exogenous cues 

to predict the time and place of food delivery. Finally, an endogenous effect of the 

fish feeding behaviour was tested when the fish were maintained under constant 

conditions (e.g. constant light (LL) and free food access). 

Chapter 2. Feeding behaviour of rainbow trout in Rathbun tanks 

(hand-feeding at a point source) 

The study was started with large circular Rathbun tanks with a fish number of n = 20, 

where the fish were fed by hand through a submerged tube. As fish could visually 

detect the introduction of pellets into the water, a partition was installed in the tanks. 

This was done from month 3 onwards until the end of the experiment (over 8 

months). As the water current was found to be influencing factor on the fish feeding 

behaviour, all of the following experiments were conducted in raceways (Chapters 3-

5) 

Chapter 3. Feeding behaviour of rainbow trout in raceways (belt 

feeders at a point source) 

This experiment (- 4 months) used the same number of fish as in the Chapter 2 (n = 
20). Time/place learning of the fish was tested using a half ration feeding regime. 

The feeding response was greatly reduced when up to three partitions were placed in 
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the raceways. The fish were fed by means of belt feeders connected to the submerged 

tube and the fish had to travel a maze-shape route (openings on alternate sides of the 

partitions) to obtain food. Based on the results obtained, belt feeders were replaced 

by self-feeders in the following Chapters (4-5). 

Chapter 4. Feeding behaviour of rainbow trout in raceways 

(demand-feeders at a point source) 

The experiment over 5 months determined the contribution of individuals/groups to 

time/place learning where the fish (n = 8) were tagged individually. The fish were 

fed by demand-feeders, connected to the submerged tube. In order to obtain food, the 

fish had to learn to activate the trigger. Hierarchy structure and time/place patterns 

were measured in this experiment. To reduce the effect of dominance hierarchies the 

fish number was increased and their ability in demonstrating time/place learning was 

assessed in Chapter 5. 

Chapter 5. Feeding behaviour of rainbow trout in raceways 

(simultaneous hand-fe~ding and demand-feeders) 

In the above experiments, the fish were fed at a point source and through a 

submerged tube which led to increasing social interaction among the fish. Therefore 

in this experiment (over 4 months), time/place learning of the fish was tested where 

simultaneously two methods of food delivery were applied; a dispersed hand-feeding 

in one raceway versus a localised demand-feeding in another raceway. In addition, 

the fish numbers were set at n = 30 to theoretically reduce social interaction between 

the fish. 
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FEEDING BEHAVIOUR OF RAINBOW TROUT IN RATHBUN 
TANKS (HAND-FEEDING AT A POINT SOURCE) 
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2.1. Introduction 

The behaviour in which an animal learns to visit specific places at specific times of 

the day is known as time-place learning (Reebs, 1993). The approach of time/place 

learning is to investigate the mechanism by which temporal and spatial information 

of food is linked together (Crystal, 2006). If animals learn time and place association 

of food, they can rapidly and efficiently exploit and organise daily food resource in 

their environment. 

Time/place learning is demonstrated in a variety of animals (for details see Table 1, 

Chapter 1). The only evidence of time/place lefilning in fish has been demonstrated 

by Reebs (1996, 1999) in two species, namely; Notemigonus crysoleucas (golden 

shiners) and Galaxias maculatus (inanga) and in another cichlid fish, the angelfish 

Pterophyllum scalare by Gomez-Laplaza and Morgan (2005). A successful 

time/place learning association of food occurs when animals locate a resource (food) 

in one location at a particular time of day and again find the same resource in a 

different location at another time of day (Wilkie, 1995). Increased foraging 

efficiency is the ecological benefit of time/place learning in fish and in other animals 

(Reebs, 1996; Wilkie et al., 1994). Another advantage of learning the time and place 

of food is the ability to predict a food resource when it varies spatio-temporally 

throughout the day (Reebs, 1996). 

It does not appear in the search of the literature that any experiment has been 

performed directly to show time/place learning in rainbow trout Oncorhynchus 

mykiss, one of the most studied aquaculture species of fish. Thus the primary aim of 

this experiment was to determine whether rainbow trout show time/place learning 

association of food in Rathbun tanks. 

When a feeding schedule is restricted to a limited daily interval, a number of fish 

species develop feeding anticipatory activity (FAA), defined as a bout of activity 

occurring several hours prior to mealtime (Davis, 1964; Davis and Bardach, 1965; 

Spieler and Clougherty, 1989; Spieler, 1992; Gee et al., 1994; Sanchez-Vazquez and 

Madrid, 2001). Development of PAA is by a process called feeding entrainment by 
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which, daily schedules of food availability influence biological rhythms (Mistlberger, 

1990). FAA can appear in many behavioural measures such as locomotor activity in 

goldfish Carassius auratus (Sanchez-Vazquez et al., 1997 ); demand-feeding and 

trigger activity in sea bass Dicentrarchus labrax (Azzaydi et al., 1998); spatial 

activity distribution in cichlid fish Cichlasoma nigrofasciatum (Reebs, 1993); 

agonistic and reproductive behaviour in medaka Oryzias latipes (Weber and Spieler, 

1987). FAA has been shown by Boujard et al. (1993) at the group level in rainbow 

trout. In addition, Bolliet et al. (2001) demonstrated that both group and individual 

rainbow trout are able to anticipate a single daily meal. The ability of individual 

rainbow trout to anticipate not only single but also two daily meals, scheduled at 

different times, has been reported by Chen and Tabata (2002). In the above studies 

on rainbow trout, FAA was associated with only one place of feeding and measured 

by the use of demand-feeders and trigger actuations rather than other behavioural 

measures such as fish spatial distribution. As food delivery was delivered at a fixed 

time every day, therefore, the second aim ofthis study was to assess FAA in terms of 

the fish spatial distribution in the feeding areas. 

Three timing mechanisms that enable animals to track spatio-temporal regularities in 

food availability, i.e. ordinal, phase, and interval timings have been suggested. 

When a representation of temporal sequence (e.g. availability of food at location 1 

then at location 2) is used, an ordinal timing is at work (Carr and Wilkie, 1997). In 

phase (usually circadian) timing, animals anticipate cyclic events in their 

environments which have a fixed periodicity. The rhythm of circadian timing is 

controlled by an internal oscillator and its persistence does not need an external 

signal (Biebach et al., 1991). By contrast, in interval (hourglass) timing mechanism 

animals anticipate reliably events occurring at fixed time after some external event 

(e.g. feeding time occurs one h after light is on) (Carr and Wilkie, 1997), and 

therefore hourglass timing uses external cues in the environment (zeitgebers). 

Determining timing mechanisms (ordinal, phase, or hourglass) underlying time/place 

learning therefore was the third aim of this study. 

There are two types of foraging behaviour by which an animal can exploit spatial 

availability of food: win-stay (lose-shift) and win-shift (lose-stay). Returning to a 
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previous reward location is referred to as a win-stay, while avoiding a previous 

reward location is referred to as a win-shift strategy (Burke et al., 2002). For 

instance, pigs Sus scrofa (Mendl et al., 1997), sheep Ovis aries, and cattle Bos taurus 

(Hosoi et al., 1995a, b) use a win-stay strategy. By contrast, rats Rattus norvegicus 

(Olton and Schlosberg, 1978), pigeons Columbia livia (Randall and Zentall, 1997), 

and Siamese fighting fish Retta splendens (Roitblat et al., 1982) usually use a win

shift foraging strategy. In addition, the win-stay or win-shift strategies are consistent 

with animal foraging ecology (Burke et al., 2002). As there does not appear to be any 

study in the literature concerning win-stay or win-shift strategies in rainbow trout, 

the fourth aim of this study was to determine which strategy was used by the fish. 

The LD cycle is one of the most important zeitgebers influencing feeding behaviour 

in all vertebrates including fish, in that circadian rhythms of activity can be 

synchronised by the LD cycle (Boujard and Leatherland, 1992a; Spieler, 1992). In 

rainbow trout, light appears to be the main zeitgeber that influences feeding 

behaviour (Cuenca and De la Higuera, 1994; Balliet et al., 2001). Further, Boujard 

and Leatherland (1992b) showed that rainbow trout are diurnal and feed during the 

photophase. It appears that daily periodic light of the LD cycle is able to entrain 

(synchronise) the animal circadian system through an endogenous self-sustained 

oscillator namely, the light-entrainable oscillator (LEO) which in rodents is located 

in the suprachiasmatic nucleus of the hypothalamus (Stephan and Zucker, 1972; 

Moore and Eichler, 1977). The location of the LEO as an oscillator in fish has yet to 

be determined. In addition to the LD cycle, periodic access to food has a profound 

influence on animal behaviour and physiology (Boulos and Terman, 1980; Kavaliers, 

1980; Sanchez-Vazquez et al., 1995b). FAA as a product of scheduled feeding may 

be regulated by another oscillator, the food-entrainable oscillator (FEO). Its exact 

location remains uncertain, but a recent study in rats has pointed out the thalamic 

paraventricular nucleus could play a role in expression of FAA (Nakahara et al., 

2004). A LEO has been documented in rainbow trout by Cuenca and De la Higuera, 

(1994) and Sanchez-Vazquez and Tabata (1998). However, perhaps the only 

evidence supporting the existence of a FEO in addition to a LEO in rainbow trout has 

been suggested by Bolliet et al. (2001) by means of a demand-feeder. The final aim 
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of this study therefore was to describe the feeding behaviour of rainbow trout based 

on the environmental cues (zeitgebers) (food or LD cycle) in the room. 
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2.2. Materials and Methods 

Rainbow trout, hatched and grown in captivity, were graded, randomly selected and 

transferred to two 1200-L Rathbun tanks (2.15 x 2.15 x 0.55 m; designated TI and 

T2) supported by a freshwater recirculation system in a temperature-controlled and 

insulated room. 

The two groups each of 20 fish, were maintained at a water temperature of 15 ± I ° C. 

Total length and w~ight of Tl were 29.37 ± 1.14 cm and 297.02 ± 39.94 g and those 

of T2 were 29.56 ± 0.96 cm and 298.56 ± 27.23 g, respectively (means± SD). 

A black plastic screen was used around both tanks to reduce any disturbance to fish. 

Each tank was supplied with filtered and aerated freshwater. Water was delivered to 

each tank at a rate of 30 L min -land its quality monitored regularly. During an 

acclimation period of two weeks, fish were fed by hand, at random times with food 

distributed over the surface of the tanks twice daily. 

Photoperiod provided by fluorescence tubes (Thorn, 36W, light white) was 

maintained at 12: 12 LD (lights on at 0800 h, lights off at 2000 h) with a light 

intensity of 4 µmol s-1 m-2 at the water surface during the photophase. All light was 

excluded during the scotophase. A timer was used to turn lights on and off, with an 

artificial dawn and dusk of 10 minutes each, provided by sequential activation of 

lights. 

During the experiment, fish were fed at a daily ration of 1.8 % BW and feed was 

delivered by hand through a submerged outlet tube (25 mm in diameter) in the corner 

of the tanks, over a half an hour period, in the morning and again for half an hour in 

the afternoon. The daily ration was divided into equal quantities for morning and 

afternoon meals. The food used was a 4 mm Nutra Tranfer salmon pellet (50% 

protein, 23% lipid, Skretting, Pty Ltd. Cambridge, Tasmania). 

According to Jobling et al. (1995), a video recording probe is one of the best methods 

for studying the feeding behaviour of animals. In this study, a camera (Swann® 
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CMOS black and white) was positioned on the ceiling above each tank and 

connected to a remote time-lapse tape recorder (Sanyo VCR), which recorded the 

feeding activity of fish in the tanks. A channel switcher (Swann® A/V Multi 

switcher) was set to record time periods of 20 seconds in sequence, for each tank 

over the 12 h photophase. The recording occurred every second day. On the other 

days, fish behaviours were analysed in the previous recording. To facilitate counting 

numbers of fish in each comer of the tanks, the monitor screen was divided 

arbitrarily into four sections (quadrants) and the position of fish in each section was 

noted and recorded at 10-minute intervals. 

All fish were fed twice a day at 0930-1000 hand 1530-1600 h. Feeding sessions 

were in the same comer for T1 (section 1 out of 4) - 2 times/1 place, but in the two 

diagonally opposed comers for T2 (sections 1and3 out of 4) - 2 times/2 places, in 

the morning in section 1 and in the afternoon in section 3 (Schematic Figure). 

Feeding places (section 1 of T1 or sections 1 and 3 of T2) were selected in such a 

way that they were removed from the water inlet, so as to minimise direct water 

current effects on the feeding area. 

The experiment consisted of 27 phases and extended over an 8-month period. The 

phases of the experiment were: 

1. Baseline study (days 1-8) 

2. Effect of full ration (days '10-39) 

3. Food deprivation (days 40-42) 

4. Effect of low ration (days 45-60) 

5. Food deprivation (days 61-63) 

6. Effect of repositioning water inlet to remove current flow (days 66-7 4) 

7. Food deprivation (days 75-77) 

8. Effect of using a partition in the tank (days 80-100) 

9. Food deprivation (days 101-103) 

10. Effect of offering feed in a new location (days 106-122) 

11. Food deprivation (days 123- 125) 

12. Ordinal vs. non-ordinal time/place learning (days 128-130) 

13. Shifting the feeding cycle by 1h(days132-133) 
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14. Effect of phase-shift advance in the LD cycle by 3 h (days 134-135) 

15. Effect of constant light (LL) without food (days 142-144) 

16. Effect of skipping trials (days 152-158) 

17. Win-shift vs. win-stay strategies (days 160-166) 

18. Ordinal vs. non-ordinal time/place learning (days 169-170) 

19. Effect of consecutive days of one meal (days 172-174) 

20. Effect of alternately skipping one meal on consecutive days (days 179-184) 

21. Effect of skipping one meal between days of normal feeding (days 186-201) 

22. Return to the original feeding location (days 202- 207) 

23. Effect of phase-shift advance in the LD cycle by 3 h (days 210-218) 

24. Effect of constant light (LL) without food (days 219-221) 

25. Effect of normal feeding (days 222-235) 

26. Effect of constant light (LL) with food (days 236-241) 

27. Effect of constant darkness (DD) with food (days 242-247) 

The experimental sequence was determined by combining predetermined tests with 

tests included based on progressive results. Some results are therefore mentioned in 

the materials and methods to explain why experiment was conducted. In addition, to 

determine the effect of a trial on the fish distribution and behaviour, some trials used 

a normal feeding cycle (0930-1000 hand 1530-1600 h, 12L: 12D; lights on at 0800 

h) prior to the treatment. The last day of the normal feeding conditions was included 

in the figure as a comparison to the treatment. 

Phase 1. Baseline study: This trial was carried out to determine if fish 

preferentially congregated in a specific quadrant, in terms of lights, water current or 

other environmental factors in the tanks. To even the fish distribution in all four 

sections of the tanks, the water inlet was positioned in such a way to produce a 

clockwise direction of water current. This situation then was applied to the following 

trials. The baseline study lasted for 8 days, consisting of five days feeding and three 

days food deprivation (10-17 August 2003). On the feeding days, fish were hand fed 

pellets for half an hour to satiation, in the morning and again in the afternoon. During 

this trial, an average amount of food intake on three consecutive of the feeding days 
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was determined. This amount was then divided by mean body weight (BW) of fish 

for each tank to find a full ration (1.8 % BW). 
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Phase 2. Effect of full ration: After it became apparent that fish distribution 

around the comers of the tanks was approximately the same, the experiment was 

started on full ration. This trial was conducted for 30 days (between 19 August and 

17 Sept. 2003). During this trial, fish were fed on a daily ration of 1.8 % BW, 

divided equally between the morning (am) and afternoon (pm) feeding sessions. TI 

tested 2 times/I place learning ability of fish, where the food was delivered in the 

same comer (section 1), while T2 tested 2 times/2 places, as food was delivered in 

the two diagonally opposed comers (sections 1 and 3). Fish activity was recorded 

every second day for 12 h and fish distribution was determined, by counting the fish 

in each of the four sections of the tanks at 10-minute intervals. 

Phase 3. Food deprivation: To determine if fish had learned time and place food 

delivery at full ration, fish were deprived of food for 3 days (18-20 Sep. 2003). It was 

anticipated that fish would appear at the feeding stations at the correct time of day. 

The food deprivation lasted for three days to ensure adequate time for the fish to 

show time/place learning. There is no absolute way of assessing time/place learning; 

however Biebach et al. (1989), in testing time/place learning in golden warblers 

Sylvia borin when food was available in four adjacent rooms at four different times 

suggested a criterion of 75% correct performance of the birds as an indication of 

time/place association of food. It is clear that the more fish that appear at the correct 

time and place of food delivery, the more evidence that time/place has occurred. 

Phase 4. Effect of low ration: As no apparent time/place learning was found by 

using a full ration, it was decided to reduce the ration to less than one third of the full 

ration to restrict food availability so as to promote and encourage anticipation of food 

by fish. Thus at the end of the previous trial in phase 3, the ration was effectively 

reduced from 1.8 to 0.5% BW (approximated maintenance ration). The low ration 

trial comparing with phase 2 was carried out for 16 days (between 23 Sept. and 8 

Oct. 2003). The low ration regime was used for the remainder of the trials. 
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Phase 5. Food deprivation: Fish were deprived of food for 3 days (9-11 Oct 

2003) to determine the effect of a low ration on inducing time/place learning. 
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Phase 6. Effect of repositioning water inlet to remove current.flow: Water 

current is considered to be a confounding factor that can affect fish distribution. In 

this trial, by reversing the water current inlet so that it pointed upwards, any probable 

biasing factor caused by circular currents on fish distribution was reduced. All 

feeding schedules and recording programs were the same as for the previous trial 

(phase 4). This trial was conducted for 9 days (14-22 Oct. 2003). 

Phase 7. Food deprivation: In an attempt to determine the effect of removing 

circular water current on time/place learning of fish, food was not offered for 3 days 

(23-25 Oct. 2003). 

Phase 8. Effect of using a partition in the tank: As fish could visually detect the 

introduction of pellets and the response of other fish from any location in the tank, a 

partition was installed to prevent visual cues. A black plastic sheet covered by a food 

grade plastic bag was framed by PVC tubing (with a dimension of 70 x 200 cm) 

diagonally positioned in the tanks, so that the tanks were divided into two (Schematic 

Figure). A 30 cm space was left open between one end of the partition and the wall 

of the tank to allow passage of fish from one side to the other. Position of feeding 

tubes and feeding sessions did not change. Fish distribution changed from quadrants 

to halves (see next page). The period of this trial was 21 days (between 28 Oct. and 

17 Nov. 2003). 

Phase 9. Food deprivation: For 3 days (18-20 Nov. 2003) fish were food 

deprived, to determine if fish demonstrate time and place of food delivery. 
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Tank 1 (Tl) Tank2(T2) 

w w 
Feeding tube 

4~ 
................ ~··· 

1 : 2 

4 : 3 

---1~-
i 
' 

Feeding tubes 

w w Feeding tube 

Partition Partition 

.______ Feeding tubes ____..-

Schematic Figure. showing the tanks used in the experiment. The circular arrows show the water 
current direction in the tanks. The dotted lines depict the four quadrants which by applying the 
partition, they were changed to halves. W, water tube inlet. 

Phase 10. Effect of offering feed in a new location: The aim of this trial was to 

change the place but not the time of food delivery, to determine if it affects 

time/place learning in the fish. In this case, without removing the old feeding tube 

(section 1), an identical new tube was positioned on the diagonally opposite side of 

the morning side of T1 (section 3). For T2, the sequence of feeding sessions was 

reversed (from am feed at section 1, pm section 3 to am section 3, pm section 1). 

This trial was carried out for 17 days (between 23 Nov. and 8 Dec. 2003). From this 

trial onwards, the morning and afternoon sides of food delivery were nominated as 

subjective morning (sM) and subjective afternoon (sA) sides, respectively. 
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Phase 11. Food deprivation: To assess the effect of offering feed in a new 

location of food delivery on time/place learning, fish were deprived of food for 3 

days (10-12 Dec. 2003). 
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Phase 12. Ordinal vs. non- ordinal time/place learning: To determine if fish 

had used ordinal or non-ordinal mechanisms of time/place learning, the morning 

(am) feeding session continued while the afternoon (pm) feeding session was 

removed on one day. Then on day 3, this situation was reversed i.e. by keeping the 

afternoon (pm) feeding session, the morning (am) feeding session was removed. Day 

2 was a normal feeding cycle. The duration ofthis trial was 3 days (15-17 Dec. 

2003). If the fish anticipated the feeding time by order in which it was presented 

(ordinal timing), when either am or pm meals were removed, they would not be able 

to find the location of food during the following meal. Otherwise, they used a non

ordinal timing mechanism. 

Phase 13. Shifting the feeding cycle by 1 h: During this trial, the feeding time 

was shifted (delayed) by 1 h. Therefore, feeding sessions were changed from (0930-

1000 h) to (1030-1100 h) and from (1530-1600 h) to (1630-1700 h).This trial aimed 

to find whether or not a change in the time of food delivery would affect the feeding 

behaviour of the fish. This trial continued for two days (19-20 Dec. 2003). 

Phase 14. Effect of phase-shift advance in the W cycle by 3 h: During this 

trial, the LD cycle was advanced by 3 h (lights on at 0500 h and off at 1700 h). 

However, feeding time was not changed (0930-1000 hand 1530-1600 h).This trial 

aimed to determine whether the clock underlying time/place learning was governed 

by circadian or an hourglass mechanism (21-22 Dec. 2003). If the clock is circadian, 

the visiting pattern of the fish from the feeding areas should shift ahead gradually 

(Reebs, 1996), whereas if the mechanism is an hourglass, set by the onset of light 

(Biebach et al., 1991), the pattern should immediately shift ahead by 3 h on the first 

day. After this trial, normal feeding continued for 6 days (23-28 Dec. 2003) until the 

next trial (phase 15) started. 
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Phase 15. Effect of constant light (LL) without food: Under food deprivation, 

the fish were exposed to constant light (LL) to determine if the timing mechanism 

underlying time/place learning of the fish has endogenous properties. If it has an 

endogenous nature, the pattern time/place learning should not change, otherwise, an 

exogenous cue (the previous LD cycle) governed their behaviour (29-31 Dec. 2003). 

After this trial, normal feeding continued for 7 days (1-7 Jan. 2004). 

Phase 16. Effect of skippi11g trials: By skipping the morning ur afternoon 

feeding session, the effectiveness of ordinal v. circadian mechanisms of time/ place 

learning was examined. This trial was conducted in two different ways (8-14 Jan.· 

2004). On one day, a feed was skipped at the afternoon session and normal feeding 

continued on the next day. Then on day 3, the morning session was skipped and 

normal feeding continued on the next day (4). This trial also tested an alternate 

skipped afternoon and then morning feeding when there was no normal feeding 

between them, i.e. am feed, skipped pm on day 1, then am skipped, pm feed on day 

2. If the fish used a circadian timing in their time/place learning, removing am or pm 

meals would not affect their behaviour. However, if the fish utilised an ordinal 

timing mechanism in their behaviour, when either am or pm meals were skipped, 

they would not be able to find the location of food during the following meal. 

Phase 17. Win-shift vs. win-silly strategies: To test if fish were using win-shift 

or win-stay, the fish were given three consecutive morning feedings (16-18 Jan. 

2004) or afternoon feedings only (20-22 Jan. 2004). Using a win-stay strategy, the 

fish, after a meal, should return to the previous reward side of food delivery, but they 

would not return to the previous reward side of food delivery if they used a win-shift 

strategy. 

Phase 18. Ordinal vs. non-ordinal time/place learning (repeat of phase 12): 

This trial was a different way to phase 12 to test ordinal vs. non-ordinal time/place 

learning. However, in this trial unlike the trial tested in the phase 12, a normal 

feeding was not followed after skipping a meal. Therefore, in this test, the pm meal 

was removed on day 1, followed on day 2 during which an am feed was skipped (25-
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26 Jan. 2004). If an ordinal mechanism was used by the fish, by removing either am 

or pm meal, they would not able to find the location of food during the following 

meal. Otherwise they used a non-ordinal timing mechanism. 

Phase 19. Effect of consecutive days of one meal: It was found that the fish, 

immediately after feeding on the afternoon side, returned to the morning side until 

the end of the day, and a so-called "peak" appeared on the afternoon side (phase 12). 

Consequently, it was decided to feed the fish only an afternoon meal on three 

consecutive days in order to identify how this meal affected fish behaviour (28-30 

Jan. 2004). This approach was used because an unusual peak was found in T2 fish in 

phases 12-18. Therefore this trial will extend the use of one meal to determine if the 

"peak" persists. After this trial, normal feeding continued for 4 days (between 31 Jan. 
I 

and 3 Feb. 2004 ). 

Phase 20. Effect of alternately skipping one meal on consecutive days: To 

clarify and investigate further the above mentioned "peak", and to determine when 

and how it may occur, feeding schedules were continued based on skipping an 

alternate morning or afternoon feeding session for four days ending with two days of 

normal feeding (4-9 Feb. 2004), i.e. on day 1 the pm meal was skipped, on day 2 the 

am meal was skipped, again on day 3 the pm meal was skipped and on day 4 the am 

was skipped. 

Phase 21. Effect of skipping one meal between days of normal feeding: This 

trial lasted 16 days (11-26 Feb. 2004) and aimed to clarify in depth the effectiveness 

of circadian vs. ordinal time/place learning. It was anticipated that skipping one meal 

may affect the normal feeding of fish 1- 2 days later, rather than on the following 

day. Therefore, between days of normal feeding, the am, pm or both meals were 

skipped in tum. The fish had no information about the previous time and place of 

"skipped" meal and their behaviour could be assessed effectively. 

Phase 22. Return to the originalfeeding location: A "peak" of feeding activity 

in T2 appeared from time to time during phases 20 and 21. Therefore in this phase, to 

determine whether the "peak" would again appear on the afternoon side, feeding 
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reverted to the original time (0930-1000 hand 1530-1600 h) and place (pm meal 

goes to the morning (M) side; am meal goes to the afi¥rnoon (A) side) of food 

delivery for T2 fish. Both meals reverted to the M side for Tl fish (between 27 Feb. 

and 4 Mar. 2004). 

Phase 23. Effect of phase-shift advance in the W cycle by 3 h (repeat of 

phase 14): As a "peak" did not appear on the afternoon side by using the above trial 

(phase 22), fish again were exposed to the previous time (0930-1000 h and 1530-

1600 h) and place of food delivery (same as phase 21). In order to establish a pattern 

of feeding in the new situation, therefore, normal feeding continued for 3 days (5-7 

Mar. 2004). Afterwards, the LD cycle was advanced by 3 h (lights on at 0500 hand 

off at 1700 h) without change to the feeding time (8-15 Mar. 2004 ). This trial aimed 

to determine whether the clock underlying time/place learning was governed by an 

hourglass or circadian mechanism. It was used also to identify when T2 fish moved 

from the sM side to the sA side. 

Phase 24. Effect of constant light (LL) without food (repeat of phase 15): To 

determine if the effect of on the fish feeding behaviour is one based on a circadian 

mechanism, they were exposed to constant light (LL) without food where there were 

no environmental cues (LD or food) in the room. If an endogenous circadian 

mechanism controls the fish feeding behaviour, they should appear at the correct 

time and place of food delivery (16-18 Mar. 2004). Otherwise, their feeding would 

be controlled exogenously. 

Phase 25. Effect of normal feeding: To re-establish the previous pattern and 

learn more about the fish movement from the afternoon to the morning side, normal 

feeding based on the previous LD cycle (12:12, lights on at 0800 h) and feeding 

schedule (0930-1000 hand 1530-1600 h) were re-instated (between 19 Mar. and 1 

Apr. 2004) in order to pursue the trials with constant light (LL) with food thereafter 

(phase 26) 

Phase 26. Effect of constant light (LL) with food: In this stage fish were 

exposed to constant light conditions (LL) with food (2-7 Apr. 2004). The fish had no 
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information of onset and cessation of light (no LD cycle), and the aim was to 

determine if the fish could use the time of food delivery as a cue to predict the 

feeding areas. 
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Phase 27. Effect of constant darkness (DD) with food: Movement of fish in 

T2 from the afternoon to morning side was thought to occur during the scotophase. 

To test this, the fish were exposed to constant dark conditions (DD) with food. Red 

light has often been used as a convenient alternate for darkness (Ruis and Rietveld, 

1992). Thus, in this study while excluding all other light, a red light (Sylvania, 80W) 

was used above T2 tank to enable recordings. The trial was ended by normal feeding 

under the previous LD cycle (12: 12, lights on at 0800 h) to determine if the 

movement persisted (8-13 Apr. 2004). 
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2.3. Results 

No significant differences between the total length (P>0.05, df 19 and t = -0.576) or 

weight (P>0.05, df 19 and t = -0.145) were found between tanks at the start of the 

experiment. In addition, fish mortality was low in the first five months of the 

experiment, with only one fish dying on day 8 in Tl. However, after five months 

the rate of mortality increased sporadically for both tanks and by the end of the 

experiment, the fish number ofTl and T2 tanks had declined from 20 to 13 and 12, 

respectively. 

Phase 1: Baseline study (days 1-8) 

Figures 1 and 2 depict the recorded results for days 1, 3 and 6 of the baseline study. 

These Figures display the fish distribution in all four sections of the tanks, during a 

12 h photophase. The fish were evenly distributed around the tanks with the pattern 

being similar for Tl and T2, indicating the absence of any apparent preferential 

sections or quadrants within the tanks. 

Even though numbers of fish in each section were not exactly the same, the overall 

fish distribution over all sections in the course of this trial was uniform, so that no 

significant peak of fish numbers was found. 

Figures 1 and 2 also illustrate the distribution of Tl and T2 fish on the day (8) of 

food deprivation. It appeared that when food was removed, fish did not tend to be in 

specific quadrants in the tanks at specific times of day, for both Tl and T2 fish. 

This suggested that deprivation of food had no perceived effect on fish distribution. 

An apparent disparity in the number of days of each phase was due to the specific 

aims included in the Materials and Methods, where each aim could be addressed 

using different time durations. 
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Figure 1. T1 fish distribution during baseline study. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h). Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. During this trial, the fish were hand-fed twice daily at random times, during 
the photophase (12 h) over the tank. Note: day 8 was a food deprivation day. 
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Figure 2. T2 fish distribution during baseline study. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h). Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. During this trial, the fish were hand-fed twice daily at random times, during 
the photophase (12 h) over the tank. Note: day 8 was a food deprivation day. 
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Phase 2: Effect of full ration (days 10-39) 

The recorded distribution of the number of fish over the course of this trial, in four 

quadrants of the tanks for days 10, 12, 15, 17, 19, 22, 24, 26, 29, 31, 33, 36, and 38 is 

shown in Figures 3 (Tl) and 4 (T2) with a peak of fish numbers occurring during the 

feeding periods, i.e. 0930-1000 h (morning) and 1530-1600 h (afternoon). Feeding 

places were in the same quadrants (section 1) for Tl and in the two diagonally 

opposed quadrants (sections 1 and 3) for T2. 

The distribution of T1 fish was such that they tended to be present in the feeding area 

(section 1) by the start of feeding, remain until the end of the feeding ( 1/2 hour) and 

then spread themselves across the tanks, mostly between sections 1 and 4 (see Figure 

3). Therefore, in the course of this trial, these two sections were the most popular. In 

contrast, fish were reluctant to remain in sections 2 and 3. No apparent FAA, in 

terms of gradual increase in the number of fish in those sections prior to feeding, was 

found. 

The distribution of T2 fish was not uniform during the course of this trial. 

During days 10-17, most fish occupied section 1 and 3, i.e. the feeding areas. 

However, towards the end of the phase (days 19-36), fish tended to be present 

predominantly in sections 1 and 4. Nevertheless, a peak of fish numbers occurred in 

sections 1 and 3 during feeding time. Again, no apparent FAA developed in either 

section 1 or section 3. 
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Figure 3. Tl fish distribution during full ration trial. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h).Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. The vertical lines indicate mealtimes. 
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Figure 4. T2 fish distribution during full ration trial. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h).Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. The vertical lines indicate mealtimes. 
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Phase 3: Food deprivation (days 40-42) 

After 3 days of food deprivation, Tl fish showed no clear evidence of time/place 

learning as a group. Even though most fish were found in sections 1 and 4, they were 

not in the correct place at the correct time (Figure 5). The number of fish that were 

positioned at the correct time and place of food delivery was 11 (58%) fish for the 

subjective afternoon mealtime (1530-1600 h) on day 42. 

Similarly, evidence for time/place learning in T2 fish was not clear. In addition, 

distribution of fish in all sections of the tank on food deprivation days was 

approximately similar (Figure 6). However, the results of food deprivation days for 

both tanks on day 40 indicated that 10 (50%) fish may have shown time/ place 

learning for the subjective morning mealtime (0930-1000 h) at the correct place (see 

the peak of fish numbers in Figures 5 and 6 in section 1 for Tl and T2). 

(2) (3) (4) 

Time (h) 

Figure 5. T1 fish distribution during food deprivation of the full ration trial. The fish numbers were 
recorded every ten minutes throughout the photophase ( 12 h). Numbers at the top of the figure refer to 
the sections (quadrants) of the tank. The pale vertical lines indicate subjective mealtimes. 
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Figure 6. T2 fish distribution during food deprivation of the full ration trial. The fish numbers were 
recorded every ten minutes throughout the photophase ( 12 h). Numbers at the top of the figure refer to 
the sections (quadrants) of the tank. The pale vertical lines indicate subjective mealtimes. 
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Phase 4: Effect of low ration (days 45-60) 

After the full ration was reduced to low ration, agonistic behaviours between fish in 

both tanks increased. Of those recorded, chasing, nipping and pushing were the three 

main behaviours. In addition, biting the tube was recorded during feeding. 

The frequency of these behaviours one hour and a half before feeding, during feeding 

and half an hour after feeding was scored on one day (55) in the morning and 

afternoon for both tanks. An ethogram of these activities is shown in Tables 1 and 2. 

In both tanks, chasing appeared to be the main agonistic act before food delivery 

while pushing and biting the feeding tube were the main behaviours during feeding. 

The number of agonistic encounters between the fish declined immediately after the 

meals. 

Figures 7 and 9 display the effect of low ration on the fish distribution on days 45, 

47, 50, 52, 54, 57, and 59 of this trial. In Tl, the tendency of the fish to remain in 

section 1 increased whereas the fish mostly occupied sections 1 and 4 during full 

ration (compare Figures 7 and 3). However, fish numbers indicated that even with 

the low ration, there was no clear indication of FAA in the feeding place (section 1) 

before meals. 

The low ration, compared to the fill ration trial, did not greatly encourage T2 fish to 

be present in the correct place at the correct time of food delivery before it arrived 

(Figure 9). No apparent FAA occurred in either section of the feeding areas, i.e. 1 or 

3, as no increase in number of fish prior to feeding was observed. 

Phase 5: Food deprivation (days 61-63) 

The effect of food deprivation on time/place learning of Tl fish as a group was not 

clear with the fish mostly occurred in sections 1 and 4 (Figure 8). However, on day 

63, a peak in fish numbers (10 or 53%) occurred during the subjective morning 

mealtime (0930-1000 h) at the correct place (section 1), suggesting some fish may 

have showed time/place learning. 
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The distribution of T2 fish on food deprivation days (61-63) is shown in Figure 10. 

The number of fish in all four sections during the entire photoperiod was similar for 

both days and therefore their time/place learning was not clear. However, on day 63, 

a peak in fish numbers (12 or 60%) took place at the correct time (1530-1600 h) and 

place (section 3) which may indicate time/place learning for the fish at that place. 

(1) (2) 
~i I 
1~ :l1~1L • L _JI .1 , 

it.•.•01,,1,2~1W.1i.1i5 -.1,,1,.11 .ll20 
~~ 15 
1

~~"' imrJl!!ll!hd ... ~1 ! 
8 91011121314151617181920 

.... -· 25l 20 
15 
1~ .I 

0 
a a 01112131415 e111a1s21 

...... 1 ~L 15 
10 

i , tlilrMll1111ul!l!!lltb 
8 91011121314151617181920 

(3) 

~l 15 
10 

iM11~..I~ h111•~'• ~ !WlllM. 
8 91011121314151617181920 

~~ 15 
10 
5 
0 

8 9101112131415161718192( 

(4) 
20 
15 25~ 
·~~ • ...,illltilll. 

8 91011121314151617181920 

25~ 20 
15 
10 

i.--lllM!m .... 
8 910111213141516171819~ 

Day 
45 

Day 
47 

~Lt. ~L ~L ~1 D 
s.. '~ • ··' ..... '~ Mlil/Ai1.Ht. '~ M!ldli_.. TW..W•w.M. 

50
ay 

~t--~"-"ro_11_12_1_•1_•1_•r•_11_1a_1•_'~-r--~•-•_1_01_1_"_"_"_'5_1•_11_1_•1_•20-;--~-•-•_10_11_12_1_•1_•1_5_10_11_1a_10_12-r-~"-'-'-°'-"-2_1•_1•_1•_1•_1_11_a1_•-r-2~~~, 

.c== ~1 
t~' jLJI Lb L ... ...~.J 

z 0-~-· ~ 8 9 01112131415 617181920 

~ ~1 
1'1.i1 .tu.l ,J J 
ilM!•lllll••li(, 

8 9 01112131415 617181920 

~L L.1 LI~· .... _ ... 

0 
8 9 01112131415 617181920 

I, 
251 
~1 .. l. J. 

0 
8 9 1011121314151617181920 

25~ 20 
15 
1

L• 111•~• 11..~. 
8 9 1011121314151617181920 

25j 20 
15 
1

~ Li llM~M. 16..i 
8 91011121314151617181920 

25~ 20 
15 
1

g .WM,.ii-... 
8 9101112131415161718192<1 

25j 20 
15 
1

L•m .. a. .. MM111 
8 9 1011121314151617181920 

25L 20 
15 
10 

i . .U•ti1~1 a_. 
8 9 1011121314151617181920 

25l 20 
15 
10 

i.Mtl6fil.-. 
8 91011121314151617181920 

25L 20 
15 
10 

g.~~M~ 
a s 1011121a14t51617181920 

25~ 20 
15 
10 

g .. ~~!llitl 
8 9 1011121314151617181920 

Time (h) 

~k.~~J,~M Day 
8 9 1011121314151617181920 52 

~~ 
~~ ia,1.iiii1dJJ.~ D54ay 

8 91011121314151617181920 

"l 20 
15 
1

g.M11111~1•il 
8 9 1011121314151617181920 

20 

Day 
57 

25~ 15 

1~-~ri.W Day 
8 9 1011121314151617181920 59 

Figure 7. Tl fish distribution during low ration trial. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h). Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. The vertical lines indicate mealtimes. 
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Figure 8. Tl fish distribution during food deprivation of the low ration trial. The fish numbers were 
recorded every ten minutes throughout the photophase (12 h). Numbers at the top of the figure refer to 
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Chapter2 

1 2 

~l 20 
15 
1

~ 1~1 MUM~ ••11h 
8 91011121314151617181920 

~~ 20 
15 
1

~. ll!lfl! 111• •I ~1111Y 
8 910111213141516171819 

~L 20 
15 
1

~ .. 9 ... 11111!11111Mk 
8 91011121314151617181920 

20l 15 
10 

~L ...... nll~liiiili 
a a 1011121a141s1a111a1a20 

Time (h) 

3 4 

Day 
45 

Day 
47 

Day 
54 

Day 
57 

Day 
59 

Figure 9. T2 fish distribution during low ration trial. The fish numbers were recorded every ten 
minutes throughout the photophase (12 h). Numbers at the top of the figure refer to the sections 
(quadrants) of the tank. The vertical lines indicate mealtimes. 
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recorded every ten minutes throughout the photophase (12 h).Numbers at the top of the figure refer to 
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Table 1. Ethogram of aggressive behaviours in the morning for T1 and T2 fish at 15 
. t . t 1 d d 55 M lti h b th tri mmu e m erva s, measure on av ea mes are s own >v e greys lP. 

TANK 1 (Tl) TANK2(T2) 

Time (h) biting nipping chasing pushing biting nipping chasing pushing 
tube tube 

0800-0815 0 1 4 0 0 0 1 0 
0815-0830 0 2 6 0 0 2 7 0 
0830-0845 0 4 7 0 0 1 5 0 
0845-0900 0 2 16 0 0 0 5 0 
0900-0915 0 1 10 0 0 1 11 0 
0915-0930 u 1 17 0 0 2 6 0 

lo930:0945 ·. n> ",. o··. :.L :o ... ~ ··.P· 
'< ,,.· : .··,.16 ··.> ,:,.00' ;.:: .. : 0' < • ·;." H: " 

« '0945-1 OOO · '< :47 < < < 0 
0 '"' 

16 < < 

<' 46 < ·.O 0 24·, 

1000-1015 0 0 6 1 0 0 1 0 
1015-1030 0 0 2 0 0 0 4 0 

Table 2. Ethogram of aggressive behaviours in the afternoon for Tl and T2 fish at 15 
. t . t 1 d d 55 M lti h b th tri mmu e m erva s, measure on ay ea mes are s own 1y e greys p 

TANK 1 (Tl) TANK2(T2) 

Time (h) biting nipping chasing pushing biting nipping chasing pushing 
tube tube 

1400-1415 0 4 14 0 0 2 2 0 
1415-1430 0 1 26 0 0 1 3 0 
1430-1445 0 9 31 0 0 5 10 1 
1445-1500 0 5 36 0 0 1 4 1 
1500-1515 0 9 42 0 0 2 7 0 
1515-1530 0 5 46 0 0 4 4 0 

; 1530-1545 < ;27., .. I)' .. ·. 0 .'< 
< 33.: < 

''. < 39. .:s. 0 '. p. ~2 < < < < < : 

>1545-1600 < •' i.26",: . o ... :·' ,, "o:· 20: ·1·;:~ . :·'26. y ,, :: :~o ·2 .··.o,. :.:~.:·23«'' < 

1600-1615 1 1 7 0 5 7 0 0 
1615-1630 0 0 2 0 0 1 1 0 
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Phase 6: Effect of repositioning water inlet to remove current 

flow (days 66-74) 

47 

Figures 11 shows the results recorded for this trial on days 66, 68, 71 and 73 for T1 

fish. On the first day of this trial (day 66), Tl fish distribution decreased 

progressively from section 1 through 4. On day 68, it appeared that Tl fish showed a 

form of FAA in the morning only. This pattern of behaviour however, did not persist, 

so that on days 71 and 73, fish distribution returned to its original (pre-trial) pattern. 

This means that fish again distributed themselves between the sections, except for the 

feeding sites, where a peak in the number of fish took place. 

Similarly, T2 fish behaviour on the early days of this trial changed sharply (Figure 

13), compared to the previous trial, but returned to its original pattern thereafter. In 

this case, fish numbers decreased abruptly in section 4 on days 66 to 68 but soon 

returned to the original pattern as in the previous trial i.e. increased fish number in all 

sections (in particular sections 3 and 4) except 2. FAA did not appear in either of the 

tanks, in terms of increase in the fish numbers prior to feeding. 

Phase 7: Food deprivation (days 75-77) 

No clear evidence of time/place learning was found on the first day of food 

deprivation for T1 fish (day 75) (Figure 12). However, in section 1, there was a peak 

in fish numbers (11 or 58% fish) at the subjective time of afternoon feeding (1530-

1600 h) and similarly a peak (10 or 53% fish) occurred at the subjective time of 

morning feeding (0930-1000 h) on day 77. This may show that some specific fish 

within the group may have achieved time/place learning. 

Likewise, in T2, food deprivation produced a slight peak in fish numbers (10 or 50% 

fish) in section 1, during the subjective morning feeding on day 75 and also another 

peak in fish numbers (11 or 55% fish) in section 3, during the subjective afternoon 

feeding on day 75. This may indicate time/place association with the mealtimes for a 

few fish (Figure 14). 
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Figure 11. T1 fish distribution during repositioning water inlet to remove current flow trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 h). Numbers at the top of the 
figure refer to the sections (quadrants) of the tank. The vertical lines indicate mealtimes. 
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Figure 12. Tl fish distribution during food deprivation of the repositioning water inlet to remove 
current flow trial. The fish numbers were recorded every ten minutes throughout the photophase (12 
h). Numbers at the top of the figure refer to the sections (quadrants) of the tank. The pale vertical lines 
indicate subjective mealtimes. 
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Figure 13. T2 fish distribution during repositioning water inlet to remove current flow trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 h). Numbers at the top of the 
figure refer to the sections (quadrants) of the tank. The vertical lines indicate mealtimes. 
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Figure 14. T2 fish distribution during food deprivation of the repositioning water inlet to remove 
current flow trial. The fish numbers were recorded every ten minutes throughout the photophase (12 
h). Numbers at the top of the figure refer to the sections (quadrants) of the tank. The pale vertical lines 
indicate subjective mealtimes. 
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Phase 8: Effect of using a partition in the tank (days 80-100) 

On the first day (80) of this trial, fish in both tanks appeared to be stressed; their 

body colour turned darker and their movement decreased greatly. All fish tended to 

be present on just one side of the partition (all-or-none). After a few days, body 

colour returned to normal. No mortality occurred. 

Throughout this trial, all Tl fish with the exception of a few stayed on the morning 

side of the partition, not moving around the partition to the other side. All their 

behaviour was confined and restricted to that area. The fish tended to remain in one 

place (the morning feeding area) during the whole photophase period (Figure 15a). 

The behaviour of T2 fish differed to T1. On the first day of this trial (day 80), T2 fish 

almost always remained on the morning side (Figure 15b). However from day 82 

onwards the fish tended to remain in the last feeding area, until the next feeding 

session arrived. In other words, the fish remained on the afternoon side at all times, 

until the morning feed arrived, then migrated to the morning side until the afternoon 

feeding arrived. This pattern was repeated every day. 

Phase 9: Food deprivation (days 101-103) 

Food deprivation appeared to have no effect on Tl fish behaviour and time/place 

learning (Figure 16a). The fish stayed in the subjective feeding area for the whole 

day on food deprivation days and did not come around the partition at all. As such, 

their time/place learning association of food was not clear. 

Similarly, food deprivation caused T2 fish to remain on the subjective afternoon 

feeding area, because there was no morning feeding session (or afternoon session) to 

force them to move to the other side (Figure 16b). Again, as no active movement 

towards feeding areas on the food deprivation days occurred, the time/place learning 

behaviour of these fish was unclear. 
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Figure 15. Fish distribution in TI (a) and in T2 (b) using a partition trial . The fish numbers were 
recorded every ten minutes throughout the photophase ( 12 h). Mand A at the top of the figure refer to 
the morning and afternoon sides, respectively. The vertical lines indicate mealtimes. 
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Figure 16. Fish distribution in TI (a) and in T2 (b) during food deprivation of the partition trial. The 
fish numbers were recorded every ten minutes throughout the photophase (12 h). Mand A at the top 
of the figure refer to the morning and afternoon sides, respectively. The pale vertical lines indicate 
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Phase 10: Effect of offering feed in a new location (days 106-

122) 

52 

Figure 17 shows the recorded results of fish distribution in a newly established 

location of food delivery during which, feeding location was moved from section 1 

to section 3 (Tl), or the morning and afternoon sides of food delivery were reversed 

(T2). 

During this trial, all Tl fish again moved to the new place and remained there until 

the end of this trial. This indicated that using a new feeding side affected Tl fish 

behaviour in terms of activity and distribution so that the fish moved to and remained 

in the new side (Figure 17a). This suggested that the activity and behaviour of the 

fish were always confined to the side of food delivery. 

In addition, no specific effect on T2 fish behaviour was found. Also, FAA did not 

develop (Figure 17b ). The distribution and behaviour of fish was exactly the same as 

during the previous trial, i.e. fish moved quickly to the pellets while feeding and 

remained in the feeding area until the next feeding session, on the opposite side, 

aided by the "informed fish". The "informed fish" were described as those fish 

patrolling on the side of forthcoming meal and immediately after the start of feeding 

informed the other fish of the food arrival by increasingly their swimming speed and 

moving back and forth between the two sides of the partition. 

Phase 11: Food deprivation (days 123-125) 

The T1 fish behaviour on food deprivation days was the same as for feeding days. 

The fish remained in the new feeding location at all times and therefore their 

time/place learning was not clear (Figure 18a). 

The effect of food deprivation on T2 fish was also the same as for the previous trial. 

This showed that again fish tended to remain in the subjective morning area, as there 

were no feeding sessions. The fish remained in the last feeding area that previously 
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had been fed, i.e. the subjective morning side. Therefore, existence of time/place 

learning for these fish was not likely (Figure 18b). 
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Figure 17. Fish distribution in TI (a) and in T2 (b) during offering food in a new location trial. The 
fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top 
of the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. Note that on day 109, food was not offered. 
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Figure 18. Fish distribution in TI (a) and in T2 (b) during food deprivation of the offering food in a 
new location trial. The fish numbers were recorded every ten minutes throughout the photophase (12 
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respectively. The pale vertical lines indicate subjective mealtimes. 
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Phase 12: Ordinal vs. non-ordinal time/place learning (days 

128-130) 

54 

Figure 19 shows the results of testing two different mechanisms of time/place 

learning: i.e. ordinal vs. non-ordinal for Tl and T2, during which either morning 

(am) or afternoon (pm) feeding session was removed. In TI fish, neither the first day 

(128), where the pm feeding session was removed nor the third day (130), where the 

am session was removed, had an effect on distribution and activity of fi sh. The fish 

remained on the morning side (subjective afternoon) at all times (Figure 19a). 

On the first day (128) of this trial, T2 fi sh remained on the afternoon side (subjective 

morning) and by arrival of the am feeding session moved to the morning side 

(subjective afternoon). The fish remained there until 1230 h and moved back to the 

subjective morning and remained there until 1340 h. The fi sh again migrated to the 

subjective afternoon and remained there until the end of the day (Figure 19b). On the 

third day (130) , during which an am feeding session was removed but the pm session 

continued, the fi sh moved to the subjective morning at 1410 h until the pm feeding 

session arrived and after the meal moved back to the subjective afternoon and 

therefore an "immediate return to the previous reward location" (IRL) (an extra 

peak) happened. This indicates that for the first time since using the partition, fish 

after feeding , returned to the previous reward location and remained there until the 

end of the day. In both tanks , visiting the feeding areas was not based on the order of 

food presentations which ruled out the use of an ordinal mechanism and might 

suggest a non-ordinal timing mechanism in the fish feeding. 

sM 

15 
10 ~l 
~ -hlll·--""''""""--8g1011121314151617181920 

Time (h) 
(a) 

sA sM 

11,.l 1~ mn 
8 {11011121314151617181920 

25 
20 
15 
10 
5 
o-lliht-"""'lllltlll-111. 

8 91011121314151817181920 

sA 

~--10 
5 
0 

8 91011121314151617181920 

Time (h) 
(b) 

Day 
128 

Day 
130 

Figure 19. Fish distribution in Tl (a) and in T2 (b) during ordinal vs. non-ordinal trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top of 
the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 
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Phase 13: Shifting the feeding cycle by 1 h (days 132-133) 

Results of this trial, during which mealtimes were delayed by 1 h, are illustrated in 

Figures 20a (for Tl fish) and 20b (for T2 fish). Response of TI fish to a one-hour 

shift in the feeding time did not change and as usual, these fish remained on the 

morning side (subjective afternoon). 

55 

A one h shift in the feeding time did not have any perceived effect on T2 fish, which 

responded to the new feeding time as if they were exposed to the old one. The "IRL" 

(an extra peak) however, still appeared, but this time on the morning side (subjective 

afternoon). The peak also occurred on the next day of normal feeding (see Figure 

20b). Overall, this trial showed that feeding behaviour of the fish had not been 

influenced by change in the feeding time. 
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Figure 20. Fish distribution in Tl (a) and in T2 (b) during shifting the feeding cycle by 1 h trial. The 
fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top 
of the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 

Phase 14: Effect of phase-shift advance in the LD cycle by 3 h 

(days 134-135) 

fu this trial, Tl fish distribution did not change (Figure 2la) and apparently the 

mechanism underlying feeding behaviour for these fish might have circadian 

properties. 
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The effect of this shift on T2 fish is shown in Figure 2lb. This figure indicates that 

distribution and behaviour of the fish had changed. When the lights came on at 0500 

h (day 134), there were two groups of fish, of which the majority were present at the 

previous feeding session i.e. the afternoon side (or subjective morning) and the 

minority were present on the morning side (subjective afternoon) until 0610 h when 

they returned to the other side. Nevertheless this does not necessary indicate that an 

hourglass mechanism was involved; rather it may show a gradual shift in the 

circadian feeding behaviour of the fish, occurring on day 134, might have been 

completed on the following days. This was due to the fact that the trial was continued 

for just one day and on the following day (135) normal feeding was resumed, during 

which the above pattern disappeared. On day 135, the T2 fish turned up for an am 

feeding session at 0930-1 OOO and after feeding, returned to the previous side and 

again, the "IRL" (an extra peak) appeared in the morning (or subjective afternoon) 

(see Figure 21b). As this trial did not clearly demonstrate which timing mechanism 

(circadian or ordinal) was used by the fish, it was repeated in phase 23 of this study. 
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Figure 21. Fish distribution in T1 (a) and in T2 (b) during phase-shift advance in the LD cycle by 3 h. 
The fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at 
the top of the figure refer to the subjective morning and subjective afternoon sides, respectively. The 
vertical lines indicate mealtimes. Note: the x-axis of day 134 is different to that of day 135. 

Phase 15: Effect of constant light (LL) without food (days 142-

144) 

Figure 22 illustrates the result of fish distribution under LL and food deprivation. On 

day 143, when there was no cue in the room, the fish of both tanks appeared for the 

morning side, suggesting a possible endogenous timing mechanism for the fish 
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feeding behaviour was at work. However, this suggestion was inconclusive because 

the fish were placed under LL just for one day and there was possible the fish had 

used exogenous information of the previous LD cycle to predict the mealtimes. Thus 

the trial was repeated in phase 24 to clarify the endogenous vs. exogenous feeding 

behaviour of the fish. In addition, the appearance of a peak in the T2 fish numbers at 

the correct time but incorrect place, occurring on day 142 of normal feeding, may 

suggest that the fish knew the time and but not the place of food delivery. 
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Figure 22. Fish distribution in T1 (a) and in T2 (b) during LL and food deprivation trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 or 24 h). sM and sA at the 
top of the figure refer to the subjective morning and subjective afternoon sides, respectively. Note the 
scale on the x-axis has changed with the LD cycle. The vertical lines indicate mealtimes. 

Phase 16: Effect of skipping trials (days 152-158) 

Figures 23 illustrate the results of sequential skipping, i.e. pm tested then normal 

feeding then am tested then normal feeding, for Tl and T2 (days 152-155). Skipping 

a morning or an afternoon feeding session had no effect on time/place association of 

food for Tl fish. However, the feeding pattern ofT2 fish was such that the fish 

appeared for the morning meal every day after a morning or an afternoon feeding 

session was skipped. The results of both tanks suggest that the fish did not use the 

order of meal presentation to anticipate the morning meal and that a type of circadian 

mechanism in the fish feeding might have involved. Also, it may show that T2 fish 
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had a preference for the subjective afternoon side at night. Note that the "IRL" 

appeared on day 155, when normal feeding continued. 
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Figure 23. Fish distribution in T1 (a) and in T2 (b) during sequential skipping trial. The fish numbers 
were recorded every ten minutes throughout the photophase ( 12 h). sM and sA at the top of the figure 
refer to the subjective morning and subjective afternoon sides, respectively. The vertical lines indicate 
mealtimes. 

The results of skipped meals not followed by normal feeding but by pm skipped on 

the firs day and am skipped on the second day are shown in Figures 24. The result 

for T1 fish was the same as for the above trial: i.e. no perceived effect on feeding 

behaviour of T1 fish with all fish remaining on the subjective afternoon side (Figure 

24a). By skipping an afternoon feeding session, T2 fish remained on the morning (or 

subjective afternoon) side. However, the "IRL" again appeared on the afternoon side 

(or subjective morning) after skipping a morning feed (Figure 24b). The results of 

this trial again might be explained based on the circadian rather than an ordinal 

timing mechanism as the fish did not use the sequential order of meals to guide their 

behaviour. The diagrams of this trial (phase 16) also indicate that FAA may have 

appeared for T2 fish on the morning side (subjective afternoon) on all days, or the 

fish had a preference for that side at night. 
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Figure 24. Fish distribution in TI (a) and in T2 (b) during skipping trial without normal feeding. The 
fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top 
of the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 

Phase 17: Win-shift vs. win-stay strategies (days 160-166) 

Figure 25 shows the effect of two strategies of foraging behaviour: i.e. win-shift vs. 

win-stay for both T1 and T2. Having either a morning or an afternoon feed caused 

the Tl fish to remain on the morning side (subjective afternoon), suggesting a win

stay strategy for T1 fish (Figure 25a). The behaviour of the T2 fish during this trial 

was also a win-stay strategy. This was indicated by the fish remaining on the 

subjective afternoon side when they had only a morning feed and also returning to 

the subjective afternoon side after having an afternoon feed, whether this returning 

occurred during the scotophase (e.g. dayl64) or the photophase (e.g. day 165) 

(Figure 25a). The previous side to determine the use of win-shift or win-stay was 

defined as previous 'conditioned' reward side rather than previous meal delivery 

side. Overall this trial suggested a win-stay strategy for both T1 and T2 fish . 
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Figure 25. Fish distribution in TI (a) and in T2 (b) during win-shift vs. win-stay trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top of 
the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 

Phase 18: Ordinal vs. non-ordinal time/place learning (days 

169-170) (repeat of phase 12) 

This trial was similar to the trial in phase 12, except that a day where the pm meal 

was removed was not followed by a normal feeding day but by a skipped am meal. 

Output from the trial in Figure 26 suggests that removing a morning or an afternoon 

feed had no observable effect on the behaviour of the T1 fish (Figure 26a). The T2 

fish remained on the morning side (subjective afternoon) and the "IRL" appeared on 

the opposite side (Figure 26b). This can discount the use of an ordinal timing and 

suggests a non-ordinal timing mechanism in the feeding of the T1 and T2 fish. The 

fish behaviour of both tanks appeared to be solely a response to the delivery of 

pellets. 
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Figure 26. Fish distribution in TI (a) and in T2 (b) during ordinal vs. non-ordinal timing trial. The 
fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top 
of the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 

Phase 19: Effect of consecutive days of one meal (days 172-17 4) 

Figure 27 depicts the results of an afternoon meal only over consecutive days. No 

change in the behaviour of Tl fish was observed; the fish remained on the morning 

side (subjective afternoon) for the entire photophase (Figure 27a). However, the 

"IRL" appeared on all three consecutive days of the afternoon meal for the T2 fish. 

While suggesting a win-stay strategy, it might also show the fish had a preference to 

remain on the morning side (subjective afternoon) (Figure 27b). 
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Figure 27. Fish distribution in TI (a) and in T2 (b) during consecutive days of one meal trial. The fish 
numbers were recorded every ten minutes throughout the photophase (12 h). sM and sA at the top of 
the figure refer to the subjective morning and subjective afternoon sides, respectively. The vertical 
lines indicate mealtimes. 
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Phase 20: Effect of alternately skipping one meal on consecutive 

days (days 179-184) 

When alternate meals were skipped on days 179-182, no change was observed either 

in the distribution or the behaviour of the Tl fish (Figure 28a). However, results of 

skipping the afternoon feed for the T2 fish on days 179 and 181 (Figure 28b) were 

similar to each other; on both days fish that had already appeared on the morning 

side (subjective afternoon) remained there and did not appear to move to the opposite 

side. Likewise, the pattern of skipping the morning feed for these fi sh was similar 

between days, i.e. fish turned up for the afternoon meal and remained there until the 

end of day. However, the fi sh then started the next day on the morning (sA) side, 

suggesting they moved to that side during the scotophase. It was the noted that when 

normal feeding continued on days 183 and 184, the "IRL" occurred. The reason for 

this occurrence was not clear. 
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Figure 28. Fish distribution in Tl (a) and in T2 (b) during trial testing the effect of skipping alternate 
meals. The fish numbers were recorded every ten minutes throughout the photophase (12 h). sM and 
sA at the top of the fi gure refer to the subjecti ve morning and subjective afternoon sides, respectively. 
The vertical lines indicate mealtimes. 
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Phase 21: Effect of skipping one meal between days of normal 

feeding (days 186-201) 

63 

The T1 fish remained on the morning side (subjective afternoon) on every day of this 

trial (Figure 29a). No consistent pattern of behaviour or distribution of T2 fish was 

observed on different days of this trial on normal feeding combined with a skipped 

morning or afternoon feed (Figure 29b). On days 186 and 187 of normal feedings, 

the fish displayed different patterns of behaviour, with one "peak" occurring on day 

187 and two "peaks" occurring on day 186. When an afternoon feed was skipped on 

day 188, the pattern of normal feeding on the following days changed. On day 189, 

the fish that had already been staying on the morning side (subjective afternoon) 

visited the opposite side 3.5 h (at 1200 h) before the mealtime (1530 h) without any 

cue. After feeding, the fish remained there until the end of day. Interestingly, this 

pattern of visiting the opposite side before the delivery of the mealtime was repeated 

on the next day of normal feeding (day 190), except that an extra "peak" occurred on 

both sides (Figure 29b ). The pattern of visiting the opposite side was even more 

variable on day 191 of normal feeding with the fish visiting the opposite side at 1000 

h instead of 1200 h. These fish however returned to the previous side after being on 

the afternoon side (subjective morning) for 1.5 hand this visiting back and forth was 

again repeated between 1400-1500 h. It had appeared that these fish did not use an 

ordinal timing, because if they had been using an ordinal mechanism, then after 

skipping an afternoon meal, they would not have appeared for the following morning 

meal. Incidentally, the occurrence of fish on the opposite side (afternoon side or 

subjective morning) indicates that these fish were probably showing FAA on that 

side, in addition to the occurrence of FAA on the morning side (subjective afternoon) 

(days 189-191). Nevertheless, the pattern of normal feedings (days 193 and 194) did 

not change by repetition of this trial, i.e. skipping an afternoon feed on day 192. A 

consistent pattern of feeding behaviour (e.g. day 196) was found when a morning 

feed was skipped and an afternoon feeding was continued (day 195). This could be 

interpreted as yet more evidence of the lack of an ordinal mechanism, and might 

suggest a circadian timing mechanism, as the order of visiting feeding places did not 

change. Finally, when the fish were deprived of food (days 197 and 201) the fish 

remained on the morning side, regardless of feeding schedule on the previous days, 

which could be explained by preferential positioning of the fish. 
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Figure 29. Fish distribution in Tl (a) and in T2 (b) during a trial on the effect of skipping one meal 
between days of normal feeding. The fish numbers were recorded every ten minutes throughout the 
photophase ( 12 h). sM and sA at the top of the figure refer to the subjective morning and subjective 
afternoon sides, respectively. The vertical lines indicate mealtimes. 

Phase 22: Return to the original feeding location (days 202-207) 

By applying the original feeding location of food delivery, the distribution or the 

behaviour of the T1 fish was such that they moved back to the new feeding side 

without delay (Figure 30a). The behaviour of the T2 fish was similar on days 202, 

203 and 207, with the fish remaining in the previous feeding place until the next 

meal arrived (Figure 30b). During this trial, only on day 204 the "IRL" took place on 

the morning side for T2 fish. 
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Figure 30. Fish distribution in T1 (a) and in T2 (b) during a trial on the original feeding location trial. 
The fish numbers were recorded every ten minutes throughout the photophase (12 h). M and A at the 
top of the figure refer to the morning and afternoon sides, respectively. The vertical lines indicate 
mealtimes. 
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Phase 23: Effect of phase-shift advance in the LD cycle by 3 h 

(repeat of phase 14) (days 210-218) 

66 

As the results of the short-term trial to determine which timing mechanisms, i.e. 

circadian vs. hourglass used by the fish were inconclusive (phase 14), the test was 

repeated for a longer period. By using a 3-h phase-shift advance in the LD cycle, the 

Tl fish behaved as in the previous trials and remained on the morning side 

(subjective afternoon) at all times (Figure 3la). In contrast to this, the behaviour and 

distribution of T2 fish changed (Figure 3lb). From day 212 onwards, the fish that 

had previously remained on the afternoon side (subjective morning) 2-3 h before 

mealtime (0930 h) moved to the morning side (subjective afternoon) and stayed there 

until the next meal (afternoon) arrived. This may suggest an hourglass mechanism is 

involved. 
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Figure 31. Fish distribution in TI (a) and in T2 (b) during phase-shift advance in the LD cycle by 3 h 
trial. The fish numbers were recorded every ten minutes throughout the photophase (1 2 h). sM and sA 
at the top of the figure refer to the subjective morning and subjective afternoon sides, respectively. 
The vertical lines indicate mealtimes. Note that food was not offered on day 214. Also, the x-axis of 
day 210 (normal feeding) is different to that of days 211-218. 

Phase 24: Effect of constant light (LL) without food (repeat of 

phase 15) (days 219-221) 

This was a repeat of phase 15 to discriminate more in-depth the endogenous vs. 

exogenous feeding behaviour of the fish, where they were placed under constant 

condition of LL without food. T1 fish remained on the morning side (subjective 

afternoon) throughout this trial (Figure 32a). Behaviour of the T2 fish on days 219 

and 220 was similar; the fish remained on the morning side (subjective afternoon) 
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from 0800-0900 hand then moved to the afternoon side (subjective morning). 

However, on the third day (221) of food deprivation, the fish moved at 1000 h from 

the afternoon side (subjective morning) to the opposite side. The appearance of the 

fish for the am meal may suggest an endogenous circadian timing mechanism 

governs the fish behaviour. This was indicated by the appearance of the fish on the 

sM side and after 1-2 h they moved to the sA side. This pattern had been started 

under the LD cycle on day 212 (phase 23) onwards until day 228 (phase 25), at 

which the pattern disappeared. As under the constant conditions of LL without food 

the fish still appeared on the sM side and again after 1-2 h moved to and remained on 

the sA side (days 219-220), this suggests an endogenous timing mechanism for the 

fish. It seemed that the pattern reversed on day 221, when the fish moved from the 

sA side to the sM side and searched for food (Figure 32b ). 
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Figure 32. Fish distribution in Tl (a) and in T2 (b) during constant light (LL) without food trial. The 
fish numbers were recorded every ten minutes throughout the photophase (24 h). sM and sA at the top 
of the figure refer to the subjective morning and subjective afternoon sides, respectively. The pale 
vertical lines indicate subjective mealtimes. 

Phase 25: Effect of normal feeding (days 222-235) 

During this trial Tl fish feeding pattern did not change with the fish remained on the 

subjective afternoon side for all time (Figure 33a). For T2 fish, on days 223, 226, 

227, 229, 231, 232, 234, and 235 the "IRL" occurred on the afternoon side 

(subjective morning) (Figure 33b). On days 222-226, the fish initially stayed on the 

sM side until next morning when they moved to the sA at mealtime. Gradually the 
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appearance of the fish on the sM side after the light on was damped down to days 

227-228, but it was gradually merged to the sA side from day 227 onwards. Then, a 

mixture of pattern appeared where the fish either stayed on the sM side after a meal 

or after a meal moved back to the sA side. This suggests the importance of the 

morning feeding side in the fish feeding behaviour 
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Figure 33. Fish distribution in TI (a) and in T2 (b) during normal feeding trial . The fish numbers were 
recorded every ten minutes throughout the photophase ( 12 h). sM and sA at the top of the figure refer to 
the subjective morning and subjective afternoon sides respectively. The vertical lines indicate mealtimes. 
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Phase 26: Effect of constant light (LL) with food (days 236-241) 

The behaviour and distribution of Tl fish during this trial was similar to other trials 

with the fish remaining on the morning side (subjective afternoon) constantly (Figure 

34a). The "IRL" appeared for the T2 fish in the course of this trial and the 

appearance of FAA or a preference for the morning meal side was obvious (on all 

days from day 236 onwards except on day 237) (Figure 34b ). After two days of 

placing the T2 fish in LL condition, they were able to appear on the morning side 

before arrival of am meal. This may suggest that mealtimes could act as zeitgebers to 

entrain feeding activity of the fish but it may also show the preferential positioning 

of the fish on the morning side. As the fish still appeared on the morning side without 

having any time cue of the LD cycle, this result could be another evidence of an 

endogenous circadian timing mechanism for the fish feeding. 
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Figure 34. Fish distribution in Tl (a) and in T2 (b) during constant light with food trial. The fish 
numbers were recorded every ten minutes throughout the photophase (24 h). sM and sA at the top of 
the figure refer to the subjective morning and subjective afternoon sides, respectively. The LL started 
from day 235 at 2000 h and ended on day 242 at 0800 h. The vertical lines indicate mealtimes. 



Chapter2 72 

Phase 27: Effect of constant darkness (DD) with food (days 242-

247) 

On each day of this trial of complete darkness (DD) (days 243-246) and even on the 

normal feeding days (242 and 247), the "IRL" appeared on the afternoon side 

(subjective morning) (Figure 35). The diagram of day 243 shows that fish movement 

from the afternoon side to the morning side had begun at 0400 h. However, this 

movement could be due to a stress response to the red light and might not give any 

information of the fish movement from the afternoon to the morning side as the fish 

were transferred the previous night (days 242) to the red light condition. On the 

following days, the fish remained on the morning side with the exception of the 

afternoon meal (1/2 hr). 
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Figure 35. Fish distribution in T2 during constant darkness with food trial. The fish numbers were 
recorded every ten minutes throughout the photophase ( 12 h) or scotophase (24 h). sM and sA at the 
top of the figure refer to the subjective morning and subjective afternoon sides, respectively. Days 242 
and 247 were normal feeding under a LD cycle. The DD started from day 242 at 2000 h and ended on 
day 246 at 2000 h. Note the scale on the x-axis has changed with the LD cycle. The vertical lines 
indicate mealtimes. 
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2.4. Discussion 

The results of this experiment provide no clear evidence of time/place learning at the 

group level in rainbow trout. Food simply acted as a strong stimulus to bring fish to 

the feeding areas and fish immediately responded to this stimulus. Using a partition, 

when feeding occurred in one location over two times, fish feeding behaviour was 

confined by periodic food access regardless of lighting conditions (LD, LL or phase

shift advanced). This confinement was indicated by permanent residence of T1 fish 

on the feeding area. When the locations of the food delivery increased to two 

different places over two times (T2 fish) however, most times fish had already 

appeared on the morning side of food delivery before mealtimes, suggesting FAA 

and or importance of the morning meal in feeding behaviour. T1 fish stayed 

continually in one (out of two) location where am and pm meals occurred on one 

side. However, T2 fish mostly returned to the morning side of food delivery 

immediately after finishing the afternoon mealtime, under any photoperiod regime 

(LD, LL, DD, or phase-shift). The simultaneous appearance of two groups of fish on 

both sides of food delivery and the immediate occurrence of fish 3 h before the food 

arrival, when the LD was shift-advanced by 3 h suggested the effect of both circadian 

and hourglass timing mechanisms were involved. 

The increasing number of Tl fish in the full ration trial in sections 1 and 4 (Figure 3) 

may be explained in terms of feeding areas and water inlet effects respectively. 

Similarly, even though the feeding areas for T2 fish were sections 1 and 3, and the 

peak of fish numbers occurred in those areas at mealtimes, the fish spent most time 

in sections 1and4 (Figure 4). The occurrence of T2 fish in section 4 may be due to a 

rapid increase in 0 2 demand immediately after finishing feeding, where fish seek a 

zone of higher oxygen concentration such as in section 4. Though it was not 

measured in any part of tanks, DO could have been an influential factor. In fish, an 

increase to double the amount of oxygen consumption, one to six h after feeding, has 

been indicated (Tucker and Robinson, 1990). Also, 60-80 % of the maximum rate of 

oxygen'consumption occurring after a meal, has been reported in juvenile rainbow 

trout (LeGrow and Beamish, 1986), which indicates that fish tend to seek 02 rich 

zones after feeding. 
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Our expectation was that low ration would provide an incentive for efficient foraging 

behaviour. This agrees with Ware's (1972) study showing that increasing hunger 

levels in rainbow trout led to an increase in foraging behaviour and also decreased 

handling time. During the low ration trial of the current study, although foraging 

behaviour of T1 (increased number of fish visiting in section 1 of the photoperiOd) 

and T2 (increased number of fish visiting in sections 1 and 3) fish increased, 

compared to the full ration trial, time/place learning task on food deprivation days 

could not be demonstrated. In rats, effect of motivational state in expression of 

time/place learning and FAA has been shown. The rats had free access to food failed 

to demonstrate time/place learning but when subjected to a restricted feeding they 

then were able to show time/place learning (Lukoyanov et al., 2002). Likewise, 

behavioural tests conducted on food-sated and food-restricted rats revealed that only 

the food reslricled rats developed FAA (Barbano and Cador, 2005). In fact, hunger 

level is one of the important factors affecting food intake and therefore feeding 

behaviour (Colgan, 1989). Search rate, attack rate, and handling time are all aspects 

of feeding behaviour related to hunger level (Dill, 1983). In addition, Juell et al. 

(1994) investigated the influence of hunger levels and food availability on the spatial 

distribution of Atlantic salmon. They found a correlation between horizontal 

distribution and hunger level: as hunger level fell, the number of fish feeding in the 

foraging space reduced. It is also suggested that hunger level can act as a promoter of 

FAA (Reebs and Saulnier, 1997). The lack of FAA during the low ration trial in the 

current study may be attributable to the inadequate time in the study with FAA 

developing but not expressed. For instance, FAA will appear in greenback flounder 

Rhombosolea tapirina (Purser and Chen, 2001) after 21-28 days and in rainbow trout 

Oncorhynchus mykiss (Chen and Tabata, 2002) after 30 days of the restricted 

feeding. Nevertheless, FAA appeared to have occurred during the phase-shift 

advance in the LD cycle by 3 h, during which the fish were able to occur at the 

correct place (morning side) 3 h before the food delivery (phase 23). 

It is well-known that rainbow trout are visual feeders (Boujard and Leatherland 

1992a) and to remove visual cues to food availability a partition was used. In 

time/place learning animals learn to associate specific places at specific times 

(Reebs, 193). In this study, however time/place leaning for both groups of the fish 
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(Tl and T2) was not clear when a partition was used (Figures 16 and 18) because the 

fish did not actively forage the feeding locations. Rather, they passively remained on 

the last reward location for the entire photophase. Due to this, it appears that the fish 

used a "win-stay" ("lose-shift") foraging strategy rather than time/place learning 

(Gomez-Laplaza and Morgan, 2005). 

Continuous residence of TI fish at all times in the one place (M side, Figure 15a) and 

T2 fish in conjunction with the side of food delivery (Figure 15b), may be due, but 

not necessary, to group living where individuals in the group tend to join and form 

aggregates. For fish, living in a group has benefits. The benefits include: protection 

from predators, an increased likelihood of finding food, and increased vigilance. In 

addition, group defence and dilution and also cover effect are the most important 

advantages. The two costs are: increased competition and conspicuousness (Krebs 

and Davis, 1993). Learning to use new food types, or finding foraging areas by 

following members of the group, are further benefits of group living, enabling fish to 

increase their food intake by increasing the diversity of food items (Giraldeau, 1984). 

More importantly, another reason to join groups is that each individual has access to 

"public information" (Valone, 1989). Public information is a kind of social 

information that provides information about the quality of an environmental 

resource, whereas in social learning individuals learn about how to obtain an 

environmental resource (Valone and Templeton, 2002). In fact, during feeding 

sessions on one side, at first, the majority of individuals (except for 1 or 2) in T2 

were on the opposite side. It was noted that these so-called "informed fish", shortly 

after becoming aware of the food source, came back and appeared to "motion" the 

"un-informed" individuals to join them in the feeding area. This "motion" took the 

form of increased swimming speed and a continuos swimming pattern backwards 

and forwards between each side of the partition until fish moved to the new feeding 

side. It appeared that these fish used a concept called "public Information" (Valone, 

1989), by which they could share and get additional sources of information about the 

feeding area. The rate of information transfer gradually increased, so that by day 90, 

almost 5 minutes after starting feeding, all fish were informed and were gathered in 

the feeding area. It could be interpreted that a few T2 fish that visited the opposite 
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side of the feeding section, were foragers that had access to information sources. 

Furthermore, group hunting is one advantage of group foraging (Morse, 1980). 

Therefore, the "informed fish" informing other individuals to join them in the 

feeding area can be described as a method of "safe" feeding, as with fish schooling, 

which usually confers a large degree of protection from predators (Breder, 1954; 

Neill and Cullen, 1974). 

It was found that during normal feeding of T2, the fish returned to the morning side 

immediately after feeding on the afternoon side and therefore the "IRL" appeared. 

This may be explained as the preferred morning side of food delivery by the fish. 

This may suggest that the morning side of food delivery will determine the 

preferential side of residence to the fish so as the fish after feeding on the afternoon 

side tend to return to and remain on the preferred (morning) side and therefore an 

extra feeding "peak" (IRL) appears on the afternoon side. 

In a series of trials conducted to investigate time mechanism underlying feeding in 

fish in the present study, it appeared that time discrimination as used by the fish, was 

more likely to have been based on the combined effect of circadian (LEO) and an 

hourglass mechanism, which is in disagreement with Reebs's (1996) study on fish, 

and Biebach et al. (1991) on birds. This was indicated during the 3 h phase advanced 

in the LD cycle which caused the fish behaviour (T2) to be affected on the first day 

(Figures 21b and 31b). Two groups of fish appeared; one group stayed in the 

subjective morning area and the other group stayed in the subjective afternoon area. 

As the trial was carried out only for one day; this may show a circadian clock rather 

than an hourglass mechanism was involved. Because in order for a circadian clock to 

reach a complete phase-shift, a number of days are required so that on the first day of 

phase-shift in the LD cycle, an incomplete shift in behaviour should occur (Biebach 

et al., 1991), whilst with hourglass mechanism a complete and permanent phase-shift 

of the behaviour is expected, on the fist day of the LD cycle phase-shift (Daan, 

1987). Nevertheless, when the trial was conducted for a longer period (phase 23, 

Figure 31 b ), the effect of the two timing mechanism (circadian vs. hourglass) still did 

not separately appear. An immediate phase-shift on the fish behaviour (the 

appearance of fish on the correct side of food delivery 3 h before its arrival) took 
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place on the second (212) day rather than on the first day (211) to suggest an 

hourglass timing. Also, on the first day (211), a gradual shift on the fish behaviour 

did not clearly appear to indicate the effect of a circadian (LEO) mechanism. Thus, it 

is suggested that the fish might have used both timing mechanisms. In addition, both 

trials used a 3 h phase-shift advance in the LD cycle and the phase-shift may not 

have been long enough to distinguish between circadian and hourglass timing, 

because it has been suggested that an appropriate phase-shift of at least 6 h is 

required in order to determine the effect of the two timing mechanisms (Pittendrigh, 

1981) (see Chapter 5). Therefore, a further study is required with a longer period in 

phase-shift advance in the LD cycle to examine whether the effect of circadian and 

hourglass timing will appear in rainbow trout. 

It has been shown that mammals such as rats, in a time/place learning task, use a 

daily route strategy or ordinal timing, to track the location of food (Carr and Wilkie, 

1997). In this way, they learn to respond to the location of food in the correct order 

each day (Carr and Wilkie, 1999). When a pm meal was skipped, these animals were 

still able to anticipate the location of food for the following am meal. When an am 

meal was skipped however, they failed to find the location of the food in the pm 

session (Carr and Wilkie, 1999). Using one meal (afternoon or morning meal only) in 

the current study, ruled out the possibility that fish had learned an alternation 

strategy, as the fish did not visit a location as a cue for the next meal (Pizzo and 

Crystal, 2004). However, this demonstration does not show that the fish had learned 

time/place learning either, as no evidence of visits at the correct time and correct 

place of food delivery occurred; the fish (T2) were just displaced by changing the 

location of food delivery. When one meal was skipped amongst days of normal 

feeding (Figure 29), the fish did not have a reliable spatio-temporal sequence of food 

availability, and therefore they could not reliably predict time and place of food 

delivery using ordinal information (Carr et al., 1999). Consequently, the fish did not 

use an ordinal timing system. The fish appeared on the morning side throughout this 

trial, suggesting FAA or the importance of the morning meal in the feeding 

behaviour. 
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From the literature it appears that different species, and even different individuals in 

the group, use a different timing mechanism in the time/place learning task. For 

example, it has been demonstrated that pigeons use circadian timing, while rats use 

ordinal timing to the track spatio-temporal pattern of food availability (Carr and 

Wilkie, 1999). Thorpe et al. (2003) showed in their studies that some rats used a 

time-of-day (circadian oscillator) mechanism whereas the others used an alternation 

strategy: use of visiting a location as a cue to the next location (Pizzo and Crystal, 

2004). In our study, placing the fish in LL conditions without food had a different 

effect on fish behaviour in the one-day trial (Figure 22) or the 3-day trial (Figure 32). 

In the former, no effect on fish behaviour was observed and the fish stayed on the 

subjective afternoon side for the entire 24 h photophase. However, it can not be 

concluded that an endogenous timing mechanism was involved as the fish might 

have used information of the previous LD cycle to predict the meals. The 

endogenous mechanism of the fish feeding may have cleared when the trial was 

performed for 2-3 days. During the first two days, the fish initially appeared on the 

sM side and after 1-2 h, moved to the sA side. This pattern appeared to disappear on 

the 3rd day. Such a pattern may indicate a damping of the endogenous influence as 

circadian system of fish is labile (Reebs, 2002). 

The food distribution determines animal foraging strategies. When food is clumped, 

a win-stay strategy, while when it is dispersed, a win-shift strategy is appropriate 

(Hosoi et al., 1995a, b).This may explain why the fish of this study probably used a 

win-stay strategy as the {ood was not dispersed over the water surface of the tanks 

but rather through a submerged feeding tube in one area. Use of win-stay also has 

been reported as in a study with pigeons by Biebach et al. (1989). In testing the 

learning ability of the pigeons, when kept at four different places, it was noted that 

the birds had learned a win-stay (or lose-shift) rule, as they would have stayed in the 

same room until the next room was supplied with food (Biebach et al., 1989). In 

addition, the win-stay strategy by the animals may be related to the rate of learning. 

For example, Olton and Schlosberg (1978) showed that a group ofrats who had 

selected a win-stay strategy demonstrated no sign of food-finding learning, compared 

to rats who learned quickly, which had selected a win-shift strategy. 
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Finally, if the use of win-stay by the fish in the present study is true, then there is a 

possibility that the fish did not use any timing mechanism at all (Aschoff, 1986). In 

fact, circadian, hourglass, and ordinal timing are three timing systems underlying 

time/place learning, when it occurs. As no apparent time/place learning took place 

for the fish in the current study, consequently the timing mechanism may not apply. 

In summary, the results of the present series of trials, demonstrate )hat rainbow trout 

have difficulty showing time/place learning behaviour. However, this is not to say 

that rainbow trout are not capable of showing this behaviour. Some possible reasons 

for the lack of this behaviour by rainbow trout are: 

(1) Even in rats the demonstration of time/place learning is not always easy to detect 

(Thorpe et al., 2003). In addition, the interpretation of the lack of time/place learning 

is not easy, because of the low cost to fish of being in the wrong place (Reebs, 1993). 

This is a reasonable hypothesis because one way to force animals to show time/place 

learning is to increase the response cost. For example, Widman et al. (2000) showed 

that when that response cost was increased by increasing the height the rats had to 

climb to obtain food, the success rate of time/place learning significantly increased. 

Gallistel (1990) stated that whenever a biologically significant event occurs (e.g. 

discovery of food), a memory code which stores the time and place information as 

well as the nature of the event is made. Thus a biologically important event triggers 

the formation of time-place-event (the tripartite code) association. When the animal 

faces a biological need, it uses this memory code to guide its behaviour. 

Accordingly, it has been shown that at a low response cost, rats use time-event or 

place-event information (Thorpe et al., 2003) while pigeons use even-time-place 

discrimination (Saksida and Wilkie, 1994). 

(2) In the wild, generally salmonid have adopted two feeding methods in terms of 

their habitats. In lotic waters, they use a "sit-and wait" feeding strategy (Eriksson and 

Alanarii, 1992), in contrast to "search-and-find" strategy in lentic waters (Groot, 

1996). In streams (lotic waters), rainbow trout usually feed on drifting organisms 

(Chapman and Bjornn, 1969; Jenkins et al., 1970; Waters, 1972; Elliott, 1973; 

Tippets and Moyle, 1978; Cada et al., 1987) in which the timing of food availability 
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is highly predictable (Hynes, 1970; Muller, 1978), and food occurs in the water 

column or in the surface film. Therefore, location of food in streams varies vertically. 

Likewise, in lentic waters (e.g. lakes), time but not location of food availability is 

predictable (Groot, 1996). Thus it appears that in both habitats temporal rather than 

spatial food availability matters. Consequently, there is a possibility that fish in the 

current study did know time but they failed (or were reluctant) to combine it with 

place information to guide their behaviour (Thorpe et al., 2003). 

(3) Besides ontogeny, experience and the particular circumstances in which an 

animal lives, may change behaviour and laboratory confinement may cause changes 

in behaviours, which can be permanent or reversible (Schreck and Moyle, 1990). 

Some examples of the effect of experience and change of behaviour in wild and 

laboratory organisms include: wild experienced guppies in a high predation 

population, responded more rapidly to predation models than low predation guppies 

(Paxton, 1996). There is also a difference between the feeding behaviour of reared 

and wild cod, when preying on goby: reared cod followed "pursuit"strategies, 

whereas wild ones used "lunge" strategies to catch the goby (Steingrund and Femo, 

1997). fu addition, as Briinniis and Alaniirii (1992) state, long-term cultivation of 

rainbow trout may have affected their feeding behaviour. Thus the observed 

behaviour under culture conditions may have been modified so that it may not be the 

behaviour of fish in the wild. 

2.5. Key points from this Chapter influencing the approach 

for subsequent Chapters 

• Due to the influential effect of the water current in circular tanks, feeding 

behaviour of rainbow trout in the following Chapters (3-5) will be investigated in 

raceways. 

• Using Rathbun tanks and experimental conditions in the room, rainbow trout did 

not clearly show time/place learning at the group level. However, it appeared that 

a few individuals in the group were capable of demonstrating time/place learning. 

To ascertain if this is true, the fish were tagged individually and their behaviour 
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was examined in raceways (Chapter 4). In addition, this Chapter investigated 

time/place learning of the whole group while the next Chapter (3) will quantify 

the exact number of fish that may be able to show time/place learning. 

81 

• As FAA usually occurs 1-3 h before food is delivered, the preference of the fish 

(T2) for the morning (correct) side of food delivery, i.e. the first meal, unlike to 

the second meal, is more likely to be based on endogenously driven FAA. This 

particularly was observed in phase 23 (the 3 h shift in the LD cycle) during 

which, the fish turned up on the correct side 3 h before the food arrival. This 

could indicate evidence to support that the idea that only one, rather than two, 

meal per day produces a strong and robust FAA (Aschoff, 1986; Gee et al., 1994; 

Naruse and Oishi, 1994; Sanchez-Vazquez et al, 1997; Aranda et al., 2001). 

• The approach used to examine timing mechanisms in this Chapter was based on 

deliberate food delivery, when the fish had no control over ils availability. Thus, 

it was possible that the fish used the time of food availability to guide their 

behaviour. To avoid the food cue, a self-feeder was installed in order to the fish 

themselves decide when to feed and the timing mechanisms were re-assessed 

under that situation (Chapters 4-5). 



CHAPTER3 

FEEDING BEHAVIOUR OF RAINBOW TROUT IN RACEWAYS 

(BELT-FEEDERS AT A POINT SOURCE) 
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3.1. Introduction 

Raceways are flow-through systems with plug-flow rearing unit characteristics. The 

raceway (plug-flow) designs are characterised by a gradient in water quality and 

relatively low longitudinal current velocities, whereas circular (mixed-flow) tank 

designs generate a homogenous water quality with substantial circular current 

velocities (Shepherd and Bromage, 1988; Ross et al., 1995). 

Rainbow trout can be cultured in either tanks or raceways while the rearing unit 

design is one factor that can influence the production of fish in aquaculture (W atten 

and Johnson, 1990; Westers, 1992). Ross et al. (1995) described non-feeding 

behaviour of rainbow trout under culture conditions using different rearing unit 

designs. They found that the fish orientation to the current varies from uniform 

upstream orientation in circular tanks to largely downstream orientation in raceways. 

Also, rate of aggression among the fish increases from raceways to circular tank 

types. The present study will examine feeding behaviour of rainbow trout in 

raceways (see Chapter 2 for in-tank rainbow trout feeding behaviour). 

Time/place learning has not been tested in rainbow trout Oncorhynchus mykiss, one 

of the most studied aquaculture species of fish, either in the field (natural stream), or 

in the laboratory (aquarium or tank). Therefore, the primary aim of the experiment 

was to assess time/place learning behaviour of rainbow trout relative to feeding in 

small raceways. In addition, the fish were fed by means of belt feeders to reduce 

disturbance compared to the hand-feeding method in which the fish are attracted to 

the person delivering the feed (Tipping, 2001). 

With a water current movement from inlet to outlet, the raceway systems may be 

considered as artificial stream tanks (flumes) which simulate natural streams. In 

these environments, upstream position is usually occupied by dominant (Reimers, 

1968; Gibson, 1983; Fausch, 1984; Metcalfe, 1986; Grant, 1990) individuals who 

have prior access to drifting organisms (Bachman, 1984; Grant et al., 1989; Grant, 

1990). 
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Furthermore, as foraging behaviors are related to water velocity (Smith and Li, 

1983), rainbow trout in natural streams generally maintain feeding stations near fast 

currents, in which they are able to prey on drifting organisms (Chapman and Bjornn, 

1969; Jenkins et al., 1970; Waters, 1972; Elliott, 1973; Tippets and Moyle, 1978; 

Cada et al., 1987). Thus, they show a more alert form of feeding behaviour as an 

adaptation to rapidly running waters (Brii.nnas and Alanara, 1992). 

In fact, among two types of aquatic habitats Qotic and lentic ), rainbow trout use a 

"sit-and-wait" feeding strategy in a lotic (waters of streams and rivers) environment 

(Eriksson and Alanara, 1992). The fish in this strategy operate as individuals and 

usually defend a feeding territory (Groot, 1996). In contrast to the individualistic 

"sit-and-wait" foraging behaviour of fish in the lotic environment, the fish in lentic 

waters of lakes and ocean actively search for food and therefore adopt a "search-and

find" feeding strategy in which the fish usually operate in schools or aggregates 

(Groot, 1996). Temporal rather than spatial availability of food in streams (Hynes, 

1970; Muller, 1978) and in lakes (Groot, 1996) is predictable. This may show that in 

the feeding behaviour of rainbow trout temporal, rather than spatial, food availability 

matters. 

As the predominant method of food acquisition in rainbow trout is drift feeding 

where the water current velocity is high (upstream), if food is introduced not only in 

the upstream (which is a similar manner to stream drift) but also in the downstream 

(which is unusual to what occurs in the wild); the following questions could be 

asked: 

• How would the fish behave? 

• Is the spatial distribution of the fish affected by applying an extra location of food 

delivery? 

• Are the fish able to adjust their spatial distribution and maximise foraging 

behaviour? 

• If the dominant fish align themselves closest to the upstream delivery of food, how 

would such a social structure change if a second downstream food source was 

introduced? 
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Food anticipatory activity (FAA) is more likely to be related to time/place learning 

tasks, because fish need to have a representation of circadian time linked with 

representation of the occurrence and place of feeding (Gallistel, 1990). Therefore, the 

second general aim of the study was to determine whether or not FAA is used by 

rainbow trout in one or two feeding places. FAA was described as a gradual increase 

in the number of fish occurring in the feeding area a few hours before the food 

delivery. An absence of an increase in fish numbers would indicate a lack of FAA at 

the group level but would not rule out FAA at the individual fish level. 

The specific aims in addition to the general aims of time/place learning, and FAA 

evaluations, were to: 

(a) Describe the social aspects (e.g. agonistic behaviour) of feeding behaviour in 

relation to one or two locations of food delivery. 

(b) Identify any hierarchical structure and describe the effect of the dominant fish on 

time/place learning of the group. 

(c) Describe the feeding behaviour of trout in raceways from an aquaculture 

perspective and from an "artificial stream" ecological perspective. 

(d) Evaluate the effect of environmental cues (e.g. food or LD cycle) on the feeding 

behaviour of rainbow trout. 
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3.2. Materials and Methods 

The experiment was carried out for 108 days (between 4 June and 19 September 

2004). Rainbow trout, hatched and grown in captivity were randomly allocated to 

two identical small raceways (Length x Wide x Depth; 3.1x0.67 x 0.4 m), supported 

by a recirculated water treatment system in a temperature-controlled and insulated 

room. A group of 20 fish, with an average weight of c. 12 g, were placed randomly in 

each of the two raceways. The fish were maintained under a LD 12: 12 cycle (lights 

on at 0800 h, lights off at 2000 h) and a water temperature of 15 ± 1° C. Depth of 

water in both raceways was about 22 cm, along with an average surface current 

velocity of 1.2 ± 0.2 cm s-1 (measured by a floating object in the water current along 

the length of the raceways). The submerged water tube inlet faced towards the 

sidewall of the raceways to enable moderate water flows (20 L min-1
) without 

excessive currents. The water outlet consisted of a pipe positioned in the floor of the 

raceways at the opposing end. 

The raceways were divided equally into 4 sections (each 77.5 cm in length) using 

three removable PVC sheet partitions (measuring 53 x 35 cm). A 25 x 25 cm 

rectangular window was made in each partition through which fish could swim from 

one side of the divider to the other. A black plastic screen was used around the 

raceways to avoid fish disturbance. 

Fluorescent lights (Thom, 36W, light white) above the raceways provided a light 

intensity of 4 µmol s-1 m-2 at the water surface during the photophase. A timer was 

used to tum lights on and off, with an artificial dawn and dusk of 10 minutes each. 

During an acclimation period of 8 days, the fish were hand-fed at random times, 

~wice daily during the photophase. Food was offered along the raceways and not 

restricted to one location. 

During the experiment, fish were fed at a daily low ration of 1.5% BW, by means of 

belt feeders connected to submerged feeding tubes, in section 1 (most upstream) in 

raceway 1 (Thl) and in sections 1 (most upstream) & 4 (most downstream) in 
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raceway 2 (Th2). The daily ration was divided equally between morning and 

afternoon feeding sessions, so that Thl tested the treatment two meals in one location 

(2T/1P) and Th2 tested two meals in two locations (2T/2P). The feed was a 2 mm 

Nutra Tranfer salmon pellet (50% protein, 23% lipid, Skretting Pty, Ltd. Cambridge, 

Tasmania). 

The behaviour, distribution and activity of the fish were recorded every second day, 

using a remote time-lapse tape recorder (Sanyo VCR). Two cameras (Swann® CMOS 

black and white) were mounted on the ceiling, up to 2 meters above the raceways. 

The video signals were relayed to a programmed time switcher (Swann® NV Multi 

switcher), which sequentially switched channels to be recorded every 20 seconds 

(Schematic Figure). The number of fish actively swimming was counted over a 20 

second duration every 10 minutes and of these, mean swimming speed was 

determined from a set of individual fish swimming speeds (body length per seconds, 

bl s-1
) measured on the screen over a 5 second period/fish every 10 minutes. Data 

was displayed as numbers of fish in each of the 4 sections of the raceways. 

Furthermore, aggressive behaviour of the fish in the raceways was scored using the 

identifiable behaviours: chases, nips, fright movements (threat) and biting the 

feeding tube. 

All fish were fed twice a day, between 1000-1100 hand 1500-1600 h, and all feeding 

sessions (morning and afternoon) were in the same section for Thl (section 1 out of 

4) and at the two opposite ends of Th2 (sections 1 & 4). It must be noted that due to 

space implications, replication of raceways was not possible, and hence caution 

should be taken when interpreting the results. 



Chapter3 

TV 

VCR 

Camera 

.. 
.......... 

... 
.. 

....... Side view 

"' .......... ., 

1~ C::> -I 
inlets 1 2 

Top view 

·" 
.. 

... .......... 

/ 

C::> 

C::> 
C::> 

3 

Fish 

"· .. 
...... ... , 

.. .... 

I== 
4 

88 

Feeder 

Feeder 

Raceway2 
(Th2) 

Raceway 1 
(Th1) 

Schematic Figure. Showing the system used in the experiment, position of cameras above the 
raceways and their connections to channel switcher (C.S.), TV and VCR. The numbers refer to 
the sections of the raceways from most upstream (1) to most downstream (4), respectively. 
Section 1 was the place of water inlet and section 4, that of water outlet. Note that in Thl 
(2T/1P), there was one feeder positioned in section l, while in Th2 (2T/2P), there were two 
feeders positioned in sections 1 and 4. The tubes connected to the feeders had been submerged 
into the water. 
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In summary, the sequential phases of the experiment were as follows: 

1. Baseline study (days 1- 8) 

2. Effect of change in position of water tube inlet (days 9-11) 

3. Time-place learning without any partition (days 13-34) 

4. Food deprivation (FD) (day 35) 

5. Time-place learning with one partition (day 39-46) 

6. Food deprivation (FD) (day 47) 

7. Time-place learning with three partitions or maze (days 49-72) 

8. Food deprivation (FD) (day 73) 

9. Effect of constant light (LL) on feeding behaviour: 

(a). Without food (days 85-95) 

(b).With food (days 98-102) 

10. Effect of 'dominant' removal on fish learning (days 105-108). 
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As indicated above, a food deprivation period was used at the end of each trial to 

determine whether fish had learned time/place learning association of food. Also, 

before running the next trial, a one-day reinforcement of feeding schedule based on 

the previous day was offered, to "maintain conditioning" of the fish. 

Phase 1. Baseline study: This trial aimed to describe normal behaviour and fish 

distribution in the raceways, before using a submerged feeding tube attached to the 

belt feeder. This study continued for 8 days (five days feeding and three days food 

deprivation) (4-11June2004). For the feeding session, fish were fed food pellets at 

ad hoe times by hand, for an hour, to satiation, in the morning and again for an hour 

in the afternoon. During this trial, an average amount of food intake by the fish on 

three consecutive days was determined. This amount was then divided by mean body 

weight (BW) of fish for each raceway to find a full ration (3% BW). 

Phase 2. Effect of change in position of water tube inlet: This trial was a short

term study (3 days, 12-14 June 2004) in which the position of the submerged water 

tube inlet was repositioned to deliver the flow directly down the length of the 

raceways, to test if fish distribution is likely to be influenced by the flow dynamics. 
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This was tested because in the baseline study (phase 1), it was noted that fish 

distribution was not even throughout the raceways. As no perceived difference was 

found in fish distribution by applying a new water inlet position, the experiments 

used the water inlet in the initial position. Feeding schedules were the same as in the 

baseline study. 

Phase 3. Time-place learning without any partition: From this stage until the 

end of the experiment, fish feeding was achieved using the belt feeder leading to a 

submerged tube (25 mm in diameter) in the water. This phase was conducted for 22 

days (between 16 June and 7 July 2004). No partition was used. During this period, 

fish were subjected to restricted feeding (RF) with a daily low ration of 1.5% BW 

(half ration). Food delivery was restricted to two feeding periods: morning (1000-

1100 h) and afternoon (1500-1600 h).For Thl, the morning and afternoon sessions 

of feeding occurred in section 1 (most upstream), while feeding in Th2 occurred in 

section 1 (most upstream) and section 4 (most downstream), respectively. In this 

respect, Thl was designed to demonstrate the fishes' ability of time and place 

learning in one location (2T/1P), while Th2 was designed to demonstrate this in two 

locations (2T/2P). Fish behaviour and activity were recorded every second day in the 

photophase stage (12 h). During the playback of video recordings, the number of fish 

in each section was noted every 10 minutes throughout any specific 12 h photophase. 

Phase 4. Food deprivation (FD): After 22 days of regular feeding, fish were 

deprived of food on day 35 (8 July 2004). This one-day trial aimed to determine if 

time and place learning association of food had occurred. During food deprivation, 

the belts of the feeders did not operate, to avoid any possible influence of sound cues 

on fish activity. 

Phase 5. Time-place learning with one partition: In this trial, the first PVC 

partition was positioned in the middle of the raceway to reduce the visual cue of 

pellets falling into the water. Fish had to swim through the window (25 x 25 cm) of 

the partition to reach the feeding area. For each raceway, the position of the windows 

in the partition was at the opposite side of the submerged tube of feeding, so that fish 

were not informed visually of pellets falling into the raceways. Feeding schedules 
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were not changed. The period ofthis trial was 8 days (12-19 July 2004). The trial 

aimed to test further time/place learning, where the direct visual cue of food was 

eliminated. 

Phase 6. Food deprivation (FD): On 201
h July 2004 (day 47), fish were deprived 

of food, to determine whether or not fish had learned to position themselves at the 

correct time and in the correct place. This one-day trial was used to indicate 

time/place learning association with food by the fish. 

Phase 7. Time-place learning with three partitions or maze: Positioning three 

partitions in each raceway gave the system more complexity. In this stage, two extra 

partitions, with size and dimensions exactly the same as the first one, were positioned 

upstream and downstream, or respectively in front of and behind the first partition. 

The windows for each partition were placed in such a way that fish had to travel a 
I 

maze-shaped route or labyrinth, to reach the food (openings on alternate sides). This 

trial lasted 24 days (between 22 July and 14 August 2004). By this trial, a precise 

time/place learning association of food was assessed, as finding the location of food 

delivery was complicated for the fish. 

On day 71 of this trial, mean swimming speed and number of agonistic encounters 

among the fish for each raceway and during the whole photophase (12 h) were 

measured to assess whether FAA occurred in behaviours other than the fish 

distribution. 

Phase 8. Food deprivation (FD): Food deprivation occurred for one day (15 

August 2004) to determine the effect of the labyrinth on time/place learning of fish. 

After the above trial, normal feeding (LD and RF) based on the original pattern of 

feeding (1000-1100 hand 1500-1600 h) continued for 11 days (16-26 August 2004). 

Phase 9. Effect of constant light (LL) on fish behaviour: Since it was possible 

that the fish used external cues provided by the onset of light (the LD cycle) and 

therefore a time interval between lights on and the meal to find the location of food 



Chapter3 92 

delivery, these cues (the LD cycle) were removed in this phase. The LD cycle was 

changed from 12L: 12D into 24 h LL (no darkness) and video recording covered a 24 

h period. This trial was conducted by two methods: without food and with food. Each 

method used a normal feeding cycle (1000-1100 hand 1500-1600, 12L: 12D; lights 

on at 0800 h) prior to treatment and was included in the figure as comparison to the 

treatment. 

(a). Without food trials: These trials (under LL and FD) aimed to determine if an 

endogenous circadian mechanism is associated with time/place learning, by 

removing the environmental cues (zeitgebers) (no LD and food) in the room. The 

assumption was that if the fish used the information provided by light-dark 

alternations (hourglass mechanism) in their time/place learning, under constant light 

(LL), they should not appear in the correct time and place of food delivery. 

Otherwise, an endogenous (circadian) timing mechanism controlled their behaviour. 

The first, over three days (27-29 August 2004), consisted of one day normal feeding 

(LD and RF) (recorded) followed by a transitive stage (LD to LL and RF) (non

recorded) in which fish were exposed to a cycle moving to 24 h LL. The last day was 

recorded as it was assumed to show the real effect of constant light (LL and RF) on 

the behaviour of the fish. In the second method, five days of consecutive recording 

were carried out. The sequence was: one day normal feeding (LD and RF) followed 

by a transitive stage (LD to LL and RF) and then continued under LL and RF for 

three days thereafter. The latter trial period was 2-6 Sept. 2004. 

(b ). With food trial: The objective of this trial was to determine the effectiveness of 

food as the only zeitgeber in the room in entraining feeding activity of the fish. The 

fish could use only time of food availability as a cue for their activity under RF and 

LL. This trial was conducted for five consecutive recorded days (9-13 Sept. 2004), in 

which the first day was a normal feeding day (LD and RF) followed by a transitive 

stage (LD to LL and RF) and then three days under LL and RF thereafter. 

Phase 10. Effect of "dominant" removal on fish learning: In this trial, which 

extended for 4 days (16-19 Sept. 2004), one fish from each group was removed. The 

aim of this action was to determine if the "dominant" fish had influenced the learning 
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of the others. Thus on the first day (105), normal feeding (under LD and RF) 

continued and on the next day (106), near feeding time (between 1000-1100 h), 

careful observations were made to see which fish was continuously going back and 

forth in the upstream area. After distinguishing this fish, it was removed from the 

group. In this case, the number of fish was reduced to 19. To reinforce fish memory 

of feeding schedules, on the 3rd day (107) normal feeding continued. Finally, on the 

4th day (108), food was not delivered and the time/place learning ability of the other 

fish was determined by observing the resultant fish distribution in the raceways. 
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3.3. Results 

Phase 1: Baseline study (days 1-8) 

Figures 1and2 illustrate the recorded results of the fish distribution for days 1, 3 and 

5 of the baseline study in all four sections of the raceways during a 12 h photophase. 

On these days the fish were fed by hand; a belt feeder was not used in these sections. 

The majority of fish in both raceways tended together mostly to the downstream area 

(sections 3 and 4) and to remain there, rather than in the upstream area (sections 1 

and 2) where only a few fish occurred. 

The distribution of the fish on food deprivation days (recorded on day 8 only) for 

raceways 1 and 2 is displayed in Figures 3 and 4, respectively. Fish of Thl remained 

mostly in section 4 for the whole 12 h photophase. However those in Th2 moved 

forward and were distributed between sections 2 and 3. 
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Figure 1. Fish distribution in Thl (2T/1P) for days 1, 3, and 5 of baseline study. During this trial, the 
fish were hand-fed twice daily at random times, during the photophase (12 h) along the raceway. 
Numbers at the top of the figure refer to the sections of the raceway from most upstream (1) to most 
downstream (4), respectively. 
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Figure 2. Fish distribution in Th2 (2T/2P) for days 1, 3, and 5 of baseline study. During this trial, the 
fish were hand-fed twice daily at random times, during the photophase (12 h) along the raceway. 
Numbers at the top of the figure refer to the sections of the raceway from most upstream (1) to most 
downstream (4), respectively. 
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Figure 3. Fish distribution in Thl (2T/1P) during one day food deprivation period. Numbers at the top 
of the figure refer to the sections of the raceway from most upstream (1) to most downstream (4), 
respectively. 
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Figure 4. Fish distribution in Th2 (2T/2P) during one day food deprivation period. Numbers at the top 
of the figure refer to the sections of the raceway from most upstream (1) to most downstream (4), 
respectively. 

Phase 2: Effect of change in position of water tube inlet (days 9-

11) 

Changing the position of the submerged water tube inlet had no perceived effect on 

the distribution of fish (Figures 5 and 6). Fish again tended to occur in the 
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downstream area in both Th 1 and Th2. Thus the direction of the water tube inlet was 

returned to the original (facing to the wall of the raceways) for the remaining phases. 
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Figure S. Fish distribution in Thl (2T/lP) during one day in which the submerged water tube inlet 
was repositioned. During this trial, the fish were hand-fed twice daily at random times, during the 
photophase ( 12 h) along the raceway. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (l) to most downstream (4), respectively. 
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Figure 6. Fish distribution in Th2 (2T/2P) during one day in which the submerged water tube inlet 
was repositioned. During this trial, the fish were hand-fed twice daily at random times, during the 
photophase ( 12 h) along the raceway. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. 

Phase 3: Time-place learning without any partition (days 13-34) 

Figures 7 and 9 illustrate the results of this trial when no partition was used in Thl 

and Th2, respectively. These fish profiles show the fish distribution every second 

day, starting with day 13 and ending with day 33, in all four sections of the raceways. 

In both raceways, fish immediately gathered in the feeding areas (section 1 of Thl 

and sections 1 and 4 of Th2), when food was delivered by the belt feeders. 

In Thl (Figure 7), feeding sessions (morning and afternoon) occurred in section 1, 

therefore tested learning at 2 times/l place (2T/1P). The fish tended to approach the 

feeding area (section 1) at the feeding time (1000-1100 hand 1500-1600 h) and then 

spread out into the other sections following the meals. From day 13 through 25, the 

occurrence of the fish in sections 1 and 2 increased, but then gradually the fish 

tended to disperse to all four sections of the raceway (days 27-33). The existence of 
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FAA in terms of fish presence in the feeding area (section 1) a few hours before 

mealtimes was not detectable, except for some fish. 
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In Th2 (Figure 9), where feeding took place in sections 1 (morning) and 4 

(afternoon) testing learning at 2 times/2 places (2T/2P), the fish initially (days 13 and 

15) preferred to stay in section 4. From day 17 through 25, the majority of fish 

tended to gather and occupy sections 1 and 3, but preferred two other sections (1 and 

4) from day 27 until day 33. The appearance of fish in section 4 before a meal (days 

31and33) may indicate FAA at that location (afternoon area). 

Phase 4: Food deprivation (FD) (day 35) 

Interestingly, the fish of Thl could show time/place learning at the correct time 

(1000-1100 h) and the correct place (section 1) (Figure 8). In this section (subjective 

feeding area), there were two peaks of 19 (95%) and 17 (85%) fish, when they 

appeared between 1000-1100 h (morning session) and another two peaks of fish 

numbers (each with 18 or 90%), when they appeared between 1500-1600 h 

(afternoon session). This clearly suggests that the fish were able to show time/place 

learning in one location, over two mealtimes (2T/1P). 

No clear evidence of time/place learning was found for Th2 on the food deprivation 

day (Figure 10). The majority of fish, in a 12 h period of the photophase, remained in 

the downstream area and in section 4. For the morning session, only three (15%) fish 

appeared at the correct time (between 1000-1100 h) and correct place (section 1). For 

the afternoon session, however, it was difficult to ascertain whether or not fish could 

have shown time /place learning as a group, because during the subjective mealtime, 

and all other times of the photophase, they occurred and stayed in section 4. 
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Figure 7. Fish distribution in Thl (2T/1P) when no partition was used. During this trial, the fish were 
fed by means of a belt feeder positioned in section 1. The vertical lines indicate mealtimes. Numbers 
at the top of the figure refer to the sections of the raceway from most upstream (1) to most 
downstream (4), respectively. 
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Figure 9. Fish distribution in Th2 (2T/2P) when no partition was used. During this trial , the fish were 
fed by means of belt feeders positioned in sections 1 and 4. The vertical lines indicate mealtimes. 
Numbers at the top of the figure refer to the sections of the raceway from most upstream ( l) to most 
downstream (4), respectively. 
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Figure 10. Fish distribution in Th2 (2T/2P) during food deprivation (FD) when no partition was used. 
The dotted lines indicate subjective mealtimes. Numbers at the top of the figure refer to the sections of 
the raceway from most upstream (I) to most downstream (4), respectively. 
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Phase 5: Time-place learning with one partitiQn (days 39-46) 

The addition of a central partition affected the distribution of fish, in particular in 

Thl (Figure 11) where all fish were restricted to the upstream area (sections 1 and 2), 

during the photophase with almost none in the downstream area (sections 3 and 4). 

Very few fish swam across the partition. The appearance of some fish in section 1 

about one h before food delivery may suggest the existence of FAA in that section 

(1). However, it could be also because of the distribution of fish across the 2 sections 

of the feeding side. 

Section 2 appeared to be preferred by Th2 fish staying in that section before and 

immediately after morning feeding (Figure 12). However, the fish tended to remain 

in section 4 after afternoon feeding, except for day 45 in which they again returned to 

section 2. FAA did not appear, except for few fish in section 1. 

Phase 6: Food deprivation (FD) (day 47) 

In Thl, on the day of food deprivation (day 47), 18 (90%) fish, during the subjective 

morning mealtime (i.e. 1000-1100 h) and 17 (85%) fish, during the subjective 

afternoon mealtime (i.e. 1500-1600 h) appeared at the correct time and place, 

suggesting they showed time/place learning association of food (Figure 13) while 

fish were distributed between section 1 and 2 then appeared an increase in fish 

numbers in section 1 during the subjective mealtimes. 

While most fish in Th2 tended to occur in section 2 during the whole day 

(photophase ), they did not appear in sections 1 or 4 for either morning or afternoon 

meals, suggesting they did not learn time and place delivery of food as a group 

(Figure 14). During the subjective morning mealtime three (15%) fish and during the 

subjective afternoon mealtime only one (5%) fish appeared at the correct time and 

place. 
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Figure 11. Fish distribution in Thl (2T/1P) with a central partition. The fish were fed by means of a 
belt feeder positioned in section 1. The vertical lines indicate mealtimes. Numbers at the top of the 
figure refer to the sections of the raceway from most upstream (1) to most downstream ( 4), 
respectively. 
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Figure 13. Fish distribution in Th I (2T/l P) during food deprivation (FD) with a central partition. The 
dotted Lines indicate subjective mealtimes. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. 
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Figure 14. Fish distribution in Th2 (2T/2P) during food deprivation (FD) with a central partition. The 
dotted Lines indicate subjective mealtimes. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. 

Phase 7: Time-place learning with three partitions or maze 

(days 49-72) 

Adding two more partitions to the previous structure of the raceways greatly 

influenced the distribution of fish (Figures 15 and 16). This was more evident in Thl 

where the distribution of the fish, was more limited to section 1 (Figure 15), 

compared to the previous trial. The fish restricted their activity (including meal place 

and time), to section 1. Towards the end of this trial fish congregation increased so 

that on day 71 the fish spent more than 95% of their time (out of a 12 h photophase) 

in section I. FAA appeared to have occurred for both meals in section 1 on day 71. 

The Th2 fish initially tended to stay in section 4 (Figure 16). On the first day (49), 

the fish behaviour in Th2 was unusual. Immediately after lights on, they were 

positioned in section 2, where they stayed until the morning meal arrived after which 

they migrated downstream (section 4) and stayed there for about 2 h. They then 

returned to section 2 for at least one h (about one h before the afternoon meal 

arrived), and finally swam to section 4 to eat the afternoon meal. These movements 
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by the fish may suggest that they expected to have two meals per day, but they failed 

to integrate the time and place of food delivery. From day 51 onwards, the above 

pattern disappeared. Thereafter, the distribution of the fish changed every day. For 

example, on days 51, 53, and 56 an extra peak of fish numbers occurred in section 4, 

and then disappeared. FAA did not occur in the feeding areas except for few fish. 

Figure 17 shows the mean swimming speed as body length per second of both 

raceways, measured on day 71. In Thl, the swimming speed of the fish immediately 

before mealtimes sharply increased, though this was more evident in the morning 

meal than the afternoon meal. The swimming speed of the fish in Th2 increased a 

little before the meals, especially for the afternoon meal. In addition Table 1 depicts 

the frequency of agonistic acts among the fish and clearly shows that in Thl, where 

there was one place of food delivery, the number of agonistic behaviours was far 

more than in Th2, where an extra place of food delivery existed. 

Phase 8: Food deprivation (FD) (day 73) 

Figures 18 and 19 depict the results of food deprivation on fish distribution for 

raceways 1and2, respectively. Food deprivation in Thl resulted in 15 (75%) fish 

appearing for the subjective morning meal, though quite short but it was at the 

correct time and place. This suggests that the fish as a group were able to 

demonstrate time-place. 

Fish in Th2 did not show time-place learning with respect to food delivery. Also, 

almost all of fish were limited to section 2 in the photophase period, even though 

there was a peak of 18 (90%) of fish that suddenly appeared in section 1 about 40 

minutes before the subjective morning meal (1000-1100 h) and then returned to 

section 2. During food deprivation, only one (5%) fish presented for the subjective 

morning meal (section 1) with none for the subjective afternoon meal (section 4). 
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Figure 15. Fish distribution in Thi (2T/IP) with three partitions or maze. The vertical lines indicate 
mealtimes. The fish were fed by means of a belt feeder positioned in section I. Numbers at the top of 
the figure refer to the sections of the raceway from most upstream (I) to most downstream ( 4), 
respectively. 
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Figure 16. Fish distribution in Th2 (2T/2P) with three partitions or maze. The vertical lines indicate 
mealtimes. The fish were fed by means of belt feeders positioned in sections I and 4. Numbers at the 
top of the figure refer to the sections of the raceway from most upstream ( 1) to most downstream ( 4 ), 
respectively. 
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Figure 17. Mean swimming speed (S. Speed), based on body length per seconds (bl s-1
) 

on day 71 in (a) Thl (2T/1P) and in (b) Th2 (2T/2P) throughout the 12 h photophase. 
Mealtimes are in grey. 
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Table 1. Frequency of agonistic interactions in both raceways (measured on day 71). 
Mealtimes are in grey. 

Thl (2T/1P) Th2 (2T/2P) 
Time (h) 

C N F B C N F B 
~-0-80-0--0-9-00~~~23~~~1-9~~-o~~~-o~ ~-6~~~1~~~0~~~0~-

0900-1000 30 12 0 1 8 3 0 1 
:'.fQ.o.6,~JJ1>:ci'.,Yr: __ - \z.,:. ··::I- ~ _ ~~ o_- :"_- -- o-·- -- --~ __ :L-~ -- -~---~-~., 9~- --~-- --o 

1100-1200 3 3 0 0 5 3 7 0 
1200-1300 11 14 0 0 4 0 3 0 
1300-1400 16 13 0 0 3 2 2 0 
1400-1500 18 12 0 0 3 4 2 0 

-~~-{;<'.i?:oq~~6o<t_ __i2___ 8 · o-- o _ ·--~--)·_ r-~- ___ ·:i: --<L.-. 
1600-1700 5 3 0 0 3 2 2 0 
1700-1800 7 5 0 0 5 9 0 0 
1800-1900 3 0 0 0 3 3 0 0 
1900-2000 2 2 0 0 2 4 0 0 

C, Chasing; N, mppmg; F, Fnght movements; B, Bitmg the feechng tube. 
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Figure 18. Fish distribution in Thl (2T/1P) during food deprivation (FD) with three partitions or 
maze. The dotted lines indicate subjective mealtimes. Numbers at the top of the figure refer to the 
sections of the raceway from most upstream (1) to most downstream (4), respectively. 
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Figure 19. Fish distribution in Th2 (2T/2P) during food deprivation (FD) with three partitions or 
maze. The dotted lines indicate subjective mealtimes. Numbers at the top of the figure refer to the 
sections of the raceway from most upstream (1) to most downstream (4), respectively. 

Phase 9: Effects of constant light (LL) on feeding behaviour 

(a). Without food (days 85-95) 

The results of a two-day trial under constant light (LL), in which a transitive stage 

was followed by a 24 h LL condition, are illustrated in Figures 20 (Thl) and 21 

(Th2). The appearance of the Thl fish at the correct time (1000-1100 h) and place 

(section 1) under LL and FD on day 87, suggests that an endogenous (circadian) 

timing mechanism governed their time/place learning. However because the fish did 

not appear for the second meal (1500-1600 h) in section 1 (except for some), this 

may show that the fish either had utilised an hourglass timing mechanism for the 

afternoon meal session, or the fish circadian system was not able to decompose into 

two oscillating subunits (Mistlberger, 1994). 

On day 87, the Th2 fish stayed in section 2 for the entire 24 h and did not show a 

clear pattern of activity. The Th2 fish under LD and RF (day 85) had appeared in 

section 1 with the onset of light, but with exposure to LL and FD (day 87) this 
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pattern disappeared; this may suggest an effect of combined exo-and endogenous 

factors (hourglass and circadian mechanisms) for the fish was at work. This is 

because the duration of the trial was too short and it was hard to differentiate 

between two timing mechanisms. 

108 

The results of a four-day trial of constant light (LL) on feeding activity (a transitive 

stage and then a 24 h LL for three consecutive days) are shown in Figures 22 (Thl) 

and 23 (Th2). On day 93 (under LL and FD), the Thl fish again appeared for the first 

but not the second meal, at the correct time and place, suggesting an endogenous and 

an hourglass mechanism for the morning and the afternoon meals, respectively or 

again incapacity of the fish circadian system to decompose into two oscillating 

subunits (Mistlberger, 1994). The coherent rhythmicity of the first meal dampened 

down after 2 days, so that on day 95 the number of fish which occurred at the correct 

time and place was greatly reduced. 

The appearance of the Th2 fish (day 93) in section 1 at the correct time may suggest 

an endogenous mechanism for their morning meal, which may be similar to the Thl 

fish rhythmicity which damped after 2 days (day 95) when all fish stayed in section 

2, the section immediately downstream of the feeding location The Th2 fish did not 

appear in section 4 except for few fish suggesting incapacity of the fish circadian 

system to decompose into two oscillating subunits (Mistlberger, 1994). 

(2) (3) (4) 

day 87 

Time (h) 

Figure 20. Fish distribution in Thl (2T/1P) during a two-day trial under constant light (LL) and food 
deprivation (FD). The vertical and dotted lines indicate mealtimes and subjective mealtimes, 
respectively. NB. To match the size of graphs, scale of day 85 (normal day under LD and RF) and 87 
(LL and FD) are the same. Numbers at the top of the figure refer to the sections of the raceway from 
most upstream (1) to most downstream (4), respectively. 



Chapter3 109 

2 3 4 

day 85 

day 87 

Time (h) 

Figure 21. Fish distribution in Th2 (2T/2P) during a two-day trial under constant light (LL) and food 
deprivation (FD). The vertical and dotted lines indicate mealtimes and subjective mealtimes, 
respectively. NB. To match the size of graphs, scale of day 85 (normal day under ill and RF) and 87 
(LL and FD) are the same. Numbers at the top of the figure refer to the sections of the raceway from 
most upstream (1) to most downstream (4), respectively. 
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Figure 22. Fish distribution in Thl (2T/1P) during a four-day trial under constant light (LL) and food 
deprivation (FD). The vertical and dotted lines indicate mealtimes and subjective mealtimes, 
respectively. NB. To match the size of graphs, scale of day 91 (normal day under LD and RF) and 
days 92-95 (LL and FD) are the same. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. 
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Figure 23. Fish distribution in Th2 (2T/2P) during a four-day trial under constant light (IL) and food 
deprivation (FD). The vertical and dotted lines indicate mealtimes and subjective mealtimes, 
respectively. NB. To match the size of graphs, scale of day 91 (normal day under LD and RF) and 
days 92-95 (LL and FD) are the same. Numbers at the top of the figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. 

(b).With food (days 98-102) 

The results of this trial in which the fish were subjected to LL and RF are shown in 

Figures 24 (Thl) and 25 (Th2). The Thl fish under conditions of LL and RF (day 99 

onwards) were distributed between sections 1and2. The fish on all days (100-102) 

appeared 1-2 h before the meals (morning and afternoon) arrived. This suggests that 

food could act a strong zeitgeber in the feeding activity of the fish. 

Similarly, the effect of food as a zeitgeber appeared in Th2 fish under LL and RF 

when the fish occurred in section 1 before the arrival of morning meal on day 102. 
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Phase 10: Effect of 'dominant' removal on fish learning (days 

105-108) 

The effects of "dominant" removal in which the "dominant" fish was removed from 

each raceway and the time/place learning of the remainder of the group was assessed 

are depicted in Figures 26 (Thl) and 27 (Th2). Assuming that the fish taken out were 

the "dominant", by removing this fish from the group, the remainder of fish did not 

show any evidence of time/ place learning as indicated during the period of food 

deprivation on day 108. On that day, almost all fish of both raceways stayed in 

section 2 (in the case of Thl fish did not appear for the subjective mealtimes in 

section 1 and in the case of Th2 the fish appeared neither in the morning place 

(section 1) nor the afternoon place (section 4)). Nevertheless, some fish were able to 

appear for the subjective morning meal in section 1. This was more evident in Thl 

than Th2. 
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Figure 26. Fish distribution in Thl (2T/1P) during removal of "dominant" fish. Normal feeding under 
LD and RF continued with the" dominant" fish present on day 105. The dominant fish was removed 
on day 106 and normal feeding (under LD and RF) continued on day 107. Time/place learning of the 
remainder of the group was assessed on day 108, during which the fish were deprived of food. The 
vertical lines and dotted lines indicate mealtimes and subjective mealtimes, respectively. Numbers at 
the top of the figure refer to the sections of the raceway from most upstream (1) to most downstream 
( 4), respectively. 
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Figure 27. Fish distribution in Th2 (2T/2P) during removal of "dominant" fish. Normal feeding under 
LD and RF continued with the" dominant" fish present on day 105. The dominant fish was removed 
on day 106 and normal feeding (under LD and RF) continued on day 107. Time/place learning of the 
remainder of the group was assessed on day 108, during which the fish were deprived of food. The 
vertical lines and dotted lines indicate mealtimes and subjective mealtimes, respectively. Numbers at 
the top of the figure refer to the sections of the raceway from most upstream (1) to most downstream 
( 4), respectively. 
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3.4. Discussion 

The results ,presented here show the ability of rainbow trout to demonstrate time

place learning behaviour, in one location (2T/1P) at the group level and in two 

locations (2T/2P) at the individual level (as a few fish were able to be appear at the 

correct time and place of food delivery during food deprivation), in the raceways. 

Neither the increased motivational state (by lowering the daily ration down to half), 

nor the increased cost of obtaining food (by adding up to three partitions into the 

system) was able to stimulate the group of fish to show time/place learning at two 

times over two places (2T/2P). It is suggested that both circadian and hourglass clock 

timing mechanisms govern fish feeding behaviour, and that the effect of the former 

appeared to be more evident than to the latter. This was indicated when the fish 

(2T/1P) under LD and RF condition were exposed to LL and FD. It was observed 

that their feeding activity was more likely to be synchronized endogenously so that 

the fish appeared at the correct time and place of food delivery for the first but not 

for the second meal. This activity continued for about 2 days and then damped. 

Under LL and RF, the food acted as a strong zeitgeber for the fish feeding activity, 

particularly in 2T/1P treatment The "dominant" fish had little effect on the 

time/place learning of the others when it was removed from the group. 

In both raceways, the tendency of rainbow trout to crowd downstream during the 

baseline phase and the change in position of water tube inlet trials is due to the 

rearing-unit design. In fact, rearing vessel design can influence fish distribution 

(Ross et al., 1995) and behaviour (Watten and Johnson, 1990; Ross and Watten, 

1998), and appears to be species-specific. For example, it has been shown that in 

flow-through tank design, rainbow trout tend to stay downstream (Ross et al., 1995), 

while lake trout Salvelinus namaycush prefer to gather upstream (Ross and Watten, 

1998). Therefore, when considering fish distribution and behaviour, the rearing 

vessel design (tank type) and the species under study should be taken into account. 

In the current study, even though both groups of fish initially occupied the 

downstream area of the raceways, the distribution of fish in the locations at which 

food introduced the raceways changed. The fish progressively moved from the 

downstream area and crowded the upstream area where the feeding location occurred 
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(section 1) (2T/1P), while they were more dispersed between the most up-and 

downstream areas when feeding took place in those areas (sections 1 and 4) (2T/2P). 

The results suggest that feeding locations are able to influence the fish spatial 

distribution and the fish respond to these reward sites in order to maximise their 

foraging behaviour. 

It has been shown that a reduction in amount of daily food may facilitate time/place 

learning in rats. When rats are fed ad libitum they are not able to show time/place 

learning but if they are subjected to a severely restricted feeding (60% of food 

consumed by rats fed at libitum) they then demonstrate time/place learning 

(Lukoyanov et al., 2002). Ware (1972) showed that increasing hunger levels in 

rainbow trout led to an increase in foraging behaviour. Similarly due to the 

relationship between learning and the forager's motivational state, it has been 

demonstrated that in the fifteen-spined stickleback Spinachia spinachia, an increased 

hunger level may lead to feeding motivation and increased foraging efficiency (Croy 

and Hughes, 1991). In this study however, the effect of hunger and restricted feeding 

on time/place learning of fish did not appear with a low daily ration of 1.5% BW. 

According to Wilkie (1995), when a successful time/place learning association of 

food by animals takes place, they can locate food at a particular time and again locate 

food in a different location at another time (2T/2P). Therefore, even though most of 

the fish in 2T/1P treatment were able to appear at the correct time and place of food 

delivery (section 1), this may not show successful time/place learning, as this 

phenomenon did not occur in the fish of 2T/2P treatment . 

Another possible way to "force" animals to show time/place learning is to enhance 

response cost. The influence of response cost on time/place learning has been 

suggested by several researchers (Boulos and Logothetis, 1990; Reebs, 1993, 

Widman et al., 2000; Widman et al., 2004). For example, Widman et al. (2000) 

increased the response cost by increasing the height the rats had to climb to obtain 

food, and found that the time/place learning significantly increased. Even the costly 

response under paramount metabolic deficit in rats (fed 60% of that eaten by the ad 

libitum rats), might be responsible for the observed formation of time/place learning 

in the food restricted rats of Lukoyanov et al. (2002) (Widman et al., 2004). In this 
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study however, by increasing the number of partitions from one to three and 

therefore the increased cost of obtaining food, the fish did not show time/place 

learning, though it was still occurring for the fish of 2T/1P treatment. It is 

noteworthy to consider that, immediately after applying a partition in the middle of 

Thl (2T/1P), until the end of the experiment, the fish did not pass the partition any 

more and stayed in the upstream area (sections land 2) (except for day 107). This 

indicates that the downstream area became vacant of fish and superfluous to their 

needs. In contrast, in the experiment by Reebs (1996), fish were still passing the 

partition, which had been applied in the middle of the aquarium and did not maintain 

station on one side of the partition. 

Rainbow trout are known to be opportunistic, and in streams usually maintain 

stations near fast currents, to be able to prey on food organisms known as organic 

drifts (Tippets and Moyle, 1978; Cada et al., 1987; Groot, 1996). Therefore, one may 

argue that evidence of time/place learning for the fish of 2T/1P treatment was due to 

the fact that both feeding sessions took place in the same location (section 1) where 

water current was highest. But this argument appears to be unlikely, because there 

was no evidence of time/place learning for the fish of 2T/2P treatment in that section 

(1), where one of their feeding areas (water current inlet) took place. Nevertheless, 

because the fish were able to appear at the correct location over two times (2T/1P) 

but they failed to appear at the correct locations when feeding areas increased to two 

(2T/2P), this may suggest that fish knew the time but they failed (or were reluctant) 

to integrate it with place information to guide their behaviour (Thorpe et al., 2003). 

Likewise, Reebs (1993) failed to prove time/place learning in two locations of food 

delivery for cichlid fish Cichlasoma nigrofasciatum in small aquaria (32 x 62 x 31 

cm). He suggested one possible lack of time/place learning was due to a low cost 

travel between comers of the aquaria by the fish. This is unlikely that a 3 m distance 

between two feeding areas (2T/2P) is reason for lack of time-place learning in this 

study, even though the 3 m may not be a big cost of travel for trout while other 

studies have used a distance as small as 30 cm. 

Food anticipatory activity (FAA) is a characteristic of feeding entrainment, defined 

as a robust and pronounced bout of activity, several hours prior to a mealtime 
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(Mistlberger, 1994; Sanchez-Vazquez and Madrid, 2001). It seems that FAA may be 

governed by a circadian food-entrainable oscillator (FEO). It has been shown that, at 

the group level, rainbow trout are able to demonstrate FAA by anticipating a single 

daily meal (Bolliet et al., 2001). Furthermore, using a self-feeder and computer, Chen 

and Tabata (2002) demonstrated this behaviour in individual rainbow trout. They 

found that rainbow trout were able to anticipate not only a single meal, but also two 

daily meals, scheduled at different times in one location. Fish spatial distribution 

(Reebs, 1993), swimming activity (Boluos and Terman, 1980), and agonistic 

behaviour (Weber and Spieler, 1987) are some behavioural variables which suggest 

FAA. The rainbow trout in this experiment however, did not show robust evidence of 

FAA by the presence of fish at the group level, even for Thl fish which were able to 

show time/place learning. The fish in both raceways appeared in feeding areas by the 

arrival of food and then returned to the previous locations. 

However, the fish of the present study may have shown FAA based on another 

behavioural variable, i.e. swimming speed, measured as body length per second 

(Robinson and Pitcher, 1989) (especially for Thl fish). Figure 17 depicts the mean 

swimming speed of both raceways for a 12 h photoperiod in one day (71 ). The 

swimming speed (bl s"1
) of Thl fish sharply increased before meals, even though this 

was more evident for the morning meal than for the afternoon, whereas the 

swimming activity of Th2 increased just a little before meals. In addition, in Thl, a 

longer increased in the swimming speed before the afternoon meal than to the 

morning meal was observed. 

Further, agonistic behaviour in Th2 fish was higher than that in Thl fish, so that 

fewer interactions were observed in the former. Rate of agonistic interactions 

between the fish before the mealtimes was high, in particular in Thl than Th2 fish 

(see Table 1). A lower level of agonistic encounters among Th2 than Thl fish may 

be due to an extra place of food delivery in Th2 treatment and therefore less 

competition for food in this raceway, than to Thl fish. This would lead to less 

monopolisation of food by dominants and less likely establishment of dominance 

hierarchies, which are common in salmonid fish, including rainbow trout (Thorpe 

and Huntingford, 1992; Thorpe et al., 1992). Thus it can be suggested that increasing 



Chapter3 

the spatial locations of food presentation to fish in the fish farm (e.g. aquaculture) 

can reduce agonistic encounters among the fish. 
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The observed pattern in Thl (2T/1P) during both the two-day and the four-day trials 

under LL and FD, showed that though the short-term of the trial might not have been 

able to show an evidence for FAA, in this study however the FEO in rainbow trout 

can generate at least one rhythm (morning meal) when the feeding places occurred in 

the same location (2T/1P). The fish showed FAA for morning session only, which 

may be consistent with the observation of Chen and Tabata (unpublished data, as 

reported by Chen and Tabata, 2002) on groups of rainbow trout fed by means of self

feeders. They found when the fish were exposed to LL and FD from LL and RF, 

FAA was observed only in one cycle. Another possibility is that this rhythm was 

controlled by LEO, because RF had masked expression of the LEO in the previous 

days under LD and RF. However, when the location of food delivery increased to 

two (2T/2P), either the FEO could produce one rhythm (morning meal) or could not 

produce any rhythm at all. During the two-day trial under LL and FD, the Th2 fish 

did not appear at either feeding area, but during the four-day trial they appeared at 

the morning area only. The lack of FAA in Th2 fish, however, may be indicate that 

FEO in rainbow trout is not able to be decomposed to two independent oscillatory 

subunits (Mistlberger, 1994). 

Visual ability of the fish to find the location of food was reduced greatly when three 

partitions were added into the systems; a few fish were patrolling near the feeding 

area and able to feed (in particular in Th2). This can be ascribed to individual 

variability in behavioural response (Kieffer and Colgan, 1992). Based on this 

criterion, Sneddon (2003) was able to classify individual rainbow trout into bold 

(sociable) and shy (fearful/timid). He found that bold individuals spend more time in 

the feeding area and therefore appear to learn more quickly than the shy individuals, 

due to the fact that personality traits (e.g. bold/shy) influence learning ability (Rekila 

et al., 1997). Because the fish removed from raceways during feeding time were 

from the upstream area, they were assumed to be bold and "dominant" fish that 

probably had acquired time/place learning, because dominant individuals usually 

prefer to stay in the upstream area to have a more access to drifting organisms 



Chapter3 119 

(Grant, 1990). The lack of time/place learning by the remainder of the fish 

(particularly in Th2) on the next day (108) when the "dominant" fish were absent, 

showed the fish had not learned time/place learning. This may suggest that: (1) the 

remainder of fish ("subordinates") did not copy the actions of the "dominant" fish, 

except for some (especially a few Thl fish that appeared at the correct time and place 

of the food delivery), (2) the fish removed were more active and exploratory fish 

who took the lead in accessing resources, (3) the removed fish were more hungry and 

due to their motivational state, they preferred to be in the upstream and in front of the 

group (Krause et al., 1992, 1998). 

3.5. Key points from this Chapter influencing the approach 
for subsequent Chapters 

• As it was possible the fish responded to the food when it was available, feeding 

behaviour of rainbow trout in the following Chapters ( 4-5) will be examined by 

demand-feeders so that fish themselves determine food delivery. 

• This Chapter showed that some individual fish in the group were able show 

time/place learning at two times and two places (2T/2P). fu Chapter 4, individual 

fish will be tagged so that the contribution of individual fish can be more easily 

described. 

• The issue of dominant fish and their role in the group social structure and 

behaviour will be further explored in Chapter 4. 



CHAPTER4 

FEEDING BEHAVIOUR OF RAINBOW TROUT IN RACEWAYS 
(DEMAND-FEEDERS AT A POINT SOURCE) 
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4.1. Introduction 

Demand-feeding is a broad term, covering all feeding systems (self-feeders or 

feedback systems) in which fish adjust the feeding regime. One type of demand

feeder is the self-feeders, whereby fish regulate the food supply by activating a 

trigger (Alaniira, 1996). The self-feeder, a recent method of feeding in aquaculture, is 

controlled by the fish themselves, according to their appetite. The purpose of self

feeding is to test learning ability of fish via instrumental conditioning. Instrumental 

learning behaviour is a type of adaptation, in which animals press a lever in order to 

receive food and is mostly used in studies on mammals (rats) and birds (pigeons) 

(Skinner, 1938; Domjan and Burkhard, 1986; Davey, 1989). The occurrence ofthis 

behaviour has been shown in fish (first report by Haralson and Bitterman, 1950) and 

in this case, receive a reward is the food obtained by pressing a trigger (Adron et al., 

1973; Landless, 1976; Boujard and Leatherland, 1992b). 

In contrast to the self-feeders, which are triggered by individuals, the feedback 

automatic systems register the feeding response of the whole group (Sayer, 1998). In 

these systems, the fish are provided with feed at regular times and registration is 

made as to whether or not the feed is consumed. The delivery of feed relies upon the 

propensity of the fish to feed so that the detection of waste feed is used to control 

delivery of feed from automatic feeders (Bjordal et al., 1993; Blyth et al., 1993; Juell 

et al., 1993; Foster et al., 1995; Summerfelt et la., 1995). Thus, feeding systems of 

this type can provide information about feeding activity and the amounts of feed 

consumed by the group of fish (Jobling, 1998). 

Several factors may influence the pattern of demand-feeding behaviors: reward level 

(Landless, 1976; Alaniira, 1994; Brannas and Alaniira, 1994; Alaniira and Kiessling, 

1996), social dominance (Adron et al., 1973; Landless, 1976; Brannas and Alaniira, 

1994; Alaniira and Brlinnas, 1996; Gelineau et al., 1998), stocking density (Alaniira 

and Brannas, 1996), learning ability of fish to operate the system (Adron et al., 

1973; Landless, 1976; Boujard and Leatheland, 1992b; Alaniira, 1994), temperature 

(Alaniira, 1992a, b, 1994), photoperiod (Boujard and Leatherland, 1992b; Boujard 
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and Luquet, 1996), and dietary energy content (Grove et al., 1978; Boujard and 

Medale, 1994). 
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Demand-feeding systems have been used to study feeding behaviour and biological 

rhythms (e.g. Spieler and Noeske, 1984; Spieler and Clougherty, 1989; Boujard and 

Leatherland, 1992a; Boujard et al., 1993), regulation of food intake in goldfish 

(Rozin and Mayer, 1961), dietary energy content in Arctic charr (Alaniirii and 

Kiessling, 1996), stocking density and growth in red porgy (Maragoudaki et al., 

1999), time learning and FAA in Arctic charr (Brlinnlis et al., 2005). 

Time/place learning has not been tested in rainbow trout Oncorhynchus mykiss, by 

means of demand-feeder or any other methods of feeding, either in the field (natural 

stream) or in the laboratory (aquarium or tank). Even Reebs's (1993, 1996, and 

1999) time/place learning experiments were undertaken using hand-feeding or 

automatic feeders, rather than demand-feeders. In rainbow trout, demand-feeders 

have been used to investigate food preference (Adron et al., 1973), food intake, 

growth performance and or feed conversion (Alaniirli, 1992; Gelineau et al., 1998; 

Shima et al., 2001; Chen and Tabata, 2003; Shima et al., 2003), production (Statler, 

1982; Kindschi, 1984; Tipping et al., 1986; Hardy, 1989; Alaniira, 1996), circadian 

rhythms (Sanchez-Vazquez and Tabata, 1998; Balliet et al., 2001; Chen et al., 

2002b), diel pattern of feeding activity (Boujard and Leatherland, 1992b; Alaniirii 

and Brlinnlis, 1997), and FAA (Chen and Tabata, 2002). There are, however, no such 

studies concerning time/place learning of rainbow trout in indoor or outdoor areas. 

Thus, the primary aim of the present study was to investigate time/place learning in 

the rainbow trout Oncorhynchus mykiss in raceways, by means of self-feeders. 

Delivery of food by belt feeders in Chapter 3 did not clearly demonstrate time/place 

learning or FAA. However using self-feeders, FAA has been shown in rainbow trout 

by Boujard et al. (1993), Balliet et al. (2001), and Chen and Tabata (2002). The 

second aim of this study therefore was to test whether a different method of food 

delivery would promote FAA and time/place learning and if so, whether FAA is 

associated with time/place learning. 
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The third aim of this experiment was to determine which timing mechanism, i.e. 

ordinal, interval (hourglass), and/or phase (circadian) were used by the fish to exploit 

their spatio-temporal pattern of food availability. The hand-feeding practice used in 

Chapter 2 and the use of belt-feeders in Chapter 3 may have not shown clearly the 

timing mechanisms for the fish feeding behaviour because in both methods, the food 

was imposed on the fish and therefore the fish were not able to control the timing of 

food delivery. Thus, the fish may have used the food cue to guide their behaviour. In 

order for the fish to control the demand for feed and the rate of food delivery within a 

period of feeding with the time of feeding reward (restricted feeding), this Chapter 

will use a self-feeder. By this method for instance, Chen and Tabata (2002) were able 

to demonstrate that rainbow trout use a circadian rather than an hourglass mechanism 

to predict the forthcoming meals. 

Furthermore, as demand-feeders act as a kind of defendable food resource for the 

fish, the corollary and/or additional aims of this study were to assess how social 

hierarchies, in terms of territoriality, and aggressive interactions, were developed. 

The final aim was to determine the effect of environmental cues in the room (food or 

LD cycle) on feeding entrainment of the rainbow trout. 
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4.2. Materials and methods 

Rainbow trout, hatched and grown in captivity were transferred to two identical 

raceways (TRl and TR2) (Length x Wide x Depth; 3.1 x 0.67 x 0.4 m) with re

circulated freshwater in a temperature-controlled and insulated room. The raceways 

were positioned within a re-circulating system and each was supplied with filtered 

and aerated freshwater at a rate of 20 L min-1
• The raceways were divided equally 

into 4 sections, each 77.5 cm in length. These sections were respectively numbered 

from section 1 (most upstream, the location of the water inlet) to section 4 (most 

downstream, the location of the water outlet). Depth of water in both raceways was 

about 22 cm, with a surface current velocity of 1.2 ± 0.2 cm s-1 (measured by a 

floating object in the water current along the length of the raceways). The water 

temperature was set at 12 ± 1° C. The submerged water inlet was positioned towards 

the wall of the raceways to enable a high level of water exchange without significant 

longitudinal water velocity. 

Two groups of 8 fish each were placed randomly in the raceways. They were 

subjected to a LD cycle of 14L: lOD (lights on at 0600 hand off at 2000 h) with an 

artificial dawn and dusk of 10 minutes each. A timer was used to turn the lights on 

and off. Fluorescent tubes (Thorn, 36W, White Light) above the raceways provided a 

light intensity of 4 µmol s-1 m-2 at the water surface during the photophase. 

In order for the fish to be visually identified, they were tagged individually, by 

means of the button technique (Noble, pers. comm.) in which two buttons were 

attached behind, or just in front of the dorsal fin by means of a strong silk thread and 

to distinguish fish individually, different combinations of coloured buttons were 

applied. A little antibiotic solution (0.1 % Acriflavin) was used to heal the wound 

area. Thus each fish was given an ID code, by which it could be identified (see Table 

1). 
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Table 1. Fish ID based on their coloured button tags. 

TR1 (2T/1P) TR2 (2T/2P) 
Fish No. Fish ID Fish No. Fish ID 

1 BIR 1 B/W 
2 R/W 2 R/W 

3 WIR 3 RIB 
4 RIB 4 BIR 

5 BIB 5 BIB 

6 WIB 6 W/W 
7 R/R 7 WIR 
8 W/W 8 WIB 

W, White; B, Black; R, Red 

Three demand-feeders (ARVO-TEC T Drum C€) were used. Hanging them from the 

ceiling enabled them to be placed above and away from the raceways. The bottoms 

of the demand-feeders were connected to a funnel, linked to the submerged outlet 

tubes (25 mm in diameter) in the raceways. One raceway (TRI; assigned to test 2 

times/I place) (2T/IP) was equipped with one demand-feeder and the other raceway 

(TR2; assigned to test 2 times/2 places) (2T/2P) was equipped with the two demand

feeders. In TRI, the demand-feeder was placed in section I (most upstream) and in 

TR2 one of the two demand-feeders was placed in section I (most upstream) and the 

other in section 4 (most downstream). 

The demand-feeding system consisted of four parts: a microswitch, a feeder, a 

control unit (PLC) and a computer. Linked to the microswitch was a fishing line with 

a black pellet-like bead, suspended about I cm below the water surface and used as a 

trigger. The position of the bead was located in the middle of the aforementioned 

sections of the raceways and in the vicinity ( c .2 cm) of the submerged outlet tube of 

the feeder. To minimise accidental activation of the trigger, fish need to bite and pull 

the trigger. Once the biting and pulling action of a fish activated the trigger, a signal 

was generated by the PLC and a certain number of pellets (reward level) were 

delivered into the raceways, with a one-second delay between two subsequent trigger 

actuations. Simultaneously, the generated signal was registered and stored by a 

computer. The computer registered the time and number of trigger actuations (hits). 

Self-feeding activity was defined as a number of trigger actuations by the fish, 

recorded by the computer. The Chronolab and Citech programs were used for data 

acquisition and presentation of self-feeding activity as actograms and periodograms. 
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The software was designed to record the self-feeding activity at a resolution of 10 

min, each point representing the percentage of the total trigger actuations that 

occurred in 24 h intervals. The period length ('t) of free-running rhythms was 

qetermined by x2 -periodogram analysis at a confidence level of 95%. In addition, 

rhythm profile was calculated by averaging the activity counts in 5 min intervals (or 

values of the y-axis) over a sample period (days). The magnitude of the self-feeding 

activity during different phases varies. For convenient visualisation of the rhythm 

profiles therefore, the scale of the y-axis over different period of sampling days may 

be different. 

The reward level was set at an average of 1 pellet (0.041 g) per trigger actuation for 

the first 12 days of the experiment. Later, the reward level was increased to an 

average of 24 pellets (1 g) per trigger actuation until the end of the experiment. The 

feed used was a 3 mm Nutra Tranfer salmon pellet (50% protein, 23% lipid, 

Skretting, Pty Ltd. Cambridge, Tasmania) 

Three colour cameras (Swann® C500 CCD) were mounted on the ceiling, about 2 

meters above the raceways to record the fish activity. One camera was pointed 

towards section 1 (most upstream), the second towards section 4 (most downstream) 

and the third one monitored sections 2 and 3 of both raceways. Samples were carried 

out at least 2-3 times per week (sometimes every day for the whole week) and on 

these days recordings were made continuously during the photophase (14 or 24 h). 

Video footage was recorded continuously on a PC hard-drive using the Chateau-XP 

software program, capable of recording up to 9 channels simultaneously. The 

recorded footage was stored on DVDs. During the DVD play- back, the first fish that 

activated the triggers and associated time at each feeding bout was identified 

manually and recorded. This work was done for the whole photophase. However, the 

fish distribution in the raceways was recorded every 10 minutes. In addition, the 

relative positioning of individual fish related to the feeders was noted every hour. 

Locomotor activity was measured by counting the number of fish actively swimming 

over a 20 second duration every 10 minutes. Mean swimming speed, based on body 

length per seconds (bl s-1
), was measured for sample fish in the group, over a 5 

second duration every 10 minutes. This was done by counting the number of fish 
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moving and calculating their swimming speeds within the first 5 seconds of 10-

minute blocks over the 14 h period (photophase). Furthermore, agonistic behaviour 

of each fish in the raceways was scored based on aggressive acts; these included 

chasing, nips and pushing. In an agonistic interaction, a fish was defined as the 

"loser" when it adopted a submissive act or moved away, either by retreating or 

escaping from the opponent that was then defined as the "winner" (Oliveira et al., 

1996). The agonistic behaviours between fish were measured for the whole 

photophase (14 h) and to find a hierarchical rank of each fish, a dominance matrix 

based on initiation and receiving (wins and losses) of any agonistic behaviour was 

arranged. 

Prior to the experiment, the fish were acclimated to the trigger to bite and pull the 

trigger in order to obtain food. During the training period (35 days), the fish were fed 

around the trigger at least once a day by hand, so that the fish could learn to associate 

pulling the trigger with the release of food. After this period, it took an additional 25 

days until the pattern of trigger actuations by the fish stabilised. During the training 

period, the fish had free access to food throughout the photophase (14 h). 

The experiment itself was carried out for 153 days (between 6 March and 5 August, 

2005). The sequential phases of the experiment were as follows: 

1. Free food access (unrestricted feeding) with a low reward level (LRL) 

(1 pellet/trigger actuation) during the photophase (days 1-12) 

2. Free food access (unrestricted feeding) with a high reward level (HRL) 

(24 pellets/trigger actuation) during the photophase (days 13-23) 

3. Restricted feeding (RF) under a 14L: lOD photoperiod (days 24-49) 

4. Food deprivation (FD) (days 50-52) 

5. Effect of a partition (days 55-61) 

6. Food deprivation (FD) (days 62-64) 

7. Dominant fish removal (days 69-71) 

8. Effect of constant light (LL) 

(a). With food (RF) (days 81-93) 

(b).Without food (days 94-96) 
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(c).Free food access (FF) (days 102-104) 

9. Ordinal vs. circadian timing (days 110-114) 

10. Change in period of the LD cycle by 5 h (days 115-117) 

11. Shifting the feeding cycle by 2 h (days 120-122) 

12. Constant light (LL) and free food access (FF) (days 126-143) 

13. 14L: lOD and free food access (FF) (days 144-153) 
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Phase 1. Free food access (unrestricted feeding) with a LRL: In order for the 

fish to be acclimatised to the LD cycle of 14: 10 and establish a daily pattern of 

feeding activity, they were subjected to an ad lihitum feeding regime. However, the 

time during which food was available was limited to the photophase (14 h).The 

amount of food released per trigger actuation by the fish (reward level) was set at an 

average of 1 pellet (0.041 g) (using a feeder drum with 24 holes, each hole 4 mm in 

diameter). This trial continued for 12 days (6-17 March 2005). At the end of this 

trial, the effect of the LRL on the fish social interaction, size variations and growth 

performance were calculated as follows: 

Condition Factor (K) = 100 Weight (g) I Length 3 (cm) 

Specific Growth Rate (SGR) (% dai1
) = 100 [In CWr) - In CWi)] It (the period of the 

trial), where Wr and W1 are final and initial weights, respectively 

Coefficient of Variation of weight (CVw (%)) = 100 (standard deviation/ mean) 

Growth depensation (/!J.CVw (%)) = 100 [(CVwr I CVw1)- 1] where /!J.CVw is the 

change in the CVw during the course of the trial, and CV wr and CV wi are final and 

initial coefficient of variation for body weights, respectively (Carter et al., 1996). 

Phase 2. Free food access (unrestrictedfeeding) with a HRL: The conditions 

of this phase of the experiment which extended for 11 days (18-28 March 2005), was 

exactly the same as the above trial, except that in this period the reward level was 

increased to an average of 24 pellets (lg) per trigger actuation by the fish (using a 

feeder drum with 12 holes, each hole with dimensions of 450 x 20 mm). This 

approach was used because a marked dominance hierarchy developed in phase 1, 

particularly for TRI, during which most of the fish were not able to feed, and lost 

weight. The feeding regime was increased because of animal ethics considerations 
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(under approval A0007720). The level of 24 pellets/trigger actuation was the next 

largest drum available to the project after the 1 pellet/trigger actuation drum. 
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Phase 3. Restricted feeding (RF) under a 14L: JOD photoperiod: In this 

phase, the fish were subjected to restricted feeding (RF). Food was restricted to two 

feeding periods (meals), during which food was freely available: morning (0900-

1100 h) and afternoon (1600-1800 h) meals. The morning and afternoon meals in 

TRl were in section 1, whereas those in TR2 were in sections 1 and 4, respectively. 

This trial aimed to entrain (synchronise) the timing of demand-feeding activity of the 

fish with that of food availability (RF). Consequently, TRl was designed to test the 

learning ability of fish in relation to 2 times/I place and TR2 in relation to 2 times/ 2 

places. The phase was conducted for 26 days (between 29 March and 23 April 2005). 

Phase 4. Food deprivation (FD): After 26 days of feeding, the fish were deprived 

of food for three days (24-26 April 2005). This phase was used to determine whether 

the fish had learned to appear at the correct time and correct place of food delivery. 

Phase 5. Effect of a partition: To remove any visual stimulus for the fish of 

pellets falling into the water, a partition was placed in the middle of each raceway 

(for details of the partition see Chapter 3). Fish had to swim through the window (25 

x 25 cm) of the partition to reach the feeding area. In this stage, the individual 

learning task of the fish to find the food was doubled (especially for TR2 fish). 

Firstly, they had to learn to bite and pull the trigger. Secondly, either they must have 

learned the time of food availability themselves, or followed the informed fish. The 

pattern of the LD cycle and the RF did not change. This trial was carried out for 7 

days (between 29 April and 5 May 2005). 

On the last day (61) of this trial, the following behaviours were measured: total 

agonistic acts, swimming speed, relative positioning, and the number of correct and 

incorrect trigger actuations to time of feeding for both groups and single fish during 

the whole photophase (14 h). 
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Phase 6. Food deprivation (FD): To test if association of time and place of food 

delivery has occurred, the fish were food deprived. It would be expected that at least 

informed individuals would turn up at the correct time and place of food availability. 

This trial continued for 3 days (6-8 May, 2005). After this trial, normal feeding (LD 

and RF) continued for 4 days (9-12 May 2005). 

Phase 7. Dominant fish removal: In both raceways, dominant fish, which 

accounted for the majority of trigger actuations within the group were identified on 

video recording and were removed from the remainder of the group. The aim of this 

trial was to assess the contribution of the dominant fish to time/place learning. By 

this trial, the capability of the remainder of the group in terms of time/place learning 

and trigger actuations could be assessed. The trial duration was 3 days (13-15 May 

2005), during which the experimental conditions (LD and RF) of the room remained 

intact. 

After the above trial, the dominant fish of each raceway was returned to their 

raceways on day 72 and to attain the original pattern of feeding activity (0900-1100 h 

and 1600-1800 h meals), normal feeding (LD and RF) continued for 8 days (16-23 

May2005). 

Phase 8. Effect of constant light (LL): In order to investigate the 

synchronising/masking effect (Aranda et al., 1999) of lights on demand-feeding 

activity, the fish were submitted to constant lighting conditions (LL), under the 

following trials. 

(a). With food (RF): To determine the entraining effect of feeding time on fish 

feeding activity, the RF based on the original feeding schedules (0900-1100 h and 

1600-1800 h meals) continued. The duration of this trial was 14 days (between 24 

May and 6 June 2005). 

>cc 
< cc 
CrJ 
•. ....! 

(./") 
<:.::( 
I-
LI... 
0 
>-
1-
U) 
cc 
LU 
>'> 



Chapter4 131 

(b ). Without food: During this period, food was withheld from the fish for three 

days (7-9 June 2005). The endogenous nature of demand-feeding activity of the fish 

was assessed by this trial. 

(c).Free food access (FF): After the above trial (8b), re-entrainment of the fish 

based on the original RF (0900-1100 h and 1600-1800 h meals) continued for 5 days 

(10-14 June 2005). Afterwards, to examine the free running pattern of feeding 

entrainment, the fish were exposed to free access to food (15-17 June 2005). 

Phase 9. Ordinal vs. circadian timing: After the above trial (8c ), the fish were 

exposed to the original LD cycle (lights on at 0600 h and off at 2000 h) and RF 

(0900-1100 hand 1600-1800 h meals) for five days (18-22 June 2005). Afterwards, 

to discriminate between two timing mechanisms, i.e. ordinal vs. circadian, and to 

distinguish which one was used in time/place learning tasks by the fish, one of their 

meals (morning or afternoon) was skipped. The assumption was that if the fish used 

the ordinal timing mechanism, by skipping a morning meal they could not anticipate 

an afternoon meal session. Similarly, using an ordinal timer, when an afternoon meal 

session was skipped, the fish would not be able to find the location of the food on the 

following morning meal session. Otherwise, if the fish had utilised a circadian timing 

mechanism, by skipping a meal, their ability to visit the correct location of food 

delivery would remain unaffected. The trial was carried out over a 5-day period (23-

27 June 2005). 

Phase 10. Change in period of the W cycle by 5 h: This trial was conducted 

over a three-day period (28-30 June 2005). By advancing the lights-on by 5 h, and 

delaying the lights-off by 5 h, the LD cycle was changed from 14L: lOD to 19L: 5D. 

This trial aimed to examine the use of hourglass vs. circadian timing mechanisms by 

the fish. In other words, it aimed to test whether the fish used the information of LD 

alternations to locate the mealtimes, or whether their feeding times were controlled 

endogenously. If an hourglass mechanism was used by the fish, the pattern of trigger 

actuations and incidence of fish visiting the correct location of food delivery would 

immediately change on the first day of this trial. Otherwise, a circadian timing 

mechanism controlled their behaviour. After this trial (phase 10), normal feeding 



Chapter4 132 

(RF) under the original LD cycle (lights on at 0600 h and off at 2000 h) continued (1-

2 July 2005). 

Phase 11. Shifting the feeding cycle by 2 h: In this stage, the original time of 

feeding was delayed by 2 h. Therefore the meal sessions were changed from (0900-

1100 h) to (1100-1300 h) and from (1600-1800 h) to (1800-2000 h).This trial aimed 

to test how quickly the fish shifted their feeding times. The period of this trial was 3 

days (3-5 July 2005). 

Phase 12. Constant light (LL) and free food access (FF): After the above trial 

(phase 11 ), to attain the original pattern of feeding activity (0900-1100 h and 1600-

1800 h meals), normal feeding (LD and RF) continued for 3 days (6-8 July 2005). 

Afterwards, the fish were exposed to the LL condition and open access to food for 

18 days (9-26 July 2005). An endogenous driven feeding pattern under constant 

conditions and in the absence of any environmental factors (zeitgebers) should free

run. Therefore, this trial examined the endogenous properties of the self-feeding 

rhythms to determine if the pattern would free-run. 

Phase 13. 14L: lOD and free food access: This trial aimed to evaluate a daily 

feeding rhythm of the fish in accordance with diurnal, nocturnal, and or dual phasing 

feeding pattern categories. The trial was carried out over a 10-day period (between 

27 July and 5 August 2005). 
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4.3. Results 

Phase 1: Unrestricted feeding with a LRL (days 1-12) 

The actogram of the self-feeding behaviour of rainbow trout under 14L: lOD with 

free access to food at the photophase, with a low reward level of an average 1 

pellet/trigger actuation in TRl, is shown in Figure 1. The spatial distribution of fish 

recorded on days 1, 5, 8, and 10 indicates that few fish occupied sections 1 and 2, 

with most in 3, particularly 4 (Figure 2). Results of the trigger actuations on the 

sampling days revealed that in TRl, just one fish (White /White or W/W) accounted 

for more than 95% of the total trigger actuations (hits) (see Table 2 and Figure 3). 

This led to a marked dominance hierarchy and increased aggression between the fish. 

Competition between individuals for food particles increased also. The fish W /W 

formed a territory and by monopolising the feeding area (section 1, most upstream) 

inhibited access to the food by the other fish. Consequently, most of the fish stayed 

and starved in section 4 for most of the time (most downstream) (see Figure 2). 

Therefore, it was decided that the reward level should be increased to an average of 

24 pellets (lg)/trigger actuation (using the next size of feeding drum). Tables 3 and 4 

respectively demonstrate the weight comparison and growth performance between 

the fish at the start and end of this trial. All fish except the WW lost weight. 

The actogram of the self-feeding behaviour in TR2 fish is shown in Figures 4 and 5. 

The pattern of trigger actuations in TR2 was not confined to one fish. There were 

three fish that accounted for more than 89% of combined total actuations of the two 

demand-feeders (up-and downstream), namely W/B (White/Black), W/R 

(White/Red) and W/W (White/White) (Table 5). The contribution of the fish W/B in 

the two demand-feeders was far greater than the fish W/R or W/W. The shared 

contribution of each fish to trigger actuation during this trial for TR2 is shown in 

Figures 7. All the fish gained weight (see Table 6 and also Table 7 for growth 

performance). Figure 6 depicts the fish distribution on the sampling days of this trial 

showing that fish used the two feeding areas and tended to stay in sections 1 and 4, 

rather than two other sections, i.e. 2 and 3. 



Chapter4 

No. of 
days 

1 

4 

7 

10 

Time of day (h) 

6:00 18:00 ........... ·-. .._ .................. -.. ...... _ ........ ..... . .. .... -.. .... -··· ....... ~........ . ... . 
... II I llllo •• •lilll 111 .. 111 -·· 11• 
.......... II I •11111 •• • •• ..... 
....... ~.... I I I.......... 111 
±'ft • •I• I• ......... • • ... . .. . ........... . ............ ... .. .. 
.-1 ....... 11 ............... I l•llllllillm 
lk II........... .......... " ..... ....... ····· ......... ... 

••• 

I • • . • I 

134 

6:00 

I 
I 
I 
I 
I 
I 
I 

Figure 1. Actogram of self-feeding records from TRl (2T/1P) fish during unrestricted feeding with a 
low reward level (LRL). Food was only available in the light phase. The horizontal bar on the top of 
the figure represents the LD cycle (open for the light phase, solid for the dark phase). 

1 2 3 4 

10~ 
j_WJ u 1u Lu.iu • ''l l~lllLL I liJnL&Lll 

10t L1a.-.~l ·~~ day 1 
67891011121314151617181920 6789tDf1121314151817181920 678111011121314151817181920 678910111213U.151817181920 

10l L ... 1111 ' 
10t l .. 1il1KU11lll I.I l '11.1.~iD.Ml.11 ~~ '!1111•11111 day 5 

8788101112131415181718192C 87881011121314151617181920 87891011121314151817181S20 67891011121314151817181920 

10~ l 11_ Jhdl 
10i l 1.u 1111"111.I UL 

'l l .. 1.lll.Jlliil.~111 '!l1111Jirll day 8 
678810111213141516171811120 67891011121314151817181820 678910111213141518171811120 87891011121314151817181920 

10i L ... Id II .II~ I 'll I Ill llllAlA.Ulll 
'l Lli.llililllWMl '!lw11i day 10 

8789101112131-4151817181920 87891011121314161617181820 87881011121314161617181920 678111011121314161817181920 

Time (h) 

Figure 2. Fish spatial distribution ofTRl (2T/1P) under unrestricted feeding with a low reward level 
(LRL). The fish numbers were recorded every ten minutes throughout the photophase (14 h).Numbers 
at the top of figure refer to the sections of the raceway from most upstream ( 1) to most downstream 
( 4), respectively. 
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Table 2. Number of trigger actuations for each fish in TRl (2T/1P) at different 
phases of the experiment. 

PHASES 

LRL 

RF& 
LD 

FD 

Use ofa 
partition 

RF&LD 

Dominant 
removal 

RF&LD + 
dominant 

Trans. to LL 

123 

112 

195 

3 

', "26-'' 

'~· ~33, ' 13 

28 

24 

20 

0 0 

1 

17 1 

13 0 

22 0 

45 9 

85 0 

48 0 

9 0 

7 7 

5 3 

5 0 

9 0 

26 4 

31 

13 0 

22 0 

15 

9 

4 

3 0 

5 2 

14 0 

20 0 

24 0 

18 0 

22 2 

Fish ID 

0 0 0 0 

0 0 

0 0 0 0 

0 31 0 0 

0 19 0 0 

4 9 3 0 

9 11 4 0 

4 7 1 0 

1 2 3 0 

3 0 0 0 

0 7 0 1 

2 7 d 0 

0 d 0 

2 0 d 0 

0 0 d 1 

0 0 d 0 

0 d 

0 0 d 0 

0 0 d 2 

0 0 d 0 

0 0 d 0 

0 0 d 0 

1 12 d 0 

0 12 d 0 

3 4 d 0 

3 3 d 0 

4 8 d 0 
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Figure 3. Trigger actuation by each 
fish using a low reward level in 
TRl (2T/1P). During this trial, only 
fish W /W accounted for almost all 
the trigger actuations. 
Key to fish ID: I, B/R; 2, R/W; 3, 
W/R; 4, RIB; 5, BIB; 6, W/B; 7, 
R/R; 8, W/W. 
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Table 3. Initial and final body weight (g) during a 
low reward level (LRL) trial for TRl (2T/1P) fish. 

TRl (2T/1P) 
Fish ID W(i) W(f) AW 

W/W 259.1 310.6 51.5 
W/R 146.4 145.1 -1.3 
BIB 164.3 161.1 -3.2 
W/B 188.1 182.2 -5.9 
R/W 234.5 227.6 -6.9 
BIR 213.3 206.1 -7.2 
R/R 174.6 166.6 -8 

RIB 155.3 147.1 -8.2 
i: initial weight (g) 
f: final weight (g) 
/'J.W:W(f)-W(i) 

Table 4. Growth performance of TRl (2T/1P) fish 
during a low reward level (LRL) 

Initial body weight 
Final body weight 

SGR% 

K (initial) 
K (final) 

/'J.CVw% 

SGR: Specific growth rate 
K: Condition factor 

TRl (2T/1P) 
191.9 
193.3 

0.06 

1.51 

1.46 

37 

/'J.CVw· Growth depensation (the change in the coefficient vanatton for weight) 

137 
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Figure 4. Actogram of self-feeding records from TR2 (2T/2P) fish in the most upstream during 
unrestricted feeding with a low reward level (LRL). Food was only available in the light phase. The 
horizontal bar at the top of the figure represents the LD cycle (open for the light phase, solid for the 
dark phase). 
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Figure 5. Actogram of self-feeding records from TR2 (2T/2P) fish in the most downstream during 
unrestricted feeding with a low reward level (LRL). Food was only available in the light phase. The 
horizontal bar at the top of the figure represents the LD cycle (open for the light phase, solid for the 
dark phase). 
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Figure 6. Fish spatial distribution of TR2 (2T/2P) under unrestricted feeding with a low reward level 
(LRL). The fish numbers were recorded every ten minutes throughout the photophase (14 h).Numbers 
at the top of the figure refer to the sections of the raceway from most upstream ( 1) to most 
downstream (4), respectively. 
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Table 5. Number of trigger actuations for each fish in TR2 (2T/2P) at different 
phases of the experiment. 

Fish ID 
" 

~, ~ ~ 

~ "~L C 0 / "~ >," :_cs".:;;:;_ ,''" ~\.~~"':,"" 

·:~~\', ' " ~~ ~~ 

'·~m -~, :::\~!W· 
," ~, . 

:c,IJffi,., -~~RIB, ... ' ' "c, ',, <w/R' ;, ;:- ..... " 

PHASES DAYS Stream :·BJR.,, ;\·B/W 

Up 36 1 19 0 0 0 0 0 

Down 9 11 18 0 0 0 0 0 

Up 19 0 33 4 0 0 0 0 

Down 0 0 35 0 5 0 0 

"O LRL 
Up 44 0 69 0 0 0 0 0 

0 Down 0 1 0 0 0 0 0 c8 
0 .... 
"' "' Up 2 0 53 0 0 0 0 0 I!.) 
<.) 
<.) 

Down 0 2 0 0 "' 109 33 1 3 
i::: 
I!.) 

8 
Up 9 0 3 0 0 0 0 0 

Down 15 14 0 0 0 0 0 0 

HRL 
Up 16 0 16 0 0 0 0 0 

Down 22 26 0 0 0 0 0 0 

Up 5 0 10 0 0 0 0 ·o 
Down 19 45 0 0 0 0 0 0 

Up 4 0 30 0 0 0 0 0 

Down 45 24 0 0 0 1 0 0 

Up 22 2 14 0 0 0 0 0 

Down 7 29 0 0 0 0 0 0 

Up 0 15 2 0 0 0 0 0 

RF& Down 40 11 1 0 0 0 0 0 

LD 
Up 9 4 0 0 0 0 0 0 

Down 38 6 0 0 0 0 0 0 

Up 0 1 3 0 0 0 0 0 

Down 26 8 0 0 0 0 0 0 

Up 24 0 0 2 0 2 0 0 

Down 2 6 0 0 0 0 0 

Up 17 0 3 0 0 0 0 0 

Down 36 31 0 0 1 0 0 
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Up 0 0 4 0 0 0 0 0 

Down 37 13 0 0 0 2 0 0 

FD 
Up 73 0 18 0 1 0 0 0 

Down 100 7 0 0 0 0 0 0 

Up 38 0 0 0 0 0 0 
RF&LD Down 56 12 0 0 0 0 0 

Up 0 0 0 1 0 0 0 0 

Down 3 11 0 0 0 0 0 0 

Use of Up 50 2 0 0 0 0 0 0 

a partition Down 18 24 0 0 0 0 0 0 

Up 11 0 0 0 0 2 0 0 

Down 41 13 0 0 0 0 0 

Up 0 0 0 0 0 0 0 0 

Down 13 11 0 0 1 0 0 0 

FD 
Up 68 0 0 0 0 0 0 0 

Down 86 0 0 0 0 0 0 

Up 0 0 0 0 0 0 0 0 
RF&LD Down 8 2 0 0 0 0 0 0 

Up § 0 0 0 0 0 0 0 

Down § 0 0 0 0 0 0 0 

Dominant 
removal Up § 0 0 0 0 0 0 0 

Down § 0 0 0 0 0 0 

Up 4 0 0 0 0 0 0 
Down 23 0 5 0 0 0 0 

RF&LD + 
dominant Up 20 0 0 0 0 0 0 

Down 40 8 0 2 0 0 

Up 22 0 0 0 0 0 0 
Transition Down 53 18 0 0 0 0 

toLL 
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Up 75 0 0 
115 Down 0 0 0 

Change in LO 
Up 49 0 0 cycle 

117 Down 0 0 

Up 121 0 
119 Down 0 

Meal-shift 

Up 89 0 0 
120 Down 0 0 0 

LRL, low reward level ; HRL, high reward level; FF, free food access 
RF, restricted feed; LD, light-dark cycle; FD, food deprivation 
i, severely fungus-infected fish was removed; §, this fish (dominant) was removed 
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Figure 7. Trigger actuation by each fish using a low reward level (LRL) in TR2 
(2T/2P). During this trial, fish W/B, W!R, and W/W accounted for almost aU the 
trigger actuations. 
Key to fish ID: 1, B/W; 2, R/W; 3, RIB; 4, B/R; 5, BIB; 6, W/W; 7, W/R; 8, W/B. 
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Table 6. Initial and final body weight (g) during a 
low reward level (LRL) trial for TR2 (2T/2P) fish. 

TR2 (2T/2P) 

Fish ID W(i) W(f) i\W 

W/B 189.8 225.8 36 
W/R 234.9 253.2 18.3 
W/W 253.5 264.1 10.6 
BIB 193.8 201.5 7.7 
BIR 184.3 191.8 7.5 
RIB 153.6 156.8 3.2 
R/W 191 192.5 1.5 
B/W 213.4 214.2 0.8 

1: initial weight (g) 
f: final weight (g) 
/lW: W (f)-W (1) 

Table 7. Growth performance of TR2 (2T/2P) fish 
during a low reward level (LRL) 

Initial body weight 
Final body weight 

SGR% 

K (initial) 
K (final) 

llCVw % 
SGR · Specific growth rate 
K: Condition factor 

TR2 (2T/2P) 
201.8 
212.5 

0.43 

1.51 

1.45 

6 

/lCV w: Growth depensatlon (the change m the coefficient vanation for weight) 
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Phase 2: Unrestricted feeding with a HRL (days 13-23) 

The increase of the reward level to an average of 24 pellets (lg)/trigger actuation 

from day 13 onwards resulted in availability of more food and therefore a decreased 

self-feeding activity in both raceways (Figures 8 and 10). In TRl, because defence of 

the feeding area was no longer economical, the feeding territory of the fish W /W was 

broken down. This was due more to the outweighing cost than to the benefit of 

sustaining a territory by the fish W /W, when the amount of food availability 

increased during the HRL. Therefore, the social interactions between the fish were 

ameliorated. Visual observations proved that not only the fish W /W, but also the 

other individuals of the group, were able to consume food particles. Nevertheless, 

fish distribution did not change perceptibly compared to LRL (Figure 9). Sampling 

occurred on days 19 and 22. Interestingly, activations of the trigger were carried out 

mostly by the other fish (e.g. R/R, Red/Red or RIB, Red/Black) rather than W/W and 

the proportion of biting activity by the latter reduced greatly (Table 2). 

In TR2, the pattern of trigger actuations did not vary greatly and the three fish (W/B, 

W/R and W/W) mastered the biting action of two demand-feeders with a major 

contribution by the fish W/B (Table 5). The fish preferred to stay in the downstream 

area (especially section 3) during most of the photophase period (Figure 11). 

In both raceways, the total number of trigger actuations (hits) was reduced compared 

to the LRL (Tables 2 and 5). Figures 12 and 13 display the proportion of trigger 

actuations per fish before and after the increased reward level, for both raceways. 
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6:00 

Figure 8. Actogram of self-feeding records from TRl (2T/1P) fish during unrestricted feeding with a 
high reward level (HRL) (days 13-23). Food was only available in the light phase. The horizontal bar 
at the top of the figure represents the LD cycle (open for the light phase, solid for the dark phase). 
Note: a clear reduction of hits during the HRL relative to the LRL trial. 
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Figure 9. Fish spatial distribution ofTRl (2T/1P) under unrestricted feeding with a high reward level 
(HRL). The fish numbers were recorded every ten minutes throughout the photophase (14 h). 
Numbers at the top of the figure refer to the sections of the raceway from most upstream (1) to most 
downstream (4), respectively. 
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Figure 10. Actogram of self-feeding records from TR2 (2T/2P) fish in the most upstream (upper 
figure) and the most downstream (lower figure) during unrestricted feeding with a high reward level 
(HRL) (days 13-23). Food was only available in the light phase. The horizontal bar at the top of the 
figure represents the LD cycle (open for the light phase, solid for the dark phase). 
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Figure 11. Fish spatial distribution of TR2 (2T/2P) under unrestricted feeding with a high reward 
level (HRL). The fish numbers were recorded every ten minutes throughout the photophase (14 h). 
Numbers at the top of the figure refer to the sections of the raceway from most upstream (I) to most 
downstream (4), respectively. 
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Figure 12. Trigger actuation during a low (LRL) (left) and when switched to a high reward level (HRL) (right) 
for each fish in TRI (2T/1P). Note: in the right figure, sampling times 1-4 correspond to the LRL and the HRL 
starting from sampling time 5 onwards. There is a reduction in the number of the trigger actuations by fish W/W 
and appearing fish R/R or RIB when switched from LRL to HRL. 
Key to fish ID: I, BIR; 2, R/W; 3, WIR; 4, RIB ; 5, BIB; 6, W/B; 7, R/R; 8, W/W. 
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Figure 13. Trigger actuation during a low (LRL) (left) and when switched to a high reward level (HRL) (right) 
for each fish in TR2 (2T/2P). Note: in the right figure sampling times 1-4 correspond to the LRL and the HRL 
starting from sampling time 5 onwards. When switched from LRL to HRL, the pattern of trigger actuations did 
not changed greatly and three fish, i.e. W /B, W IR, and W /W accounted for most of the trigger actuations. 

Key to fish ID: 1, B/W; 2, R/W; 3, RIB; 4, BIR; 5, BIB; 6, W/W; 7, WIR; 8, W/B. 
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Phase 3: Restricted feeding (RF) under a 14L: lOD photoperiod 

(days 24-49) 

By restricting the times during which food was available, demand-feeding activity of 

the fish became more or less synchronized to the mealtimes. After one week, TRl 

fish synchronised their demand-feeding activity to food availability and probably 

learned to confine their activity to the restricted feeding times, as evidenced by most 

of trigger actuations occurring at the time of food availability. This synchronisation 

however occurred on days 32-35 but was less defined thereafter (Figure 14). Most 

individuals in the group participated in the trigger actuations to some extent (Table 2 

and sampling time 7 onwards in Figure 12). Progressively, the fish became less 

congregated in the most downstream area (section 4), as the number of fish in each 

section increased and a more even fish spatial distribution in each section appeared 

(days 40 through 49) (Figure 15). 

In TR2, synchronisation of the feeding activity to the feeding times varied in two 

locations, so that the fish in the downstream area (Figure 18) achieved it more 

quickly than those in the upstream area (Figure 17). The synchronization took place 

after a week downstream, but upstream it rarely, if ever, happened except for the 3 

last days of this trial after 24 days (Figure 17). Trigger actuations were still carried 

out by the three fish, however towards the end of this trial, the contribution of the 

fish WIR to trigger actuation was reduced (Table 5 and Figure 13). Sections 2 and 3 

were most popular throughout this trial (Figure 19). Based on the trigger actuation, 

the occurrence of FAA was barely detectable in two raceways. 

Phase 4: Food deprivation (FD) (days 50-52) 

Figure 16 shows fish distribution on days of food deprivation (50-52) for TRl fish, 

which did not appear as a group at the correct time and correct place of food delivery 

(section 1). This indicates that with the exception of maybe a few fish (in particular 

W/W) they did not show time/place learning (see Schematic Figure on day 52). A 

continuous self-feeding activity occurred for the whole photophase during the days 

of food deprivation (Figure 14) with the fish W /W accounting for more than 80% of 

the trigger actuation. Fish RIR was the second highest instigator (16%) of trigger 
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actuation (see Tables 2 and 8). Spatial distribution demonstrated no evidence of the 

occurrence of time/place learning, as the fish did not appear in the feeding area 

(section 1) at the correct time. However, on the 3rd day (52) of food deprivation a 

peak in fish numbers occurred a few hours before the subjective afternoon meal 

session but did not persist to suggest FAA (Figure 16). 

A good pattern of trigger actuations was found for TR2 fish with a more pronounced 

pattern in section 1 (most upstream) than in section 4 (most downstream) (Figures 17 

and 18). Most of the trigger actuations in both areas were carried out by fish W/B 

(more than 80%) (Table 5). In particular, on the 3rd day (52) of food deprivation, it 

appeared that fish W IB had demonstrated FAA for both meals, as most of the trigger 

actuations occurred before subjective mealtimes (see Table 9). To a lesser extent, 

other fish participated in the trigger actuations on the days of food deprivation (e.g. 

W IR and W /W). In addition, the Schematic Figure on day 52 revealed that fish W IB 

(of TR2) and WW (of TRl) learned time/place associ3:tion of food due to their 

appearance at the correct time and place of food delivery. Fish spatial distribution on 

these days showed that the fish tended to stay in sections 2 and 3 rather than the 

feeding areas, i.e. sections 1 and 4 (Figure 20). 
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Figure 14. Actogram of self-feeding records from TRl (2T/1P) fish (upper figure) during restricted 
feeding (days 24-49). The horizontal bar at the top of the figure represents the LD cycle (open for the 
light phase, solid for the dark phase). RF, Restricted feeding; FD, food deprivation. Rhythm profile of 
self-feeding activity over days 37-48 is shown in (a) and over days 50-52 (food deprivation) in (b). 
Mealtimes are shown by the rectangular boxes. The dotted rectangular boxes show subjective 
mealtimes. 
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Figure 15. Fish spatial distribution of TRI (2T/1 P) under restricted feeding (RF). The fish numbers 
were recorded every ten minutes throughout the photophase (14 h). Numbers at the top of the figure 
refer to the sections of the raceway from most upstream ( 1) to most downstream (4), respectively. 
Mealtimes are shown by the rectangular boxes. 
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Figure 16. Fish spatial distribution of TR2 (2T/l P) under food deprivation (FD). The fish numbers 
were recorded every ten minutes throughout the photophase (14 h). Numbers at the top of the figure 
refer to the sections of the raceway from most upstream (1) to most downstream ( 4), respectivel y. 
Subjective mealtimes are shown by the dotted rectangular boxes. 
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Table 8. Number of trigger actuations of each fish during 
food deprivation (FD) (days 50-52) in relation to mealtimes 
in TRl (2T/1P) fish. The mealtimes are in grey. 

Total Fish 
trigger Day ID 
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Figure 17. Actogram of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
upstream during restricted feeding (days 24-49). The horizontal bar at the top of the figure represents 
the LD cycle (open for the light phase, solid for the dark phase). RF, Restricted feeding; FD, food 
deprivation. Rhythm profile of self-feeding activity over days 37-48 is shown in (a) and over days 50-
52 (food deprivation) in (b ). Mealtimes are shown by the rectangular boxes. The dotted rectangular 
box shows subjective mealtime. 
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Figure 18. Actogram of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
downstream during restricted feeding (days 24-49). The horizontal bar at the top of the figure 
represents the LD cycle (open for the light phase, solid for the dark phase). RF, Restricted feeding; 
FD, food deprivation. Rhythm profile of self-feeding activity over days 37-48 is shown in (a) and over 
days 50-52 (food deprivation) in (b ). Mealtimes are shown by the rectangular boxes. The dotted 
rectangular box shows subjective mealtime. 
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Figure 19. Fish spatial distribution of TR2 (2T/2P) under restricted feeding (RF). The fish numbers 
were recorded every ten minutes throughout the photophase (14 h). Numbers at the top of the figure 
refer to the sections of the raceway from most upstream (1) to most downstream (4), respectively. 
Mealtimes are shown by the rectangular boxes. 
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Figure 20. Fish spatial distribution of TR2 (2T/2P) under food deprivation (FD). The fish numbers 
were recorded every ten minutes throughout the photophase (14 h).Numbers at the top of the figure 
refer to the sections of the raceway from most upstream (1) to most downstream ( 4), respectively. The 
dotted rectangular boxes show subjective mealtimes. 
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Table 9. Number of trigger actuations of each fish during food 
deprivation (FD) (days 50-52) in relation to mealtimes in TR2 (2T/2P) 
fish. The mealtimes are in grey. 
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Schematic Figure. Relative spatial positioning of each fish in relation to the feeder measured hourly 
in two raceways on day 52. The numbers on each arrow represent fish ID and the tip of each arrow is 
head of the fish. The dominant fish are in grey. 
Key to fish ID in TRl: 1, BIR; 2, R/W; 3, WIR; 4, RIB; 5, BIB; 6, WIB; 7, R/R; 8, W/W. 
Key to fish ID in TR2: 1, B/W; 2, R/W; 3, RIB; 4, BIR; 5, BIB; 6, W/W; 7, WIR; 8, WIB. 
Numbers at the top of the figure refer to the sections of the raceways from most upstream (1) to most 
downstream (4), respectively. 
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Phase 5: Effect of a partition (days 55-61) 

Actograms of a normal feeding (feeding under LD and RF) day (54) when a partition 

was applied in the middle of the raceways are shown in Figure 2 I (TRI) and Figures 

23A, B (TR2). In TRI, a more defined self-feeding pattern for two meals (compared 

to the previous days) was established with the fish displaying some FAA for the 

afternoon meal session (see Figure 2Ia). On the first day (55) of the partition trial, 

the TRI fish tended to occupy the upstream area (sections I and 2) rather than the 

downstream area (~ections 3 and 4) and to some extent most of fish participated in 

the trigger actuations (Table 2). However, towards the end of this trial on days 59 

and 6I, they moved downstream, in particular to section 3 (Figure 22). 

In TR2, the pattern of self-feeding activity in the upstream area was not complete; 

the fish did not appear to activate the trigger on days 55, 57 and 60 (Figure 23A). In 

contrast, a well-defined pattern of self-feeding activity appeared in the downstream 

area (Figure 23B), though it was not strong enough to produce FAA. Spatial 

distribution of TR2 fish on the first day of the partition trial was the same as the 

previous normal feeding day. However, it changed on days 59 and 6I (Figure 24) 

when a dome-shaped histogram of the fish distribution in section 2 and a peak of fish 

numbers in section 4 (most downstream) developed. Fish W IB accounted for the 

majority of trigger actuations in both feeding areas while fish W /W accounted for 

secondary and minor trigger actuations but mostly in section 4 (most downstream) of 

the feeding area only (Table 5). 

Phase 6: Food deprivation (FD) (days 62-64) 

Based on the self-feeding activity, it appeared that some sort of time/place learning 

occurred for TRI fish at the group level, for the afternoon meal session on the days 

(62-64) of food deprivation (Figure 2Ib). Nevertheless, the fish stayed in section 3 

most of the time and did not appear in section I (feeding area), either during morning 

or afternoon meal sessions, except for few fish (Figure 22). Fish W/W carried out 

most of the trigger actuations, while fish R/R and W IB accounted for minor trigger 

actuations on the days of food deprivation (Table 2). 
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A relatively well-defined pattern of time/place learning in TR2 fish occurred on the 

days of food deprivation, based on both self-feeding activity and fish spatial 

distribution (Figures 23A, B and 24). No hits occurred on the first day (62) of food 

deprivation for the most upstream feeding area (section 1) and most of the fish 

initially appeared in section 2, at the subjective morning time (Figure 24, day 62). 

Then at 1400 h they migrated to the section 3 and remained there for the remainder 

of the photophase period. A similar pattern of fish distribution occurred on the 3rd 

day (64) of food deprivation, except that this migration occurred 2 h earlier than on 

the first day (62). In both feeding areas, the pattern of self-feeding activity became 

well-defined on days 63-64. The pattern of trigger actuations was determined mostly 

by fish W/B rather than any other fish (Table 5). 

Tables 10-15 depict results of all behavioural measures of day 61, including: number 

of correct trigger actuations in relation to time of feeding, relative positioning to 

feeder, total agonistic acts for both raceways and each fish. 

Tables 10-11 display that dominant fish of each group (W/W of TRl and W/B of 

TR2), were quite accurate in the sense of timing as they activated the trigger mostly 

during the times when food was available. This particularly was observed in TR2 

where two feeders existed and the dominant fish W /B had to adjust to the timing of 

food availability in both locations. Other fish did not participate in the trigger 

actuation at all, or their biting was not as precise as the dominant fish (except for fish 

RIB of TRl which had a relatively good sense of timing). 

Tables 12-13 show a summary of the spatial position of each fish in relation to the 

feeder, similar to the Schematic Figure on day 52. These Tables illustrate that the 

dominant fish of each group dominated the feeder and most of the time tended to be 

close to the feeding area in order to access the food. 

Finally, Tables 14-15 depict all aggressive acts exhibited by each fish. The number 

of agonistic acts among TRl fish with one feeder was a far greater than in TR2 

where two feeders existed. Dominant fish W /W in TRl won any encounter with 
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other fish. In the case of TR2, dominant fish won all encounters except two times 

during which it lost in the contest with subdominant fish W/W. 

163 

Combining the results of Tables 2 and 5 with Tables 14-15 reveals that the dominant 

fish of each group with the highest level of aggressiveness, accounted also for most 

of the trigger actuations. However, a correlation between social rank in terms of 

aggressiveness and trigger actuation does not always occur for the other fish. For 

instance, in TR2, fish W /W is the second rank next to the fish W IB in both level of 

aggressiveness and trigger actuation. In contrast in TRl, the second rank fish (RIB) 

in terms of aggressiveness is not next to the first rank in trigger actuation; this fish 

did not activate the trigger at all (during the sampling period). 

Figure 25 also compares total agonistic acts and swimming speed of TRl and TR2 

fish, measured on day 61. In both groups of fish, peak swimming speed occurred 

during meals and there was an increase in the swimming speed pre-feeding but did 

not persist to suggest FAA. However, a peak of the total agonistic act was observed 

before meals, in particular the second meal, for TRl, whereas in TR2 the peak of the 

total agonist acts appeared during meal. Because FAA is anticipation of food prior to 

its arrival, it is suggested that the increase in agonistic acts between TRl fish was a 

more reliable indicator of FAA than the swimming speed. 
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Figure 21. Actogram of self-feeding records from TRl (2T/1P) fish using a partition (upper figure) 
(days 55-61). The horizontal bar at the top of the figure represents the LD cycle (open for the light 
phase, solid for the dark phase). Rhythm profile of self-feeding activity over days 56-61 is shown in 
(a) and over days 62-64 (food deprivation) in (b).Mealtimes are shown by the rectangular boxes. The 
dotted rectangular boxes show subjective mealtimes. 
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Figure 22. Fish spatial distribution of TRl (2T/1P) using a partition. The fish numbers were recorded 
every ten minutes throughout the photophase (14 h).Numbers at the top of the figure refer to the 
sections of the raceway from most upstream (1) to most downstream (4), respectively. Day 54 was a 
normal feeding and the partition was used from day 55 onwards. Mealtimes are shown by the 
rectangular boxes. The dotted rectangular boxes display subjective mealtimes. 



Chapter4 165 

Time of day (h) 

6:00 18:00 6:00 

53 ..... 8 • • I Iii • • .. - . 
• I • . 

•• 

• (a) 55-61 
56 

59 

62 
.. •• • • I 

(b) 62-64 
11&.L.. ..... • 

(a) (b) 
Rhythm Profile Rhythm Profile 

r-·----i 
. ' 

' 
~ ' ·~ ' 

:; :; 1 

JI! JI! 
.§· S' 
m ~ 
>: >: 

~ .. 12:00 15:00 18:00 21:00 '"" "" 600 IS:OO .... 21:00 '"" l:OO ... 
TI me of Day (h) nme of Day (h) 

Figure 23A. Actograrn of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
upstream using a partition (days 55-61). The horizontal bar at the top of the figure represents the LO 
cycle (open for the light phase, solid for the dark phase). Rhythm profile of self-feeding activity over 
days 56-61 is shown in (a) and over days 62-64 (food deprivation) in (b).Mealtimes are shown by the 
rectangular boxes. The dotted rectangular box shows subjective mealtime. 
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Figure 23B. Actogram of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
downstream using a partition (days 55-61 ). The horizontal bar at the top of the figure represents the 
LD cycle (open for the light phase, solid for the dark phase). Rhythm profile of self-feeding activity 
over days 56-61 is shown in (a) and over days 62-64 (food deprivation) in (b).Mealtimes are shown 
by the rectangular boxes. The dotted rectangular box shows subjective mealtime. 
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Figure 24. Fish spatial distribution of TR2 (2T/2P) using a partition. The fish numbers were recorded 
every ten minutes throughout the photophase (14 h).Numbers at the top of the figure refer to the 
sections of the raceway from most upstream (1) to most downstream (4), respectively. Day 54 was 
normal feeding and the partition was used from day 55 onwards. Mealtimes are shown by the 
rectangular boxes. The dotted rectangular boxes show subjective mealtimes. 
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Table 10. Number of correct/incorrect trigger 
actuation of each fish in TRl (2T/1P), measured on 
day 61. 
Fish ID AA Aa 

VV/VV 29 13 
R/R 6 3 
VVIB 3 4 
R/W 1 1 
RIB 0 1 
BIB 0 1 
Bffi 0 0 

AA: pulling correct trigger at correct tJ.me (0900-1100 h or 1600-1800 h). 
Aa: pulling correct trigger at incorrect time (outside mealtJ.mes) 

Table 11. Number of correct/incorrect trigger actuation of each fish in 
TR2 (2T/2P), measured on day 61. 

Fish ID AA Aa Bb bb 
VVIB 46 4 2 0 
VV/VV 2 3 6 2 
Bffi 1 1 0 0 
R/W 0 0 1 0 
BIB 0 0 0 0 
VVffi 0 0 0 0 
B/VV 0 0 0 0 
RIB 0 0 0 0 

AA: pulling correct tngger at correct time (dunng 0900-1100 h in sectJ.on 1 or dunng 1600-1800 h in section4). 
Aa pulling correct trigger at mcorrect time (between 0600-0900 hand 1100-1200 h m sectJ.on 1 or between 
1200-1600 hand 1800-2000 h in sectJ.on 4). 
Bb: pulling mcorrect trigger at correct time ( dunng 0900-1100 h in sectJ.on 4 or during 1600-1800 h Ill section 
1). 
bb· pulling incorrect tngger at mcorrect tJ.me (between 0600-0900 h and 1100-1200 h m section 4 or between 
1200-1600h and 1800-2000 h m section 1) 

Table 12. Spatial position of each fish in relation to 
the feeder in TRl (2T/1P) (day 61), measured 
hourly during the photophase (14 h). 

Fish ID c c 
VV/VV 8 6 
R/R 2 12 
VVIB 1 13 
R/W 1 13 
Bffi 1 13 
RIB 0 14 
BIB 0 14 

C: close to the feeder (in section 1). 
c: far from the feeder (m any section except 1) 

167 
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Table 13. Spatial positioning of each fish in relation 
to the feeders in TR2 (2T/2P) (day 61), measured 
hourly during the photophase (14 h). 
Fish ID c c 

'\VIB 10 4 
'\V/W 5 9 
RIB 4 10 
R/\V 0 14 
BIB 0 14 
BIR 0 14 
B/W 0 14 
'\VIR 0 14 

C: close to the feeder (between 0600-1200 h m section 1 or between 1200-
2000 h) in section 4. 
c: far from the feeder (between 0600-1200 h m any section except 1 or 
between 1200-2000 h in any sectJ.on except 4). 

Table 14. Total agonistic behaviours measured for each fish: number of wins 
and defeats in TRI (2T/1P) throughout the whole Ehoto,Ehase (14 h) (dal 61). 

Fish ID 
'\V/W RIB BIR BIB R/\V '\VIB R/R 

'\V/W x 11 146 300 54 35 96 
RIB 0 x 164 196 186 52 40 
BIR 0 2 x 77 11 6 3 
BIB 0 0 35 x 11 3 1 
R/\V 0 1 15 16 x 10 3 
'\VIB 0 0 7 11 10 x 0 
R/R 0 1 4 3 1 2 x 

LOSSES 0 15 371 603 273 108 143 
1:total 

Table 15. Total agonistic behaviours measured for each fish: number of wins 
and defeats in TR2 (2T/2P) throughout the whole Ehoto,Ehase (14 h) (day 61). 

Fish ID 
'\VIB '\V/W '\VIR BIB RIB B/W BIR R/\V WINS 

'\VIB x 41 39 36 43 42 55 23 279 
'\V/W 2 x 23 37 16 22 22 10 132 
'\VIR 0 0 x 1 1 0 2 1 5 
BIB 0 0 1 x 0 2 1 0 4 
RIB 0 0 0 1 x 0 0 0 1 
B/W 0 0 0 0 1 x 0 0 1 
BIR 0 0 0 1 0 0 x 0 1 
R/\V 0 0 0 0 0 0 0 x 0 

LOSSES 2 41 63 76 61 66 80 34 423 I 

1: total 

WINS 
642 
638 
99 
50 
45 
28 
11 

1513 1 
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Figure 25. Total agonistic acts (chasing, nips, and pushing) and mean swimming speed (based on 
body length per second, bl s-1

) of fish in both raceways, measured throughout the photophase (14 h) 
on day 61. (a) and (b) TRl (2T/1P); (c) and (d) TR2 (2T/2P). Mealtimes are shown by the dotted 
rectangular boxes. 
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Phase 7: Dominant removal (days 69-71) 

The actograms of the demand-feeding activity of the fish during this trial are shown 

in Figure 26 (TRl) and Figure 28 (TR2). fu TRl fish, on the first day (69) of 

dominant fish removal, a new dominance hierarchy between the remaining fish was 

established. One fish (R/R, Red/Red) immediately took over the position of the 

previous dominant fish (W/W) and along with fish RIB (Red/Black) ac_sounted for 

more than 87% of the trigger actuations (see Table 2). This suggested that at least 

these two (R/R and RIB) had already learned to operate the trigger at the appropriate 

time and showed limited time/place association of food. However, other fish were 

still able to consume ·the food particles when they were appeared. The number of 

social interactions between the fish during this trial and before the dominant fish was 

removed were the similar, and therefore the subordinate fish were forced to stay in 

the downstream area through their exclusion from section 1 by the new dominant 

fish (Figure 27). 

Surprisingly, the actogram of the trigger actuations in TR2 fish became almost clear 

of any hits in both areas (Figure 28). It was assumed that the subdominant fish 

(W /W) could take over the position of the previous dominant fish (W IB) and activate 

the trigger. By contrast, this fish appeared to be most aggressive and accounted for 

more than 95% of the agonistic behaviours between the fish. fu fact, the number of 

social interactions during these days, compared to the previous days, where the fish 

W fB was present, doubled. The fish W /W was continuously patrolling between the 

two feeding areas alongside the raceway and did not activate the trigger (except for 

1-2 hits). The other fish appeared to be completely stressed by the intensified 

agonistic actions, notably nipping by the fish W/W. For this reason, the other fish 

had to remain motionless in the most downstream area (section 4) or hide themselves 

behind the partition (section 3) to avoid any interaction with fish W/W (Figure 29). 
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Figure 26. Actogram of self-feeding records from TRl (2T/1P) fish after removing the dominant fish. 
The dominant fish was removed on days 69 through 71. The horizontal bar at the top of the figure 
represents the LD cycle (open for the light phase, solid for the dark phase). Rhythm profile of self
feeding activity of the remainder of fish on these days (69-71) is shown at the below of the actogram. 
Mealtimes are shown by the rectangular boxes. 
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Figure 27. Fish spatial distribution of TRl (2T/1P) after removing dominant fish. Note: day 68 was a 
normal day with the dominant fish present. The dominant fish was removed on days 69 through 71. 
The fish numbers were recorded every ten minutes throughout the photophase (14 h).Numbers at the 
top of the figure refer to the sections of the raceway from most upstream (1) to most downstream (4), 
respectively. Mealtimes are shown by the rectangular boxes. 
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Figure 28. Actogram of self-feeding records from TR2 (2T/2P) fish after removing the dominant fish 
(upper, most upstream; lower, most downstream). The dominant fish was removed on days 69 through 
71. The horizontal bar at the top of the figure represents the LD cycle (open for the light phase, solid 
for the dark phase). Rhythm profile of self-feeding activity of the remainder of fish on these days (69-
71) is shown at the below of each actogram. Mealtimes are shown by the rectangular boxes. 
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Figure 29. Fish spatial distribution of TR2 (2T/2P) fish after removing the dominant fish. Note: day 
68 was a normal day with dominant fish present. The dominant fish was removed on days 69 through 
71. The fish numbers were recorded every ten minutes throughout the photophase (14 h).Numbers at 
the top of figure refer to the sections of the raceway from most upstream (1) to most downstream (4), 
respectively. Mealtimes are shown by the rectangular boxes. 

Phase 8: Effect of constant light (LL) (days 81-104) 

(a). With food (RF) (days 81-93): Within a few days of submitting the fish to LL 

conditions with RF, the pattern of feeding activity gradually disappeared in both 

raceways (days 81-85). The lack of expression of self-feeding activity in LL 

condition could be due to the stressful effect of LL on the fish. However, this pattern 

was re-established from day 86 onwards. fu TRI, mealtimes appeared to entrain 

feeding activity, so that the fish demanded food during mealtimes. This was 

especially evident for the morning meal (Figure 30, days 81-89). Towards the end of 

this trial, the spatial fish distribution within each section became more even (Figure 

31, days 81-93). 

In TR2, entrainment of the feeding activity to the mealtimes appeared to take place in 

one of the feeding areas, i.e. section 1 (most upstream) (Figure 32). The pattern of 

feeding activity which was evident in the other feeding area, i.e. section 4 (most 

downstream) appeared to disappear (Figures 33, days 81-93). During this trial, most 

of the fish tended to stay in section 3 (Figure 34). 

(b).Without food (days 94-96): Under LL conditions, when no food was provided 

(days 94-96), the pattern of demand-feeding activity associated with subjective meals 
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in TRl rapidly disintegrated. A continuous pattern of trigger actuations were initiated 

by the fish, as if they were testing the food availability. This may suggest that 

mealtimes on the previous days had had a strong effect on restricting demand

feeding activity within the time of food availability (days 94-96 in Figure 30). In this 

period, many fish appeared to participate in the trigger actuations with fish R/R 

accounting for more than 55% of the trigger actuations (Table 2). During this trial, 

the dominant fish tolerated the presence of the other fish, resulting in all fish 

gathering in the feeding area (section 1) (Figure 31, days 94-96). 

The same situation (a rapid disintegration in pattern of demand-feeding activity 

associated with subjective meals) occurred in TR2 fish. This indicates that a robust 

pattern of demand-feeding activity was not found. This again may suggest the effect 

of mealtimes of the previous days on restricting demand-feeding activity within the 

time of food availability (Figures 32 and 33, days 94-96). The fish spatial distribution 

showed a tendency towards downstream areas (sections 3 and 4) (Figure 34, days 94-

96). 

(c).Free food access (FF) (days 102-104) 

Because no clear pattern of deviation regarding mealtimes was achieved in either 

raceway, this trial was postponed and repeated at the end of the experiment (Figures 

30, 32, and 33, days 102-104). 



Chapter4 

Time of day (h) 

6:00 18:00 6:00 

72 

LD RF 
75 

78 

81 

84 

LL RF 87 

90 

93 

LL FD 
96 

LL RF 99 

102 

LLFF 

• ..... 
1 .. 

.. 
• 

• 
•• I I 

I 

... 

. II . ••••••• • • • . 
. . I .. • I 

•• 
... ~I 

.~ . • 
• 

••• I 

• • 
I ......... .. .... 

• ... Ill 
.... .. .: • .I I II ... la 

• • I • I •• • • 

• 1 •L.... •• •I _ 1_. ..1•1 •• ••• I a-. 
la• ,L ~· ~ I • ••I .. lo 

• • • • • ••• • • • I •I • I•• •• .. I I•• .I I •I 
•• .. L&.. II ...... al•• • I-·• • •• ... I I•• • 

• - I • I I - I I I I ... • -· • •• I 
• la " [ii • . • CJ • al • • • • I ,I 

• I a •• I • • • • ... I• 
I • -· .. • I I • • •• • I -
• - I. • I • ... • • I ••• 

I II • • • .I• I .. • •• • I • I I 
..... •• .. ... • • 111 I ... I II I - . • 

'2, 

~ 
-!@, 

8 
l1 

• I • I II 1•.. • I I 1 I I 

(a) 
Rhythm Profile 

900 1200 1SOO 18.00 2100 OOO 300 600 

Time of Day (h) 

175 

(a)81-93 

Figure 30. Actogram of self-feeding records from TRl (2T/1P) fish (upper figure) under constant 
light (LL). The horizontal bar at the top of the figure represents the LD cycle (open for the light phase, 
solid for the dark phase). The LL started from day 81 and ended on day 104. On days 94-96 no food 
was given; on days 97-101 RF and 102-104 free access to food continued. RF, Restricted feeding; FD, 
food deprivation; FF, free food access. Rhythm profile of self-feeding activity under LL and RF is 
shown in (a). Mealtimes are shown by the rectangular boxes. 
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Figure 31. Fish spatial distribution of TRl (2T/1P) under constant light (LL). The fish numbers were 
recorded every ten minutes throughout the photophase (14 or 24 h).Numbers at the top of figure refer 
to the sections of the raceway from most upstream (1) to most downstream (4), respectively. The LL 
started from day 81 and ended on day 104. On days 94-96 no food was given; on days 97-101 RF and 
102-104 free access to food continued. On days 73-79 normal feeding (LD and RF) continued. 
Mealtimes are shown by the rectangular boxes. The dotted rectangular boxes display subjective 
mealtimes. NB. For convenience and match to size, fish distribution by 24 h (days 80-104) is shown 
by the same scale as for the previous days (73 and 79) of 14 h. 
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Figure 32. Actogram of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
upstream under constant light (LL). The horizontal bar at the top of the figure represents the LD cycle 
(open for the light phase, solid for the dark phase). The LL started from day 81 and ended on day 104. 
On days 94-96 no food was given; on days 97-101RFand102-104 free access to food continued. RF, 
Restricted feeding; FD, food deprivation. Rhythm profile of self-feeding activity under LL and RF is 
shown in (a). Mealtimes are shown by the rectangular boxes. 
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Figure 33. Actogram of self-feeding records from TR2 (2T/2P) fish (upper figure) in the most 
downstream under constant light (LL). The horizontal open and solid bar at the top of the figure 
represent the LO cycle (open for the light phase, solid for the dark phase). The LL started from day 81 
and ended on day 104. On days 94-96 no food was given; on days 97-10 l RF and 102-104 free access 
to food continued. RF, Restricted feeding; FD, food deprivation. Rhythm profile of self-feeding 
activity under LL and RF is shown in (a). Mealtimes are shown by the rectangular boxes. 



~ 

Chapter4 

1 

·n 
o~,~,~.~.~,;L,~,,-,,-,,-,~,.~ .. ~17~16~16""m 

'B 
~11 .I 
, ..... +"I __________ __ 

6 8 0 2141618202224 2 4 6 

'~l '~.~.+.~,~.-.. ~ .. -.•. ~....,~~.~.~.~."". 

'~l 
o•,-.~1~0 ~2d1~=,.~:~,·ro-.~-,-,~,-,-, 

2 

"l Lu~MI. ,,,. , ·Iii"'" 
67891011121314161917181920 

'l j ...... Iii ... •" " 
8 7 8 91011121314161817181920 

"1 L ... ~~" Mhnln!.111 '"' 
8 81012141618202224 2 4 6 

"l ~ ... L ..... ,., .. ,,, 
8 8 1012141818202224 2 4 8 

"l j -..... "'""""' 8 8 1012141618202224 2 4 8 

'!~ 
8 8 1012141618202224 2 4 8 

3 

·~~~11•1••1111 
6 7 8 91011121314161617181920 

·~1.11111•• 
6 7 8 91011121314161817181920 

·~~•·roslt~ 
6 8 1012141818202224 2 4 8 

·~••tr;;1 
6 8 1012141618202224 2 4 6 

'! ... , ••• 
a a 1012141e1e202224 2 4 a 

'!Mi-... 
8 8 1012141818202224 2 4 6 

4 

'B 
j~l •• l "IL-n .11.0 

6 7 8 91011121314161 171 1920 

'!L .. ,, .. 
8 7 8 9101112131416161718192( 

'B 
~Ln .. 

8 8 1012141 

'! ~ 
H: 11.11-.11,, 
~ll!M..IMll!lllk ... 11 .. IW 

6 8 1012141 1 202224 2 4 6 

·~i 
jJ.r..ii--illlii!liolli' "~lli!_l"~'---... lL_ 0

-:"': 1012141 1 202224 2 4 6 

179 

day73 

day79 

days 80-81 

days 81-82 

days 85-86 

days 89-90 
.gf----+-+-~~~~-+-~~~~~~-+~~~~~~~f--~~-Hf--~~-+-~~~~~-; 

§ '!!_ .. _ ......... _ '~LJ.,.,," ,,.,,, " '" V• 'f"''tt1 '~L ld ,.,,JJ-<LI days 93-94 
.;i 1---'-'~"~"-'-''-'-'"_ro_~--~-'--'-'--+---'--'-"-"-'-'-"-"-m_~ __ ~_, __ •_• __ +---'-'--"-"-'-''-'-"-ro_~ __ ~_, __ •_• __ +---'-'--"-"-'-''-'-"~'-'~--~-'--'-'--+-----------------~ 

~ '!l j I. I Lw I '!l ... !!'I'" I .. L u., ... ,,, '!L .. ~ll,.~I ... 
a ajiop2141G1a2022242 4 a a a1012141a1a2022242 4 a a a1012141a1a2022242 4 a a a1012141al1a~o22242 4 a 

"l '! LU 
8 8 1012141618202224 2 4 8 

6 8 10 2141618202224 2 4 8 

·:u 
~ ~I 
o-Lwl'llil~-"---..._--~•i....--

a 81012141618202224 2 4 B 

·~,l 1 .. i, • Ji~.L 1 w 

8 8 10 1214181820 2224 2 4 8 

"l L11.11 .. ,.ll .. ,1, fi.11u 
8 8 1012141618202224 2 4 8 

'l j num Q 11' I Ill I 

a a 1012141010202224 2 4 a 

"l i i.. ... JW~ 
e a 1012141e1a202224 2 4 a 

"l 
hiJ.li .... 1L1~ 

6 8 1012141618202224 2 4 8 

"l L •. i...w M&.i.6 
8 8 1012141818202224 2 4 6 

"l 
h.;·•i11h 1t'1 

8 8 1012141818202224 2 4 8 

"l__... 1.-•• 
6 8 1012141618202224 2 4 6 

6 8 1012141818202224 2 4 8 

"l. i1·• "*•·tilt."' 
6 8 1012141616202224 2 4 6 

Time (h) 

10 ! ! 

B· wdal•ii 
8 8 1012141618202224 2 4 8 

'll1 L1J.1 ~ . _i,wl.. 
,:lll•fllilli~ll.JIWlll 

a a 1012141 1ej202224 2 4 a 

6 810121418182022242 4 6 

"l -iWl!Ja"'1Ull.. 
6 8 1012141618202224 2 4 6 

·~L1uL. .. UMJJ.1 , .... 
s a 1012141e1e202224 2 4 a 

days 94-95 

days 96-97 

days 97-98 

days 101-102 

days 102-103 

days 103-104 

Figure 34. Fish spatial distribution of TR2 (2T/2P) under constant light (LL). The fish numbers were 
recorded every ten minutes throughout the photophase (14 or 24 h).Numbers at the top of the figure 
refer to the sections of the raceway from most upstream (1) to most downstream (4), respectively. The 
LL started from day 81 and ended on day 104. On days 94-96 no food was given; on days 97-101 RF 
and 102-104 free access to food continued. On days 73-79 normal feeding (LD and RF) continued. 
Mealtimes are shown by the rectangular boxes and the dotted rectangular boxes display subjective 
mealtimes_ NB. For convenience and match to size, fish distribution by 24 h (days 80-104) is shown 
by the same scale as for the previous days (73 and 79) of 14 h. 
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Phase 9: Ordinal vs. circadian timing (days 110-114) 

The actogram of the demand-activity for TRl in this trial is shown in Figure 35. 

When an afternoon meal was skipped (day 111 ), the fish were still able to anticipate 

the following morning meal, suggesting that they used a circadian rather than an 

ordinal timing mechanism in their self-feeding activity. It is not constant hunger 

since if true, TRl fish did not demand food all day long on day 111, while they were 

fed on the pm of the previous day (110). When a morning meal (day 113) was 

skipped, their afternoon demand-feeding activity was not impaired either. This was 

further evidence of the use of a circadian timing mechanism by the fish. Therefore, 

anticipation of mealtimes was not based on the order of meal presentation; rather a 

circadian timing (clock) governed fish feeding activity. Throughout this period, the 

fish tended to stay downstream (sections 3 and 4) (Figure 36). 

Figures 39A, B display the actogram of the demand-activity in TR2 fish. The 

performance of TR2 fish was similar. They appeared at the following morning meal 

(section 1) when their previous afternoon meal (section 4) had been skipped. 

Likewise, after skipping a morning meal session (section 1) the fish appeared in the 

afternoon meal area (section 4) (Figure 40). Taken together, these results suggest that 

the fish used a circadian timing mechanism in their feeding behaviour. 

Phase 10: Change in period of the LD cycle by 5 h (days 115-

117) 

In both raceways, demand-feeding activity of fish did not ch~ge when the LD cycle 

was changed from 14L: lOD to 19L: 5D (this change was conducted on day 117 and 

days 115-116 were normal feeding under 14L: lOD and RF). This indicates that 

advancing and delaying light (in each case by 5 h) did not influence the timing of 

feeding. Thus change in period of the LD cycle was not used as an external cue, and 

rules out use of the LD cycle information as an hourglass timing mechanism in the 

self-feeding activity of the fish. Rather, their demand-feeding activity was still 

entrained by mealtimes (Figures 35 and 39A, B).This evidence indicates that there is 
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an endogenous timing mechanism controlling the feeding activity behaviour of these 

fish. 

There was no perceivable change ill spatial fish distribution during this trial (day 

I I 7) in TRI, compared to the normal day (I I5) (Figure 37), while in TR2, the peak 

of feeding activity occurring in section I on a normal day (I I5) appeared to 

disappear on day I I 7, during which the LD cycle changed (Figure 4 I). 

Phase 11: Shifting the feeding cycle by 2h(days120-222) 

In both raceways, after shifting the mealtimes, a rapid shift in demand-feeding 

activity occurred in response to the 2 h meal delay (Figures 35 and 39A and B). 

Although the fish anticipated the previous mealtimes, most of the trigger actuations 

were confined to the new mealtimes. This suggests a change in the timing of food 

availability can lead to an immediate response of fish to the new feeding cycle. 

Shifting the feeding cycle did not perceptibly influence the fish spatial distribution in 

TRI (Figure 38). However, this effect appeared in the fish distribution of TR2 where 

a shift in the spatial fish distribution in section I, in conjunction with the new 

mealtimes occurred (Figure 42). 
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Figure 35. Actogram of self-feeding records from TRl (2T/1P) fish (upper figure) under ordinal vs. 
circadian timing mechanism trial. The horizontal bar at the top of the figure represents the LD cycle 
(open for the light phase, solid for the dark phase). On days 105 through 110, normal feeding occurred 
under LD (14: 10) and RF. To test ordinal v. circadian timing mechanism a normal feeding on day 
110 was followed by no pm meal on day 111; on day 112 a normal feeding was followed by no am 
meal on day 113. Change in period of the LD cycle trial was conducted on day 117 in which the LD 
cycle changed from 14L: lOD to 19L: 5D. Shifting the feeding cycle (meal-shift) trial was conducted 
on days 120-122 in which mealtimes were shifted by 2 h delay. Rhythm profile of self-feeding activity 
under meal-shift is shown in (a). Mealtimes are shown by the rectangular boxes. 
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Figure 36. Fish spatial distribution of TRl (2T/1P) under ordinal v. circadian mechanism trial. The 
fish numbers were recorded every ten minutes throughout the photophase (14 h).Numbers at the top 
of the figure refer to the sections of the raceway from most upstream (1) to most downstream (4), 
respectively. Note: days 110, 112 and 114 were normal feeding, no pm meal on day 111 and no am 
meal on day 113 continued. Mealtimes are shown by the rectangular boxes. 
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Figure 37. Fish spatial distribution of TRl (2T/1P) under change in period of the LD cycle trial in 
which the LD cycle changed from 14L: lOD to 19L: 5D. The fish numbers were recorded every ten 
minutes throughout the photophase (14 h). Numbers at the top of figure refer to the sections of the 
raceway from most upstream (1) to most downstream (4), respectively. Mealtimes are shown by the 
rectangular boxes. NB. To match the size of graphs, scale of day 115 (normal day) and 177 (change in 
the LD cycle) are the same. 
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Figure 38. Fish spatial distribution ofTRl (2T/1P) under shifting the feeding cycle trial in which 
mealtimes were shifted by 2 h delay. The fish numbers were recorded every ten minutes throughout 
the photophase (14 h).Numbers at the top of figure refer to the sections of the raceway from most 
upstream (1) to most downstream (4), respectively. Note: a normal feeding on day 119 was followed 
by shifting the feeding cycle (meal-shift) trial on days 120-122. Mealtimes are shown by the 
rectangular boxes. 
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Figure 39A. Actogram of self-feeding activity of TR2 (2T/2P) in the most upstream (upper figure) 
and under ordinal v. circadian timing mechanism trial. The horizontal bar at the top of the figure 
represents the LD cycle (open for light phase, solid for the dark phase). On day 105-110 normal 
feeding occurred under 14L: 10 D and RF. To test ordinal v. circadian timing mechanism a normal 
feeding day on day 110 was followed by no pm meal on day 111; on day 12 a normal feeding was 
followed by no am meal on day 113. Change in period of the LD cycle was conducted on day 117 in 
which the LD cycle changed to 19L: 5D and shifting the feeding cycle (meal-shift) trial on was 
conducted on days 120-122 in which the mealtimes were shifted by 2 h delay. Rhythm profile of self
feeding under the meal-shift trail is shown in (a). Mealtimes are shown by the rectangles boxes. 
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Figure 39B. Actogram of self-feeding activity ofTR2 (2T/2P) in the most downstream (upper figure) 
and under ordinal v. circadian timing mechanism trial. The horizontal bar at the top of the figure 
represents the LD cycle (open for light phase, solid for the dark phase). On day fOS-110 normal 
feeding occurred under 14L: 10 D and RF. To test ordinal v. circadian timing mechanism a normal 
feeding day on day 110 was followed by no pm meal on day 111; on day 12 a normal feeding was 
followed by no am meal on day 113. Change in period of the LD cycle was conducted on day 117 in 
which the LD cycle changed to 19L: SD and shifting the feeding cycle (meal-shift) trial on was 
conducted on days 120-122 in which the mealtimes were shifted by 2 h delay. Rhythm profile of self
feeding under the meal-shift trail is shown in (a). Mealtimes are shown by the rectangles boxes 
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Figure 40. Fish spatial distribution ofTR2 (2T/2P) under ordinal v. circadian mechanism trial. The 
fish numbers were recorded every ten minutes throughout the photophase (14 h). Numbers at the top 
of figure refer to the sections of the raceway from most upstream ( 1) to most downstream ( 4) 
respectively. Note: days 110, 112 and 114 were normal feeding, no pm meal on day 111 and no am 
meal on day 113 continued. Mealtimes are shown by the rectangular boxes. 
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Figure 41. Fish spatial distribution of TR2 (2T/2P) under a change in the period of the LD cycle trial, 
in which the LD cycle changed to 14L: 10 D to 19L: 5D. The fish numbers were recorded every ten 
minutes throughout the photophase (14 h).Numbers at the top of figure refer to the sections of the 
raceway, from most upstream (1) to most downstream (4), respectively. Mealtimes are shown by the 
rectangular boxes. NB. To match the size of graphs, scale of day 115 (normal day) and 177 (change in 
the LD cycle) are the same. 
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Figure 42. Fish spatial distribution of TR2 (2T/2P) under shifting the feeding cycle (meal-shift) trial 
in which mealtimes were shifted by 2 h delay. The fish numbers were recorded every ten minutes 
throughout the photophase (14 h).Numbers at the top of figure refer to the sections of the raceway 
from most upstream (1) to most downstream (4), respectively. Note: a normal feeding on day 119 was 
followed by shifting the feeding cycle (meal-shift) trial on day 120-122. Mealtimes are shown by 
the rectangular boxes. 
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Phasel2: Constant light (LL) and free food access (FF) (days 

126-143) 

187 

Under IL conditions and free access to food, the self-feeding activity of TRI and 

TR2 in the most upstream area (section I) indicated a free running pattern (Figures 

43 and 44). In TRI, a significant peak of the X2-periodogram analysis appeared, with 

a value of 24.2 h and that of TR2 was 23.2 h. 
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Figure 43. Actogram of self-feeding records from TRl (2T/1P) fish (upper figure) under LL and free 
access to food (FF). The horizontal bar at the top of the figure represents the LD cycle (open for the 
light phase, solid for the dark phase). Note: The FF started from day 126 and ended on day 14 3. 
Rhythm profile of self-feeding activity under this situation (days 126-143) is shown in (a). A 
significant peak of the x,2- periodogram analysis appeared ('t = 24.2 h). The previous mealtime is 
shown by the rectangular box. 
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Figure 44. Actogram of self-feeding records from TR2 (2T/2P) fish (upper, most upstream; lower, 
most downstream) under LL and free access to food (FF). The horizontal bar at the top of the figure 
represents the LD cycle (open for the light phase, solid for the dark phase). Note: The FF started from 
day 126 and ended on day 143. Rhythm profile of self-feeding activity under this situation (days 126-
143) is shown in (a) for most upstream and in (b) for most downstream. A significant peak of the x2

-

eriodogram analysis appeared ('t = 23.2 h) for upstream only. The previous mealtimes are shown by 
the rectangular boxes. 
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Phase 13: 14L: lOD and free food access (FF) (days 144-153) 

Under these conditions (LD and FF), a clear pattern of diurnal feeding activity 

appeared for both raceways (Figures 45 and 46). This is indicated by demand-feeding 

activity of the fish, occurring during the photophase. In TR2, activation of the trigger 

were more numerous in the most upstream area (section 1), compared to low 

numbers in the most downstream area (section 4). 
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Figure 45. Actogram of self-feeding records from TRl (2T/1P) fish under LD 14: 10 hand free 
access to food. The horizontal bar at the top of the figure represents the LD cycle (open for the light 
phase, solid for the dark phase). Note: this trial started from day 144 and ended on day 153. 
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Figure 46. Actogram of self-feeding records from TR2 (2T/2P) fish (upper, most upstream; lower, 
most downstream) under LD 14: 10 h and free access to food. The horizontal bar at the top of the 
figure represents the LD cycle (open for the light phase, solid for the dark phase). Note: this trial 
started from day 144 and ended on day 153. 
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4.4. Discussion 

The results of the present study indicate that at the group level, rainbow trout are not 

able to clearly demonstrate time/place learning or FAA behaviours under the 

conditions tested. In fact, feeding behaviour was largely influenced by social 

dominance of the group, especially through territoriality. When subjected to periodic 

access to food, the rainbow trout more or less synchronised their self-feeding activity 

to the restricted time of food availability. However, as indicated by profile rhythm 

they did not exhibit a pronounced feeding anticipatory activity (FAA) before the 

mealtimes. In spite of this, it has been suggested that the occurrence of FAA has been 

shown by other behavioural variables, such as: swimming speed or agonistic 

behaviours. As the dominant fish accounted for most of these behaviours, it could be 

suggested that the dominant fish governed the feeding activity of the group. The 

existence of self-feeding activity under the LD cycle when food was not available, 

suggests an effect of both exo-and endogenous timing mechanisms. The persistence 

of self-feeding activity during a change in the LD cycle suggests a circadian timing 

mechanism (LEO) for the fish. In addition, food availability had a strong effect on 

fish feeding response. This was seen when (1) the fish were submitted to LL and RF 

self-feeding activity of the fish was confined to the mealtimes, (2) The pattern of the 

self-feeding activity of the fish from previous mealtimes was dissociated during food 

deprivation and LL. 

A number of studies have shown that in demand-feeding systems relatively few fish 

within a group account for the majority of the trigger actuations (Landless, 1976; 

Brannas and Alanara, 1993; Alanara and Brannas, 1996; Chen et al., 2002b; Brannas 

et al., 2005). This is more likely to be related to the development of dominance 

hierarchies, rather than to differences among fish in learning abilities (Brannas and 

Alanara, 1993; Jobling, 1995b). Thus, behavioural differences may be ascribed to the 

social rank of each fish within the group. It has been shown that the reward level can 

have an affect on individual demand feeding activity and the strength of social 

hierarchies (Brannas and Alanara, 1993). pstablishment of a pronounced social 

hierarchy between the fish (in particular TRl) during a LRL in the present study is in 

agreement with McCarthy et al. (1992) and Jobling and Koskela (1996), who showed 
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that in rainbow trout under feed restriction, feeding hierarchies were established, 

whereby dominant individuals had preferential access to food, compared with 

subordinates. This led to an unequal fish distribution within the sections of the 

raceway (Figure 2). Chen et al. (2002b) also reported the effect of reward level on 

the fish spatial distribution, in which, at a lower reward level, an uneven fish spatial 

distribution favouring dominant individuals was achieved. It could be suggested that 

the occurrence of trigger actuations at night during a LRL in TRl was due to 

alternate strategies of feeding by subordinate individuals, when the dominant fish 

was less aggressive (Alanara and Brannas, 1997). Generally, feeding fish with 

restricted rations has led to monopolisation of the food supply by some individuals 

and therefore, starvation and weight loss in others (Jobling and Koskela, 1996; 

Gelineau et al., 1998) and consequently increased variation in size (Davis and Olla, 

1987; Thorpe and Huntingford, 1992; Grant, 1993; Jobling, 1995a). Table 3 shows 

that in TRl, all fish except W/W lost weight. The increased coefficient variation 

(CV) in the weight of TRl fish indicates the strength of the social interactions 

between the fish (see Table 4). This is in parallel with the other authors observed 

during a low food ration in Arctic charr (Jobling, 1983), chum salmon (Davis and 

Olla, 1987) and rainbow trout (McCarthy et al., 1992). They found an increase in CV 

of weight, suggesting CV could be used as an indicator of social interaction. 

By shifting from a LRL to a HRL and an increase in food availability, the feeding 

territory of fish W /W (of TRl) was broken down, as the other fish had an 

opportunity to feed. Based on the theory of economic dependability (Brown, 1964), 

whenever the benefit of holding a territory exceeds its cost, or net benefits of defence 

of territory exceed the net benefits of not defending, the territory will not be 

defended. This is consistent with the findings of Jobling and Koskela (1996) in 

rainbow trout, in which previously subordinate and suppressed fish that had 

difficulty gaining access to food were able to feed when food availability increased. 

Likewise, Mouton et al. (1998) reported the establishment of strong feeding 

hierarchies by means of low ration in rainbow trout, which was relaxed by an 

increase in the ration level. In demand-feeders, Jobling and Koskela (1996) showed 

that with increasing reward level most trigger actuations were carried out by other 

fish ranks, apart from the top rank, but no attempt was made to explain the reason. It 
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is suggested that a switch in contribution of trigger actuations from fish W/W to the 

other fish during a HRL for the TRl fish in the present study could be due to the cost 

and benefit of holding a territory, as the size of a territory decreases with increasing 

food density (Keeley and Grant, 1995). In fact, it was difficult for the fish W/W to 

sustain the feeding territory when the reward level was increased. In contrast, Chen 

and Tababa (2003) found that in order for the territoriality of rainbow trout to be 

broken down, merely increasing the reward level is not sufficient, which suggests 

that behavioural characteristics of some individuals in a group could play a role in 

the outcome of the territoriality. It is noteworthy that the fish W /W of TRl and W /B 

of TR2 were the dominant fish of the group, based on the highest proportion of 

trigger actuations, as well as the number of agonistic acts (Tables 14 and 15) and 

their spatial position in relation to the feeder (Tables 12 and 13). This is because it 

has been shown that the most aggressive fish are individuals with priority access to 

preferred resources, such as food (Magurran, 1993) and social dominance is usually 

associated with increased levels of aggression (Adams et al., 1998; McCarthy et al., 

1999). In addition, Pausch (1984), Metcalfe et al. (1989) and Johnsson (1997) 

identified spatial positioning of fish in the tank in relation to access to food, or 

profitable feeding positions, as a reliable ranking of dominance in salmonids. This is 

because dominant individuals can contest and obtain food items more easily than the 

other individuals in the social hierarchy. Likewise, Briinnlis (unpublished data as 

reported in Briinnlis et al., 2001) classified individual Arctic char into dominant, 

subdominant and subordinate fish, according to their position in the aquarium and 

aggressiveness of their interactions. In this study, dominant fish were also the most 

aggressive and accounted for the majority of trigger actuations. However, other fish 

in the group may not fall into the simple categories; there existed some fish that were 

less aggressive but more successful competitors in the trigger actuations or vice versa 

(see Tables 2, 5, and 14-15). 

Tables 10 and 11 also show the trigger actuations of each fish, based on the correct 

time and place. As seen, for example 88% (46 out 52) of trigger actuations by fish 

W /B of TR2 were at the correct time and in the correct place and this fish did not 

pull the trigger at an incorrect time and place. 
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Lack of consistent demand-feeding activity when food availability was restricted, can 

be attributed to inter-individual variability and social interactions within the group. 

The effect of social interactions on the differences in feeding rhythms between 

isolated and grouped rainbow trout has been reported (Chen et al., 2002b). Even for 

the TR2 downstream feeder, where apparent synchronisation to the mealtimes took 

place, no robust pattern of self-feeding activity before the meal which could have 

indicated FAA appeared and most of the self-feeding activity occurred within the 

feeding window. Thus it can be postulated that the fish might have had a good sense 

of timing, because based on Ferster and Skinner (1957), those animals having a 

perfect sense of time should not respond before the feeding time at all. In addition, it 

may be postulated that the fish have no sense of timing but this can be disregarded 

since when the fish were deprived of food (days 50-52) most of trigger actuations 

appeared to have taken place at the subjective mealtime for the TR2 downstream 

feeder (see Figure 18 on page 156) suggesting that they had a reasonable sense of 

timing, rather than none. On the other hand, most authors, although not all, 

investigating FAA in fish have focused on one meal per day as the periodic access to 

food (Spieler, 1992; Gee et al., 1994; Mistlberger, 1994; Sanchez-Vazquez et al., 

1995, 1997; Chen and Purser, 2001; Purser and Chen, 2001; Sanchez-Vazquez and 

Madrid, 2001). Balliet et al. (2001) showed that FAA occurred in group and 

individual rainbow trout fed a single meal in one location. Similarly, Boujard et al. 

(1993) were able to demonstrate FAA in a group ofrainbow trout fed a single daily 

meal. The effect of multiple meals (not more than 2 meals) to demonstrate FAA in 

rainbow trout has been reported by Chen and Tabata (2002). However, that study 

tested FAA on individual fish and in one location, selecting those fish that had 

displayed a well-defined diel feeding pattern and excluding the others (12 out of 40) 

for the experiment. Likewise, Lague and Reebs (2000b) were able to show FAA in 

56 out of 72 shoals of four golden shiners. The 8 fish of the present study were 

selected randomly and therefore each might have had a different prior pattern of 

feeding activity and may have not come into synchrony with the activity. This may, 

to some extent, explain the appearance of individual differences in behaviour 

(Magurran, 1993). Nevertheless, lack of FAA in the present study is more likely to 

be based on the development of dominance hierarchy in the small group of fish (n = 
8). Furthermore, there are other behavioural variables in addition to trigger actuation 
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which could demonstrate FAA: locomotor (swimming) activity, drinking, body 

temperature and plasma corticosterone (Boulos and Terman, 1980), spatial activity 

distribution (Reebs, 1993), crawling activity (Nishikawa and Ishibashi, 1975), 

phototactic behaviour (Pradhan et al., 1989), horizontal movement (Begout and 

Lagardere, 1995), and agonistic and reproductive behaviour (Weber and Spieler, 

1987). Therefore, detection of FAA depends on the way it is measured (Mistlberger, 

1994; Pecoraro et al., 2002). Animals may fail to show FAA using one behavioural 

variable, while demonstrating robust anticipation as assessed by another (De Groot 

and Rusak, 2004 ). Thus, if FAA is not detectable based on one measure this does not 

mean that animals can not demonstrate FAA if tested for another measure. For 

example, Figure 25 shows swimming speed and agonistic behaviours of the fish, 

measured on day 61 for the whole photophase in the present study. In both raceways, 

FAA appeared to have occurred by an increase in swimming speed of the fish before 

mealtimes (especially for the afternoon meal). In addition, it was observed that, 

because of high social interactions between the fish in TRl, there was an increase in 

agonistic behaviour of the fish before meals. This suggests that agonistic acts of TRl 

fish were also entrained to mealtimes. In contrast TR2 fish showed a lower level of 

social interaction, no agonistic acts before mealtimes and the agonist acts increased 

just a little, during meals. Thus, agonistic acts were a more reliable measure of FAA 

in TRl than in TR2. In addition, number of agonistic acts was much higher in TRl 

than TR2. Furthermore, in this study a dominance matrix based on initiation and 

receiving of agonistic acts (wins and losses) was arranged, in which hierarchical rank 

of each fish could be determined (see Tables 12 and 13). These Tables, while 

showing the number of overt agonistic acts, demonstrate all encounters of each fish 

with the others. 

Evidence of the effect of social organization in studying self-feeding activity in fish 

has been reported, suggesting an advantage of studying groups rather than single fish 

as a better expression of this behaviour (e.g. Sanchez-Vazquez et al., 1995; Bolliet et 

al., 2001). Nevertheless, a group does not always enhance the expression of circadian 

self-feeding rhythm (Chen et al., 2002a). Use of partitions in this study, in addition to 

reduced visual cues, caused the social interference between the fish to be 

ameliorated; thereby fish W IB (of TR2) could display its own real pattern of self-
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feeding activity, not only on the normal days but also on the days (62-64) of food 

deprivation for both feeding areas (sections 1 and 4). Although, the fish spatial 

distributions in TR2 on food deprivation days did not show time/place learning of the 

group (Figure 24), scrutiny of the diagram revealed that the remainder of the fish had 

followed fish W fB. In other words, by assuming sections 1 and 2 as a morning side 

and sections 3 and 4 as an afternoon side, the fish had stayed in the morning side 

until near noon and then migrated to the afternoon side and stayed there until the end 

of the day. Since fish WIB governed this displacement, it could be assumed that this 

fish acted as dominant and the controller of the group. In most cases there is a strong 

correlation between dominance status of individuals in the group and leadership. In 

some species, dominant individuals are leaders of the group movement (Norton, 

1986). For instance, in social groups of gray wolves Canis lupus, successful and 

dominant individuals control the behaviour of others (Schenkel, 1947). In fish, Reebs 

(2000) showed that one individual out of 12 could entrain a whole shoal to feed in 

the right place and at the right time of day. Metcalfe et al. (1991) also identified the 

dominant salmon parr as the one fish (out of 2) which was most often in the front of 

its companion and had preferential access to the food. Yamagishi (1978), Yamagishi 

et al. (1978) and Partridge (1980) all have reported that leader-follower relationships 

can exist in fish, even between fish consisting of just two individuals. Even in fish 

shoals where it had been thought that there was no leadership between individuals, 

analysis of video recordings showed that the front fish had a dominant influence on 

the direction of the group (Bumann and Krause, 1993). In contrast, Partridge (1980, 

198la, 1981b) did not observe any leadership for large shoals. On the other hand, 

being in front may be neither related to leadership nor dominancy. For example, 

Krause et al. (1992, 1998) could show a strong correlation between a fish's 

nutritional state and its preferred position, so that it was the hungry fish that preferred 

to stay in front positions, compared to well-fed conspecifics. In demand-feeding 

behaviour, Landless (1976) assumed that dominant individuals were dominant in 

terms of their trigger actuations and leadership of the group. Nevertheless, some 

researchers do not believe that dominance is always associated with leadership 

(Allee, 1938; Beauchamp, 2000). Taken together, a consistent pattern regarding the 

leadership and dominance did not appear in the present study, because after 
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removing the dominant fish, TRl fish were able to activate the trigger and feed while 

TR2 fish were not. 

Lack of self-feeding activity during dominant fish removal in TR2 was surprising. 

There are some explanations for this phenomenon. In general, the important thing in 

instrumental conditioning is interpretation of the trigger by the fish. One possibility 

is that subdominant fish W /W had interpreted the trigger as a potential food item and 

not as a trigger. Thus, the fish had not been fully conditioned to the system. 

Activation of the trigger by the subdominant fish W /W during the presence of the 

dominant fish WIB was just based on a behavioural response, such as releasing 

factors (those factors that motivate behaviour) (Eibl-Eibesfeldt, 1970), such as, 

observation of other fish feeding (Landless, 1976). Another possibility is that 

instrumental conditioning fundamentally involves three elements; a response, an 

outcome (reinforcer), and a relation between the response and the reinforcer. In order 

for the response (action of animals) to be guided, instrumental conditioning requires 

supporting stimulation, so that it greatly facilitates performance of the behaviour 

(Domjan and Burkhard, 1986). For example, Pearce et al. (1978) fitted plastic collars 

around rats' necks to induce scratching. The collars elicited cutaneous stimulation 

and consequently greatly facilitated instrumental conditioning of scratching, even 

after that rat had become fully adapted to the collars (Pearce et al., 1978). In a similar 

way, the presence of dominant fish WIB could act as a supporting stimulus for the 

performance of the subdominant fish W/W. The resumption of trigger actuation by 

the subdominant fish after returning the dominant fish supported this hypothesis. In 

fact, it was noted that the pattern of trigger actuation was re-established by the 

dominant fish W IB immediately after returning it to TR2 on day 72. This caused the 

subdominant fish W /W to be aroused to activate the trigger, so that after a week, this 

fish again along with the dominant fish WIB initiated trigger actuation. As activation 

of the trigger by the subdominant fish W /W was not observed at all during the period 

when the dominant fish W IB had been removed, this finding suggests that the 

dominant fish W IB could act as supporting stimulation for the subdominant fish 

W /W in trigger actuation. Taken together, the dominance hierarchy was re

established immediately after returning the dominant fish to the group. 
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Disappearance of the fish feeding activity and refusal to eat during the few days 

when they were being submitted to constant lighting conditions (LL), can be ascribed 

to a behavioural response to stress, as all or any aspect of fish feeding behaviour an 

be disrupted under stressful situations (Beitinger, 1990). Generally, a characteristic 

feature of the behavioural response of fish to stressors is a reduction in appetite 

(Bernier, 2006). Due to the close relationship between behaviour and physiology 

(e.g. Cabanac, 1996), the altered behaviour of fish can be explained physiologically. 

Neuroendocrine is the initial response to stressful situations (Mazeaud et al., 1977; 

Barton and Iwama, 1991) and among catecholamines and glucocorticosteroid 

hormones, cortisol is the main hormone that is involved in teleost fish (Schreck, 

1981; Schreck and Li, 1991) and can inhibit feeding behaviour (Pickering, 1981; 

Wedemeyer et al., 1990). As feeding behaviour of the fish was resumed within a few 

days after applying LL condition, the role of other inhibitory, long-term action of 

hormones such as leptin (Le Bail and Boeuf, 1997) can be discounted. Leptin is a 

circulatory hormone serving to regulate metabolism, appetite and adiposity (Johnson 

et al., 2000). Administration of leptin decreases food intake and causes weight loss in 

birds and mammals (Neary et al., 2004). Evidence of the presence of leptin in blood 

has been reported in fish including rainbow trout (Johnson et al., 2000). There 

appears to be no study on food intake behaviour of rainbow trout and leptin. 

-However, it has been shown that administration of leptin as an appetite suppressant 

can inhibit food intake in goldfish (V olkoff et al., 2005). 

Gradual resumption of the pattern of self-feeding activity of fish under LL condition 

within a few days is assumed to be related to amelioration of the stress reaction and 

therefore, an acclimation of the fish to the new experimental condition. No further 

feed refusal took place by the fish even when they were re-exposed to the initial LD 

cycle, as they had already experienced that condition. 

The timing mechanism underlying time/place mechanism by the fish of the current 

study appeared to be more likely to be based on a circadian (phase) timer. This was 

indicated during a change in photoperiod in which the LD cycle was changed from 

14L: lOD to 19L: 5D. The pattern of self-feeding activity of the fish did not change, 

suggesting the use of a circadian timing mechanism (LEO) by the fish to anticipate 
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the mealtimes. Likewise, Reebs (1996) found a circadian clock mediated by a LEO 

for golden shiners, when the LD cycle was advanced by 6 h, time/place behaviour of 

fish did not change immediately, rather it gradually advanced by 6 h over a 3-day 

period. As in fish, pigeons also use a circadian, rather than an hourglass mechanism 

of timing in time/place learning. When the LD cycle phase was advanced by 6 h, the 

pattern of learned behaviour did not change immediately but advanced only by 2.6 h 

on the first day (Biebach et al., 1991). Nevertheless, the role of an hourglass 

mechanism can not be completely ruled out in the current study. Although interval 

(hourglass) timing is typically applied to the seconds to minutes ranges, its range 

appears to be considerable, varying from very short intervals to at least 7 hours 

(Crystal, 2006). Therefore, our fish might have used an hourglass mechanism for the 

second meal, as interval timing between the first and the second meals did not 

change when the LD cycle was changed from 14L: lOD to 19L: 5D. Further evidence 

to confirm use of a circadian clock by the fish of the current study was observed, 

when they were tested under an ordinal vs. circadian timing trial. As the fish were 

still able to anticipate the following meal when one of their meals (am or pm) was 

skipped, this suggests that the fish used a circadian timing mechanism in their 

feeding behaviour. Likewise, pigeons use a circadian rather than an ordinal time in 

their time/place learning task, because when either an am or pm meal was skipped 

the birds were still able to anticipate the location of food during the following session 

(Saksida and Wilkie, 1994). In contrast in rats, when a pm meal was skipped, they 

were still able to find the location of food in the following am session. However, if 

an am meal was skipped they incorrectly anticipated food at the pm area; therefore 

rats use an ordinal timer in their time/place learning task (Carr and Wilkie, 1997; 

Carr et al., 1999). 

The appearance of a new feeding cycle in the fish of the current study, during meal

shift delay by 2 h indicates the influence of mealtimes on self-feeding activity, 

though this is not strong enough to show FAA. Sanchez-Vazquez et al. (1997) shifted 

the feeding cycle of goldfish under DD by 9 h and found a re-synchronisation to the 

new feeding as evidence of feeding entrainment. They suggested a FEO for the 

goldfish, as the phase of activity rhythms was stabilised after 12 days. The duration 
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of our trial, however was too short (3 days) and also conducted under LD cycle, thus 

no conclusion can be made regarding a FEO. 

Expression of self-feeding activity to mealtimes under RF and LL, when the only 

predictive external cue was temporal regularity of food availability, suggests that 

food, as a zeitgeber was able to confine feeding activity because when the fish were 

kept under food deprivation this pattern disappeared rapidly. This finding is partially 

in agreement with Sanchez-Vazquez et al. (l 995b) on sea bass and Bolliet et al. 

(2001) on rainbow trout, as they showed food availability was a good and rapid 

synchroniser of fish feeding rhythms. Nevertheless, it cannot be concluded that the 

fish has a FEO as well as a LEO (Sanchez-Vazquez et al., 1995b). As the latter 

workers have pointed out, the fish might have used the LEO as a reference point and 

by forming a relation between a particular phase of its LEO and food availability, 

could have determined the feeding time. An overt expression of the LEO may have 

occurred by exposing the fish to 1L conditions and free open access to food, when a 

free-running rhythm observed (Figures 43 and 44). The period of free-running 

activity of the fish in the current study is 't = 24.2 h (for TRl) and 't = 23.2 h (for 

TR2), which are considered circadian. This suggests that the daily rhythms of the fish 

which had been entrained to the LD cycle free-run in 1L (aperiodic) environments 

(Pittendrigh, 1981). In addition, when fish were exposed to two mealtimes per day 

(2T/1P) one band instead of two bands of rhythmic activity occurred in TRl. This is 

an agreement with Chen and Tabata (2002) who also reported one band of rhythmic 

activity for individual rainbow trout with multiple meals. 

Finally, results of a clear pattern of diurnal feeding activity, observed during 14L: 

lOD and free food access in rainbow trout is similar to findings of Boujard and 

Leatherland (1992b) who showed rainbow trout are visual feeders, feeding during the 

daytime. 
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4.5. Key points from this Chapter influencing the approach 

for subsequent Chapter 

• This chapter showed that using a small number of fish (n = 8) can lead to 

intensive aggression and the development of dominance hierarchy among the 

rainbow trout whereby only dominant fish were able to demonstrate time/place 

learning and FAA behaviours. In order to minimise the effect of dominance on 

the behaviour of other fish, the next Chapter (5) will use a higher number of fish 

(n = 30) and feeding behaviour of rainbow trout will be examined further by 

comparing of two methods of food delivery; hand-feeding vs. demand-feeding. 



CHAPTERS 

FEEDING BEHAVIOUR OF RAINBOW TROUT IN RACEWAYS 
(DEMAND-FEEDERS & HAND-FEEDING) 
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5.1. Introduction 

Feeding behaviour of rainbow trout was examined in Chapter 2 (n = 20, through 

hand-feeding), Chapter 3 (n = 20, by means of belt-feeders), and Chapter 4 (n = 
8, using demand-feeders). In all these Chapters, the rainbow trout at the group 

level did not clearly show time/place learning and food was administered to the 

fish at a point source through a submerged tube. The method of food delivery 

and the fish number used resulted in increasing social interaction among the 

fish. This particularly was observed in Chapter 4 (n = 8), where the fish were 

tagged individually and the dominant fish unlike the other fish were able to 

show time/place learning. In an attempt to reduce social interaction among the 

fish and "induce" them to demonstrate time/place learning, this Chapter will use 

a higher number of fish (n = 30) and compare the time/place learning capacity 

when either a dispersed (hand-feeding) or localised (demand-feeders) food 

delivery approach was used. 

Fish can be fed by different methods, each of which has advantages. Two 

common methods of fish feeding at salmonid hatcheries are hand-feeding ,and 

use of demand feeders (Tipping, 2001). In a demand-feeding system, the fish 

control the feed delivery by activating a trigger, usually positioned below the 

water surface (Alanarli, 1996). This system of feed delivery is based on the 

learning ability of fish via instrumental conditioning, i.e. when a trigger is 

pressed in order to obtain food. As the demand-feeders are dependent upon the 

individual feeding activity to activate the trigger, they are also known as self

feeders (Sayer, 1998). In contrast to the demand-feeder, which is a recent 

method of feeding, hand-feeding is the oldest and simplest feeding practice in 

aquaculture (Alanarli, 2001). Demand-feeders are an economical, convenient 

and beneficial method of feeding which needs close observation, whereas hand

fed fish can be observed often during the day and general fish health and 

progress checks can be made (Kindschi, 1984). Direct and frequent monitoring 

of fish health and vigor as fish are fed is the major advantage of hand-feeding, 

while saving in costs such as labor costs is the advantages of demand-feeders 

(Statler, 1982; Kindschi, 1984; Tipping et al., 1986; Alanarli, 1992; Aloisi, 

1994; Paspatis et al., 1999). In demand-feeding, fish themselves decide the size 
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and/or the time of their meal, while the size and the time of meal are fixed in 

hand-fed fish (Sanchez-Vazquez and Madrid, 2001). 
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It has been shown that the main feeding peak of fish using demand feeders is in 

the early morning hours (Fuze, 1980, unpublished data, as reported in Kindschi, 

1984). Similarly, Ahnazan-Rueda et al. (2004) found that hand-fed fish showed 

higher activity during the morning compared to the afternoon. They also 

reported that activity of fish under a hand-feeding strategy was higher than 

under a self-feeding strategy. 

In general, the feeding method has a dramatic effect on the behaviour of the 

fish. Hand-fed fish are usually attracted to the person dropping the feed, whilst 

fish using demand feeders may show apathy or a fright response to people 

moving along the system (Tipping, 2001). On the other hand, as the spatial 

pattern of food distribution is localised using demand feeders, it is defensible. In 

contrast, the spatial pattern of pellet distribution during hand feeding is 

dispersed and usually uniform in fashion, making it largely indefensible. 

Feeding behaviour varies when two methods of food delivery are defensible and 

indefensible pattern of food. The defensible feeding pattern usually results in 

the monopolisation of food by dominant fish and increasingly aggressive 

interactions (Davis and Olla, 1987). In contrast, no dominance hierarchies 

develop and there is low agonistic behaviour associated with feeding an 

indefensible pattern (Olla et al., 1992). Such behaviour has been reported in 

Atlantic sahnon, where an increase in competition is associated with localised 

feed delivery, while hand-feeding methods provide all fish with uniform/similar 

access to food (Thorpe et al., 1990; Kadri et al., 1991). Similarly, the level of 

aggressive interactions is more frequent in chum salmon if the feed is localised 

compared to dispersed food (Ryer and Olla, 1995). 

Regardless of the feeding method, stocking density may influence agonistic 

behaviour (Hecht and Appelbaum, 1987, 1988; Kaiser et al., 1995). However, 

the impact of stocking density upon agonistic behaviour of fish is inconclusive, 

with mixed results. For example, it has been shown that agonistic behaviour 
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increases at high density (e.g. Keenleyside and Yamamoto, 1962; Cole and 

Noakes, 1980; Lefrancois et al., 2001; Blanchet et al., 2006) while Vijayan and 

Leatherland (1988), Baker and Ayles (1990), Brown et al. (1992), Jorgensen et 

al. (1993) found an inverse correlation between aggression and stocking density. 

Alanara and Brannas (1996) also suggest that agonistic behaviour among 

farmed salmonids (e.g. rainbow trout or Arctic charr) appears to be lower at 

high density, as high stocking density inhibits the development of aggressive 

behaviour and simulates the development of schooling behaviour (Wallace et 

al., 1988). 

To date, no study in the literature has shown time/place learning in rainbow 

trout by means of any method of feeding, indoors or outdoors. The primary aim 

of this experiment therefore was to test time/place learning in rainbow trout 

simultaneously using two methods of feeding (hand feeding vs. demand feeders) 

in indoor raceways. 

FAA can be displayed in different ways. The results of the previous Chapters 

(2-4), showed that the fish spatial distribution and/or the trigger actuation may 

not be good indicators of FAA under the experimental conditions in the room. 

Rather, other behavioural measures such as the swimming speed and/or 

agonistic behaviour of the fish may be involved in the expression of FAA. Thus, 

the second aim of this Chapter was a further exploration of FAA in the rainbow 

trout. 

The final aim of this study therefore, was to investigate the effect of 

environmental factors in the room (LD cycle and food), on the demand- feeding 

activity of the rainbow trout. 
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5.2. Materials and methods 

The experiment was carried out for 126 days (between 17 August and 20 Dec. 

2005). As this experiment was conducted in the same experimental raceways 

and room as the previous experiment, this section only covers aspects which 

differ from the previous experiment. 

Two identical raceways (T2 and t2), were provided with a partition in the 

middle, between sections 2 and 3. For convenience, sections 1and2 were 

nominated as the 'upstream area' and section 3 and 4 the 'downstream area'. 

Both raceways were supported by a freshwater recirculation system in a 

temperature-controlled and insulated room. Each raceway was supplied with 

filtered and aerated freshwater, at a rate of 20 L min-1
• One raceway (T2) was 

equipped with two demand-feeders: one placed in section 1 (most upstream) and 

the other in section 4 (most downstream). A funnel at the base of each demand 

feeder concentrated and directed pellets through a 25 mm pipe to a submerged 

outlet. The reward level was set at an average of 24 pellets (1 g) per trigger 

actuation, from the beginning until the end of the experiment. A demand-feeder 

was not installed over the other raceway (t2); rather, feeds were dropped 

relatively uniformly by hand in the corresponding locations of food delivery in 

T2. Both the demand-feeding raceway (T2) and the hand-feeding raceway (t2) 

were designed to test time/place learning association of food, at two times and 

in two places (2T/2P). 

To standardise food delivery between the raceways, during the experiment, the 

average food intake of the fish in the demand-feeder raceway (T2) was 

measured every two days and the average used as the feeding rate in t2 for the 

following two days. This amount was then divided into equal quantities for 

morning and afternoon meals for the hand-fed raceway fish. The feed used was 

3 mm Nutra Tranfer salmon pellet (50% protein, 23% lipid, Skretting, Pty Ltd. 

Cambridge, Tasmania). 

Two groups of 30 rainbow trout were placed randomly in each raceway. No 

training was used to obtain food for fish in the demand-feeding raceway (T2). 
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Total length and weight ofT2 fish were: 26.18 ± 16.8 cm and 264.3 ± 47.9 g 

and those of t2 fish were: 26.13 ± 20.3 cm and 247.1±56.3 g, respectively 

(mean±SD). 
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The room illumination was provided by fluorescent tubes (Thom, 36W, white 

light) maintained at 14: 10 LD (lights on at 0600 hand off at 2000 h) with a 

light intensity of 4 µmol s-1 m-2 at the water surface during the photophase. A 

timer was used to tum lights on and off, with an artificial dawn and dusk of 10 

minutes each. 

The experiment consisted of the following phases: 

1. Free fo?d access (unrestricted feeding) in T2 and random feeding in t2 

(days 1- 20) 

2. 14: 10 LD and restricted feeding (RF) (days 21- 45) 

3. Food deprivation (FD) (days 46- 48) 

4. Phase-shift advance in the LD cycle by 6 h without food (days 58-59) 

5. Food deprivation (FD) under constant light (LL) 

(transition from phase-shift and RF) (days_60-61) 

6. Food deprivation (FD) under constant light (LL) 

(transition from LD and RF) (days 67- 69) 

7. Constant light (LL) and restricted feeding (RF) (days 70- 79) 

8. Food deprivation (FD) (days 80-82) 

9. Constant light (LL) and free access to food (FF) (days 90-99) 

10. Further testing of time/place learning in t2 (days 108-115) 

11. t2 fish number reduced (days 117-126) 

It must be noted that some phases may apply for both T2 and t2 fish however, 

some methodology only apply to demand-feeder fish (T2) (such as free food 

access) and due to the nature of approach they can not be tested to hand-fed fish 

(t2) (see also last point under section 2.5, Chapter 2). Fish distribution of hand 

fish will be described in the appropriate phases. 
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Phase 1. Free food access (unrestrictedfeeding) in T2 and random 

feeding in t2 
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This phase was applied to the system as a period of acclimation for both 

raceways and also to identify the timing of self-feeding activity of T2 under the 

LD cycle of 14: 10. The fish in the demand-feeding raceway (T2) were 

subjected to free access to food, while the fish in the hand-fed raceway (t2) were 

fed relatively uniformly by hand, over an hour, in the morning and again for an 

hour in the afternoon in the corresponding sections of food delivery in T2 (i.e. 

sections 1 and 4 ), at ad hoe times in the 0900-1700 h interval. This trial 

continued for 20 days (between 17 August and 5 September 2005). 

Phase 2.14: 10 Wand restrictedfeeding (RF) 

The fish during this phase were subjected to restricted feeding (RF). Time of 

food availability during the RF was: morning (0900-1000 h) and afternoon 

(1600-1700 h) for both raceways. Similarly morning and afternoon feeding 

occurred in section 4 (most downstream) and section 1 (most upstream) 

respectively, for both raceways. The approach was used to test 2 times/2 places 

learning ability of the fish, but with two different methods of food delivery. This 

trial also aimed to determine if feeding behaviour was synchronised to feeding 

time. This phase was conducted for 25 days (6-30 September 2005). fu addition, 

to determine whether FAA occurred in behaviours other than the fish 

distribution and/or trigger actuation, total agonistic behaviour between fish, 

swimming speed, along with number of fish moving, were measured on days 

37, 41, and 45 of this trial, for both raceways (see Chapter 4 for methodology). 

Phase 3. Food deprivation (FD) 

To investigate the effect of regular feeding on time/place learning, the fish were 

deprived of food for three days (1-3 October 2005). After 25 days of scheduled 

feeding, it was expected that fish would appear at the feeding areas at the 

correct time of day. 
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After this trial, to re-establish the previous patterns of feeding activity, normal 

feeding under the previous LD cycle (14: 10) was continued for 9 days (4- 12 

October 2005). 

Phase 4. Phase-shift advance in the W cycle by 6 h without food 

The LD cycle was phase-advanced by 6 h. Without changing the photoperiod 

the lights went on and off h 6 h earlier than usual (lights on at 0000 h and off at 

1400 h).No food was given. This trial aimed to examine whether the timing 

mechanism (clock) underlying time/place learning used by the fish had 

circadian properties, or whether it was set by an hourglass mechanism. If the 

fish were using a circadian clock to track the location of food availability, their 

time/place learning should not be disturbed on the first day of this trial (Carr 

and Wilkie, 1997). However, if the fish were using an hourglass mechanism 

slarled by the onset of light (Biebach, 1991) their time/place behaviour would 

immediately advance by 6 h. This trial was carried out over a period of 2 days 

(13-14 October 2005). 

Phase 5. Food deprivation (FD) under constant light (LL) (from phase

shift) 

Trigger actuations of the T2 fish immediately after the onset of light in the 

above trial continued. Therefore in this phase, to investigate endogenous vs. 

exogenous fish feeding activity, the fish were subjected to constant light 

conditions (LL) without food for 1-2 days (15-16 October 2005). If feeding was 

controlled endogenously, trigger actuation at subjective mealtimes should 

continue. If feeding activity was controlled exogenously by the onset of light, 

trigger actuation would not continue at the subjective mealtimes. 

After this trial, the LD cycle was restored and normal feeding under the LD 

cycle (14: 10) continued for 5 days (17- 21October2005), to re-establish the 

previous patterns of feeding activity. 
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Phase 6. Food deprivation (FD) under constant light (LL) (from Wand 

RF) 

In this phase, the fish were placed in constant light conditions (LL) during 

which food was not given. Through which the endogenous component of the 

fish feeding activity could be examined. If a circadian component for the fish 

feeding behaviour exists, it would be expected that their feeding activity would 

occur mainly around and within the subjective mealtimes; otherwise their 

feeding would be controlled exogenously (i.e. by the previous LD alternations, 

food or both) and therefore trigger actuation should cease immediately. This 

trial continued for 3 days (22-24 October 2005). 

Phase 7. Constant light (LL) and restricted feeding (RF) 

This phase was used to tlelennine the entraining effect of feeding time on the 

fish feeding activity. Therefore, under the previous lighting conditions (LL), RF 

based on the original feeding schedules (0900-1 OOO h and 1600-1700 h) 

continued. The duration of this trial was 10 days (between 25 Oct. and 3 Nov. 

2005). 

Phase 8. Food Deprivation (FD) 

The fish were, deprived of food for three days (4-6 Nov. 2005) to examine the 

endogenous nature of fish feeding activity. This trial was a repeat of the trial in 

phase 6, except that in this stage the fish had no information about the last LD 

cycle to predict the mealtimes. 

After this trial, feeding was returned to the previous scheduled times (0900-

1000 hand 1600-1700 h) for 7 days (7-13 Nov. 2005) to re-establish the pattern 

of feeding activity in phase 7. 

Phase 9. Constant light (LL) andfree access to food (FF) 

In the demand-feeding raceway (T2), the fish were given free food access and 

exposed to LL conditions. By this trial the "free-running" properties of the 

entrained feeding rhythms in the above trial (phase 8) were examined. This trial 
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was conducted for a period of 10 days, during which t2 regular feeding 

continued (14-23 Nov. 2005). After this trial, the LD cycle was restored and 

normal feeding for both raceways was continued for 8 days (between 24 Nov. 

and 1Dec.2005). 

Phase 10. Further testing of time/place learning in t2 

In this trial, t2 normal feeding (under LD and RF), followed by 3 days food 

deprivation, was continued to determine the long-term effect of scheduled 

feeding on the time/place learning of t2 fish. The duration of this trial was 8 

days (2-9 Dec. 2005). 

Phase 11. t2 fish numbers reduced 

In Chapter 4, the eight fish did not show time/place learning at the group level 

when a demand-feeder was used. To compare with the results of Chapter 4, the 

phase used t2 fish group when the fish number was reduced from 30 to eight 

and their time/place learning was tested under the dispersed hand-feeding. 

However, to ensure minimal social interactions between the fish, special care 

was taken to use fish of a similar size. In this trial, normal scheduled feeding 

continued for 7 days, followed by three days food deprivation (11-20 Dec. 

2005). 
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5.3. Results 

No mortalities occurred during the experiment. No significant differences 

between the total length (P = 0.9, df 29 and t = -0.120) and weight (P = 0.09, df 

29 and t = -1. 717) were found between raceways at the beginning of the 

experiment. Final weights and lengths were not compared, due to difference in 

the experimental design of each treatment. 

Phase 1: Unrestricted feeding (T2) and random feeding (t2) 

(days 1-20) 

A period of conditioning to the operation of the self-feeders before the 

experiment was not used. Within 1-2 days of transfer, T2 fish learned how to 

operate the system, in terms of biting and pulling the trigger. The actogram of 

self-feeding activity of the T2 fish under 14: 10 LD cycle with free access to the 

food is shown in Figures 1 and 2. Initially, during this period, the T2 fish fed 

during the scotophase in addition to the main feeding during the photophase. 

However, the pattern of nocturnal feeding extinguished, or at least became 

greatly damped, over time. Instead, most of the self-feeding activity of the fish 

was confined to the photophase, showing a diurnal feeding behaviour. 

Fish distribution, in T2 (demand-feeding) and t2 (hand-feeding) during this trial 

is shown in Figures 3a and 3b, respectively with sampling on days 18 and 20 of 

the experiment. While no preferential area was observed for t2 fish, T2 fish 

tended to remain in the downstream area than the upstream area. 
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Figure 1. Actogram of self-feeding records from T2 fish during unrestricted feeding in the 
downstream area. Food was available during 24 h. The light and dark phases of the LD cycle 
have been indicated by white and black bars respectively at the top of the graph. 
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Figure 2. Actogram of self-feeding records from T2 fish during unrestricted feeding in the 
upstream area. Food was available during 24 h. The light and dark phases of the LD cycle have 
been indicated by white and black bars respectively at the top of the graph. 

Key to the all diagrams of fish distribution: 
T2, Demand-feeding raceway; t2, Hand-feeding raceway 
M, Morning side (downstream area); A, Afternoon side (upstream area) 
Dark vertical lines (where applicable) refer to the mealtimes. 
Pale vertical lines (where applicable) refer to the subjective mealtimes. 
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Figure 3. Fish spatial distribution in T2 (a) and t2 (b) under umestricted feeding in T2 and 
random feeding in t2. The fish numbers were recorded every ten minutes throughout the 
photophase (14 h). 

Phase 2: 14: 10 LD and restricted feeding (RF) (days 21-45) 

By restricting feeding, food was only available at specific times of the 

photophase: for one hour in the morning (0900-1000 h) and one hour in the 

afternoon (1600-1700 h).In both areas offeeding, T2 fish started to activate the 

trigger immediately after the onset of light, and continued until the arrival of 

mealtimes. After 25 days of regular restricted feeding (RF) however, self

feeding activity of the T2 fish was not fully synchronised to the hours when 

food was available (Figures 4 and 5); fish rarely confined their feeding 

behaviour to the times of food availability. During the early days (24-27) of the 

RF, most of the trigger actuations before M (morning) meal were carried out in 

the downstream area. However, this pattern gradually damped down until day 

31. Instead, trigger actuations before A (afternoon) meal strengthened on days 

30-32, in the upstream area. After that, the trigger actuations (pre-feeding 

activities) before meals were more concentrated in the downstream area (M 

meal) than in the upstream area (A meal). These pre-feeding activities may 

suggest FAA, even though there was not a sustained increase in trigger 

actuations 2.5 times above the basal line without inflections, i.e. FAA by 

definition (Stephan, 1997; Aranda et al., 2001). 

Fish spatial distribution during this trial is shown in Figures 6a (T2) and 6b (t2). 

The T2 fish were already present in the downstream area by the onset of light 

Day 
18 

Day 
20 
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and in some cases remained there until the M meal was available. However, in 

most cases the fish moved to the upstream area until the M meal was available. 

They returned to the downstream area for the M meal, and after 1-2 h, again 

rushed to the upstream area, until the A meal was available. The fish then 

remained in the upstream area until the end of the day. 

The behaviour of t2 fish was such that they were present in the downstream area 

at the lights on and before the M meal arrived. The fish remained there until the 

arrival of the A meal, after which they moved to the upstream area. The fish 

remained in the upstream area until the end of the day but were again present on 

the M side at the lights on. 

Figure 8 shows swimming speed, number of fish moving and agonistic 

behaviour between fish, measured during three replicate days (37, 41, and 45) of 

this trial. It appeared that swimming speed of both groups of fish before the 

meals was low, in particular in T2, but it increased during the meals. A similar 

pattern occurred with the number of fish moving. The fish did not anticipate the 

meals by the increase in swimming speed. fu addition, the increase in swimming 

speed did not necessary correlate with the number of fish moving. This may 

suggest the specific individual fish in the group were showing FAA by 

increasing their swimming speed. However, the agonistic behaviour of the fish 

may have been entrained to the meals. There was an increase in the agonistic 

behaviour of the fish prior to the meals which then declined during the meals. 

As FAA is anticipation of food preceding a daily scheduled meal, it is suggested 

that the increase in agonistic behaviour between the fish was a more reliable 

measure of FAA than swimming speed. 

Phase 3: Food deprivation (FD) (days 46-48) 

During this trial, which was used to determine whether or not fish had learned 

time and place association of food, the T2 group of fish did not appear at the 

correct time and correct place of food delivery on the first day ( 46) of food 

deprivation (Figure 7a). The actogram of the T2 fish showed a continuous 

pattern of self-feeding activity occurring for the upstream area throughout 3 
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days of food deprivation, while this pattern in the downstream area was more 

confined to the subjective mealtimes (Figures 4 and 5). The T2 fish might have 

demonstrated time/place learning on the third day (48) of food deprivation. This 

was indicated by the fish distribution at the correct time and correct place of 

food delivery and consequently showed the appearance of FAA, based on fish 

spatial distribution (Figure 7a). During this trial, the fish started to activate the 

trigger, and self-feeding activity was more robust in the downstream area than 

in the upstream area. Thus, FAA was detectable based on the trigger actuations 

in the downstream area. 

No clear evidence of time/place learning pattern in t2 was observed on any of 

the three days of this trial. On the first day ( 46) of food deprivation, the fish 

started the day in the downstream area. Then, 1.5 h after the lights on, they 

moved to the upstream area and remained there until the end of the day. On the 

third day (48), they remained in the downstream area for almost the entire time. 

The appearance of FAA was difficult to detect, using fish numbers in the 

subjective feeding areas as an indicator, because the fish did not actually 

migrate to the downstream area, but remained in the downstream area for the 

subjective mealtimes and also for the whole photophase (Figure 7b). The pattern 

of fish remaining in one of the feeding areas for most of the time, was also 

repeated for the upstream area (on day 46), but with a 1.5 h delay, during which 

the fish remained in the downstream area. These fish displacements between the 

two feeding areas may suggest that the fish knew the time but not the place of 

food delivery. 
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Figure 4. Actogram of self-feeding records from T2 fish under restricted feeding (days 21-45) 
in the downstream area. RF, Restricted feeding; FD, food deprivation; FF, free food access. The 
light and dark phases of the LD cycle have been indicated by white and black bars respectively 
at the top of the graph. Rhythm profile of self-feeding activity over days 23-28 is shown in (c), 
over days 32-45 in (d), and over days 46-48 in (e). Mealtimes are shown by the rectangular 
boxes. The dotted rectangular box displays subjective mealtime. 



Chapters 219 

1 

4 

7 

LDFF 10 

13 

16 

19 

22 

Time of day (h) 

6:00 .... . . . •••• -· 
II ... 

llo I 

• L 

I I .......... -

18:00 6:00 

• - • - .. • .. .. .. . ............. II• ol .. ...... I.. . .. I I ... ..... -. -· • •• . I·-· ...... 
I I 

I I 

• 

25 

28 
} (c) d•Y' 23-28 

31 

LDRF 34 

37 

40 (d) days 32-45 

43 

--46 
LDFD } (e) days 46-48 

(c) (d) (e) 

Rhythm Profile Rhythm Profile Rhythm Profile 

~4 • ..i.lllllllill~•~1...,.-~n~~~L_~J 
llrneofDay(h) 

Figure 5. Actogram of self-feeding records from T2 fish under restricted feeding (days 21-45) 
in the upstream area. RF, Restricted feeding; FD, food deprivation; FF, free food access. The 
light and dark phases of the LD cycle have been indicated by white and black bars respectively 
at the top of the graph. Rhythm profile of self-feeding activity over days 23-28 is shown in (c), 
over days 32-45 in (d), and over days 46-48 in (e).Mealtimes are shown by the rectangular 
boxes. The dotted rectangular box displays subjective mealtime. 
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(48) of food deprivation (FD). The fish numbers were recorded every ten minutes throughout 
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Phase 4: Phase-shift advance in the LD cycle by 6 h without 

food (days 58-59) 

On the first day (58) of this trial, self-feeding activity of the T2 fish in both 

feeding areas immediately started with the onset of light, indicating the effect of 

lights on the feeding activity (Figures 9 and 10, the end day 57). This may also 

suggest that rainbow trout are diurnal and visually able to start feeding. 

However, in the downstream area, most of the trigger actuations occurred at the 

subjective feeding times (circadian mechanism) (day 58 on the actograms). On 

the second day (the end day 58 on the actograms), trigger actuations in the 

downstream area were anchored to the new lighting conditions (Figure 9). As 

the trigger actuations were not initiated three hours after the onset of light, but 

rather immediately after the light came on, this may rule out the hourglass 

mechanism and suggests a strong effect of lights (the LD cycle) on the fish 

feeding behaviour. The fish feeding activity gradually damped down on day 59. 

Likewise, in the upstream area, the effect of LD cycle on the fish feeding 

activity appeared where the fish activated the trigger with the onset of light 

which again excluded the hourglass mechanism in the fish feeding behaviour. 

However, unlike the downstream area, trigger actuation in the upstream area 

was not confined to the subjective feeding times to indicate a circadian 

mechanism. Rather, it was preferably continuous during the whole photophase. 

This may be due to the observation that in the upstream area different 

individuals in the group activated the trigger, whereas usually one fish activated 

the trigger in the downstream area (see Figure 11). 

The T2 fish distribution on both days of this trial was such that they moved 

from the downstream area to the upstream area 1.5 h after the onset of light, and 

remained there until the end of the day but started the day on the M side (Figure 

1 la, days 58-59). 

The phase-shift advance trial had no effect on the timing mechanism of the t2 

fish. During this trial, the majority of fish stayed in the downstream area at all 

time (Figure 1 lb, days 58-59). 
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Phase 5: Food deprivation (FD) under constant light (LL) 

(transition from phase-shift and RF) (days 60-61) 

On the first day (the end day 59 on the actograms) of this trial (LD to LL), the 

T2 self-feeding activity persisted. However, this pattern disappeared rapidly on 

the second day (60) (a full LL), suggesting lack of, or weak circadian 

mechanism on the fish feeding activity (Figures 9 and 10). This finding show 

that despite the strong effect of light on the fish feeding activity, under a few 

days of food deprivation, the feeding cycle damped down rapidly. 

Fish spatial distribution during this trial is shown in Figure 1 la (T2) and Figure 

11 b (t2). On the first day (60) inT2, the fish migrated from the downstream to 

the upstream area 1.5 h after the onset of light. They then returned to the 

downstream area. Again, on the second day (61) they remained in the 

downstream area until the end of the day, with the exception of a peak in the 

fish numbers occurring at 1100 h in the upstream area. In t2, on the first day 

(60), the fish moved from the downstream to the upstream area 1 h after the 

onset of light, but they returned to the downstream area again at 1400 h. The 

fish then remained in the downstream area throughout this day and for the entire 

second day (61) 
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Figure 9. Actogram of self-feeding records from T2 fish under phase-shift advance in the LD 
cycle by 6 h (days 58-59) and then under LL conditions (days 60-61) in the downstream area. 
The light and dark phases of the LD cycle have been indicated by white and black bars 
respectively at the top of the graph. No food was given during days 58-61. RF, Restricted 
feeding; FD, food deprivation. Mealtime is show by the rectangular box. 
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Phase 6: Food deprivation (FD) under constant light (LL) 

(transition from LD and RF) (days 67-69) 

225 

With the exception of the first day (67) which was a transient stage from LD to 

LL, self-feeding activity of the T2 fish in the downstream area on the following 

days (68-69) became disintegrated, suggesting an exogenous effect (the LD 

cycle, food or both) on the fish feeding activity (Figure 12). In the upstream area 

however, narrowed and continuous hits appeared to have occurred at the 

subjective mealtimes on day 68 which may suggest an endogenous circadian 

system governing the fish feeding activity. The pattern of self-feeding activity 

gradually dissociated on day 69 (Figure 13). 

T2 fish tended to occupy the upstream area for almost the whole three days, 

with 2-3 peaks in fish numbers occurring in the downstream area, irrespective of 

the subjective mealtimes. While the major peaks of fish numbers took place at 

the incorrect time (1500 h and 1900 h), there was a slight peak of 28 fish at 

0900 h (subjective mealtime) in the downstream area on days 68-69, which 

could be evidence of time/place learning for T2 fish (Figure 14a). 

In contrast, the t2 fish which had already remained in the downstream area 

migrated to the upstream area 1 h after the lights on, and remained there until 

the end of that day (67). During the second day (68), they returned to the 

downstream area at 1400 h and remained there for the rest of the day and also 

the whole third day (69) ofthis trial (Figure 14b). 
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Phase 7: Constant light (LL) and restricted feeding (RF) 

(days 70-79) 

Within 1-2 days of placing the fish under LL and RF, the fish-feeding activity in 

T2 was expressed in both areas (Figures 15 and 16). Self-feeding activity 

occurred mainly within the feeding window with some activity persisting after 

food availability ceased (post-feeding activity). Based on the rhythm profiles, 

FAA was not detectable during this period. 

Phase 8: Food deprivation (FD) (days 80-82) 

Under LL conditions, during which food was withheld, the pattern of 

self-feeding activity in T2 fish disappeared rapidly, notably in the downstream 

area, which was clear of any hits (Figures 15 and 16). However, the pattern in 

the upstream area continued on the first day (80) (albeit there was not a well

defined pattern) and then gradually disappeared on the following days (81-82). 
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As trigger actuation was rapidly dissociated in the downstream area but it 

continued in the upstream area on day 80 (Figure 17, days 80-81), this may 

suggest the existence of an endogenous mechanism for the fish feeding or 

incapacity of the fish circadian system to decompose into two oscillating 

subunits (Mistlberger, 1994). 

228 

T2 fish tended to stay in the downstream area during this trial. On the first day 

(80), three peaks in the fish numbers occurred in the upstream area at 07400-

0950 h, 1640-1740 h, and 2100-2200 h. The pattern of the peak in fish numbers 

in the upstream area was reduced to two; 2140-2240 hand 0140-0200 h after 

two days (Figure 17a). During this trial, t2 fish remained in the downstream area 

for the entire day (Figure l 7b ). 

5:00 

70 

73 

II I• 

76 I I I 
I 

Time of day (h) 

18:00 6:00 I. II I 
• I 1111111• •• I I-·· I •111 I • } 

l·I~ :II: :~::I.~ I II I II .... I·· (c)days71-77 

I •• 
II I I I 11111 I 

11-11 I 1111 
-- 79 

=•111111111 

I I II I I I 

I 1 1 } (d) days 80-82 •• LLFD 
82 I I 

(c) (d) 

Rhythm Profile Rhythm Profile 
15 15 

~ '2 

"'" ~10 ::::> 

J -1!1 

8 
c 5 c 5 

m m 
::;: ::;: 

0 
. 

900 1200 1500 181l0 2100 OOO 300 ~00 600 900 l>OO 1500 1800 2100 OOO 300 600 

llme of Day (h) Time of Day (h) 
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Phase 9: Constant light (LL) and free access to food (FF) 

(days 90-99) 

230 

Before applying LL and FF, the pattern of fish feeding activity under LL and RF 

(days 83-89) was immediately re-established. The x2-periodogram analysis of 

the T2 fish under LL and free access to food (days 90-99), exhibited non

significant value for the downstream area ancf despite free access to food, the 

pattern of self-feeding activity in the downstream area seemed to disappear 

(Figure 18). However a significant peak value of 't =24.2 h was found for the 

upstream area. A more or less continuous pattern of self-feeding activity 

deviating from the normal feeding time (1600-1700 h) appeared during the 

whole 24 h photophase in the upstream area (Figure 19). 
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indicated by white bar at the top of the graph. Rhythm profile of self-feeding activity under LL 
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Figure 19. Actogram of self-feeding records from T2 fish under LL and RF (days 83-89) and 
subsequent free access to food (days 90-99) in the upstream area. The light phase has been 
indicated by white bar at the top of the graph. Rhythm profile of self-feeding activity under LL 
and FF is shown in (h).A significant peak of the x2-periodogram analysis appeared ('t =24.2 h). 
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Phase 10: Further testing of time/place learning in t2 (days 

108-115) 

Figures 20 and 21 show the spatial distribution of t2 fish under scheduled 

feeding and food deprivation, respectively. During days 108-112 of normal 

feeding, the fish were positioned in the downstream area at the onset of light but 

after 1-2 h they moved to the upstream area. The fish returned to the 

downstream area at the arrival of the M meal. On day 108, the fish remained in 

the downstream area for 2-3 h after the M meal and then again moved to the 

upstream area until the A meal arrived. The fish remained there until the end of 

the day. During days 110 and 112, however the fish did not return to the 

upstream area after the M meal. Rather, they preferred to remain in the 
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downstream area until the arrival of the A meal in the upstream area, after 

which they moved to the upstream area and remained there until the end of the 

day. 

On the first day (113) of food deprivation, some fish were positioned in the 

downstream area at the onset of light and as such appeared that they had 

anticipated the subjective M meal and moved to the upstream area 1-2 h later. 

The fish tended to remain in the upstream area until around the subjective A 

meal, then returned to the downstream area where they remained until the end of 

day. On the third day (115) of food deprivation, the fish appeared in the 

downstream area by the onset of light and remained there for the whole 

photophase. No evidence of time /place learning was observed on either normal 

days of feeding, or food deprivation days, as no appearance of the fish in the 

correct time and place took place. 
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Figure 20. Fish spatial distribution in t2 under scheduled feeding. The fish numbers were 
recorded every ten minutes throughout the photophase (14 h). 
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Figure 21. Fish spatial distribution in t2 under food deprivation. The fish numbers were 
recorded every ten minutes throughout the photophase (14 h). 



Chapters 233 

Phase 11: t2 fish number reduced (days 117-126) 

By reducing the fish numbers to eight, social interactions between the fish 

increased. One fish finally took the position of dominancy on day 118 and 

inhibited the behaviour of the rest to such an extent that on arrival of the meals, 

only a few fish were able to feed, unless the feeding occurred in th~1 side where 

the most of the fish were already positioned (Figure 22). On the first day (124) 

of food deprivation, fish tended to remain in the downstream area for almost the 

whole day, in contrast to the third day (126) of food deprivation, during which 

they remained in the upstream area (Figure 23). 
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Figure 22. Fish spatial distribution in t2 with a fish number of 8 and under scheduled feeding. 
The fish numbers were recorded every ten minutes throughout the photophase (14 h). 
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Figure 23. Fish spatial distribution in t2 under food deprivation with a fish number of 8. The 
fish numbers were recorded every ten minutes throughout the photophase (14 h). 



Chapters 234 

5.4. Discussion 

The results of the current study demonstrate that rainbow trout are not able 

clearly to show time/place learning, either under demand feeder (T2) or hand 

feeding (t2) conditions. fu both groups, under LD and RF, fish are present for 

the morning meal with the onset of light. Self-feeding activity was strongly 

associated with the LD cycle and indicated a diurnal feeding behaviour. The 

occurrence of self-feeding activity at subjective mealtimes, taking place mostly 

on the first day of a phase-shift of ~e photoperiod, suggests that temporal 

discrimination of the fish is more likely to be based on a circadian mechanism. 

The immediate disappearance of the self-feeding pattern by transferring fish 

from RF to FD under LL condition showed that the fish were poorly entrained 

to the mealtimes, and accordingly, no robust FAA appeared. In addition, based 

on the rhythm profile of self-feeding activity and/or fish spatial distribution no 

clear pattern of FAA developed. fustead, the agonistic behaviour might have 

been a more reliable indication of FAA than trigger actuations or fish spatial 

distribution. As such, FAA appeared to have taken place through feeding 

entrainment of the fish by the increased rate of aggressive behaviour a few 

hours before the mealtimes. Neither long-term scheduled feeding, nor a 

reduction in fish numbers in t2, was able to induce fish to demonstrate 

time/place learning. 

The fact that the group of rainbow trout (T2) in the present study, with no 

experience of self-feeding, quickly learned (within 1-2 days) to operate the 

demand feeder, is consistent with other studies on rainbow trout in which small 

groups of 8-30 individuals trout require 2-11 days to start self-feeding (Adron et 

al., 1973; Landless, 1976; Boujard and Leatherland, 1992b). The short term (1-2 

days), during which the 30 fish of the current study were able to operate the 

demand-feeders, may be due to the group size. fu fact, because self-feeders 

depend upon the learning ability of individuals to use the feeders, group size 

influences learning time (Alaniirli, 1996). In general, the larger the fish 

population, the faster they learn to operate the system (Rubio et al., 2004). 
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Even though it is well known that rainbow trout are diurnal feeders (Boujard 

and Leatherland, l 992b ), the scotophase trigger actuation in the T2 fish was 

observed in the early period of LD with an ad libitum feeding regime, although 

this was eventually reduced greatly, probably because of the fish adaptation to 

the system and experimental conditions in the room (Figures 1 and 2). The night 

self-feeding pattern in rainbow trout under the initial LD cycle has also been 

reported by Sanchez-Vazquez and Tabata (1998) and Chen et al. (2002b). Night 

self-feeding may be exploratory, due to lack of experience (Chen et al., 2002b); 

self-feeding by subordinate individuals can occur when the dominant fish are 

less aggressive (Alanara and Brannas, 1997); or there is an effort by fish to 

increase energy intake (Chen et al., 2002b). 

Restricted feeding (RF) in T2 resulted in restriction in food availability to the 

time of feeding reward. It was expected that in the process of learning, feeding 

activity of the fish in the current study would be entrained to the time of food 

availability, in both areas, and accordingly, produce FAA. Even though 

activation of the trigger during the time of food accessibility was higher than at 

other times, the fish did not stop activating the trigger outside the times during 

which food was available (Figures 4 and 5). This is in agreement with Alanara 

(1992b), who found that rainbow trout under RF did not decrease or cease 

trigger actuation during hours with no access to food. 

Moreover, it is well known that due to the development o{ dominance 

hierarchies (Brannas and Alanara, 1993; Jobling, 1995) only a few dominant 

fish participate in trigger actuation in a demand-feeder system (Landless, 1976; 

Brannas and Alanara, 1993; Alanara and Brannas, 1996; Chen et al., 2002b; 

Brannas et al., 2005). Therefore, inter-individual variability among dominant 

fish in a group, in terms of timing, may explain the increased number of hits 

outside the time of food availability, for the T2 fish in the present study. That is, 

some fish might have learned to control the system during food availability, 

whereas others might not. In both cases however, based on the fish 

interpretation of the sensor (food or trigger), it was not clear whether the fish 

had been fully conditioned to operate the system. Even the increase in the 

number of trigger actuations during which food was available may be attributed 
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to behavioral responses, such as releasing factors (those factors that motivate 

behaviour) (Eibl-Eibesfeldt, 1970): for instance, the effect of hunger, food, and 

the sight of other fish feeding (Landless, 1976). In fact, due to participation of 

just a small number of individuals in trigger actuations, it was difficult to 

distinguish whether the subsequent feeders, during the time of food availability, 

were reacting to the feeder or the feeding behaviour of the entrained fish (Sayer, 

1998). On the other hand, activating the trigger immediately after the onset of 

light in both areas may suggest that feeding activity was strongly anchored to 

the LD cycle. Similarly, Bolliet et al. (2001) found that demand-feeding rhythm 

in rainbow trout was preferentially synchronized to the LD cycle. The results of 

this study also are consistent with those of Sanchez-Vazquez and Tabata (1998) 

and Chen et al. (2002b) who reported that the LD cycle is a strong 

environmental cue to synchronise self-feeding activity in rainbow trout. 

During restricted feeding, t2 fish had to synchronise their feeding activity with 

the time of food delivery by hand, at the side of the raceway where it occurred. 

It was expected that the fish would gradually adapt to the time and place of food 

delivery. However, the fish only responded to the location of the food delivery. 

There was no evidence of fish appearing in the location of food delivery before 

the meal arrived. This behaviour of t2 fish was repeated throughout the 

experiment (Figure 6b). 

The temporal clock underlying feeding behaviour in T2 appeared more likely to 

be based on circadian timing, as on the first day of the photoperiod phase-shift 

trial, most of the self-feeding activity occurred at the subjective mealtimes 

(Figure 9, the downstream area). The clock almost, but not quite, 

instantaneously was phase-shifted to the new LD cycle on the following days, 

suggesting that a light entrainable oscillator (LEO) may be involved (Lague and 

Reebs, 2000a). On the other hand, activating the trigger immediately after the 

onset of light in both areas may suggest that feeding activity was strongly 

anchored to the LD cycle. However, the disappearance of trigger actuation on 

the third and fourth days after the phase-shift trial, when the fish were switched 

to LL conditions, may have been due to the lack of reward. The fish had learned 

from the previous days that food was no longer available. In fact, self-feeding 
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activity seems to damp down quickly under food deprivation conditions (Gee et 

al., 1994; Sanchez-Vazquez et al., 1995b). The extinguishing of the self-feeding 

activity after two days of shifting from LD and RF to LL under FD may suggest 

that the LD alternations and/or RF interacted to synchronise the demand-feeding 

activity in the rainbow trout (Balliet et al., 2001). 

When the fish were exposed to LL and RF, most of the trigger actuations 

occurred during the times of food availability. This may suggest that food could 

act as zeitgeber on the fish feeding behaviour. Nevertheless, the fish were not 

fully entrained to the mealtimes to show FAA, with the possible exception of 

the upstream area. All of the self-feeding occurred within the feeding window 

and some feeding activity took place before the mealtimes. Furthermore, it has 

been shown that one feature of FAA is its persistence during FD, both under LD 

and LL conditions (Spieler and Clougherty, 1989; Gee et al., 1994; Sanchez

Vazquez et al., 1997). Therefore, the rapid disappearance of self-feeding activity 

under LL and FD for the fish in the current study suggests that the food was not 

able to entrain the fish feeding activity to show a robust FAA (Figure 15). 

Strongly anchoring self-feeding activity under the LD cycle and FD may 

indicate a LEO for rainbow trout. This was suggested when the fish were 

subjected to the 6 h shift in the LD cycle, which caused most of the self-feeding 

to occur in the subjective mealtimes on the first day. As the normal feeding 

under LD and RF started at 0900 h (three hours after lights on), an hourglass 

mechanism set by lights on, would predict that during the 6 h shift in the LD 

cycle (light on at 0000 h) feeding activity should be initiated at 0300 h. As a 

three-hour shift in the trigger actuations did not occur in the phase-advance shift 

trial, the effect of an hourglass mechanism set by lights on can be excluded 

(Biebach et al., 1991). Therefore our results suggest that the fish use a circadian 

clock associated with mealtimes, rather than an hourglass mechanism, in their 

feeding behaviour. 

It has been suggested that FAA is a manifestation of FEO under RF (Solis

Salazar et al., 2005). In the present study however, the appearance of FAA was 

not consistent at two feeding areas throughout the experiment, and accordingly, 
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no separate FEO can be assumed for the fish. However, since Bolliet et al. 

(2001), suggested the existence of FEO in addition to the LEO in rainbow trout, 

another possible lack of a robust FAA for the fish in the present study is that 

FEO (if present) was not able to decompose into two suboscillators 

(Mistlberger, 1994). Apparent self-feeding activity under LL and RF can be 

explained based on the LEO or a LEO-FEO model (Mistlberger, 1994). Indeed, 

a complex single oscillator (LEO), entraining fish by both light and food, can 

explain feeding entrainment (Sanchez-Vazquez et al., 1997). Fish in the current 

study might have used the LEO as a reference point, and by forming a phase 

angle between LEO and food availability could have determined the feeding 

time (Sanchez-Vazquez et al., 1995b). This is because a self-sustained 

endogenous clock is necessary in order for FAA to appear (Mistlberger, 1994), 

and the observed self-feeding activity under LL and FD, was weak and only for 

the upstream area (Figures 15 and 16). The re-synchronisation of the fish, some 

days after being exposed to LL and RF, is explicable based on the LEO-FEO 

model (even with no apparent FAA), rather than a LEO, as the fish had no 

temporal light cue. According to the LEO-FEO model, when the masking effect 

of light is removed (by placing fish under LL), feeding activity can be 

synchronised by the food delivery (FEO) (Herreo et al., 2005). 

Chen and Tabata (2002) have demonstrated that individual rainbow trout are 

able to show FAA associated with two meals in one location. In addition, 

Bolliet et al. (2001) demonstrated FAA in a group ofrainbow trout using a 

single daily meal. However, there appears to be no evidence which shows 

multiple F AAs by a group of rainbow trout. This situation is more complicated 

when two different locations of food delivery are applied. At a group level, 

fishes such as inanga Galaxias maculatus, via spatial activity distribution 

(Reebs, 1999) are able to anticipate two daily meals. Whereas, golden shiners 

Notemigonus crysoleucas (Reebs, 1996) and sea bass Dicentrarchus labrax 

(Azzaydi et al., 1998) via spatial activity distribution and trigger actuation 

respectively, are able to anticipate three daily meals. The development of FAA 

associated with multiple meals has also been reported in golden shiners 

Notemigonus crysoleucas (Lague and Rebbs, 2000b) by use of programmed 

feeders. However, different groups of the fish showed a distinct FAA when fed 
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with a fixed daily mealtime, rather than multiple FAAs expressed by one group 

of fish. Even in Azzaydi et al. (1998) study, which appears to be the only 

evidence of anticipation of multiple meals (up to three) at the group level when 

a self-feeder was used, the fish anticipated the meals in the same location. In 

fact, it appears that the existence of two feeding areas in the present study has 

caused the LEO, or a LEO-linked FEO, to be a weak generator of a rhythm for 

both areas, since the circadian oscillator of fish is labile (Lague and Reebs, 

2000b). This was supported by actograms of self-feeding activity in the fish in 

the downstream area. On some days, there were two bands of self-feeding at the 

correct time of food delivery at the same area (Figure 4, e.g. days 39-41). 

However, this may also suggest that the fish probably knew the time, but not the 

place, of food delivery. Maybe for this reason, the selected rainbow trout of 

Chen and Tabata (2002) which previously had displayed well-defined diel 

feeding patterns were able to anticipate multiple meals in one location. This 

raises the issue that FAA does not appear for all individuals in a group, even in 

one location of food delivery. FAA has been used as a cue for those individuals 

that have not learned the relationship between time and food arrival and join the 

experienced animals which have already shown FAA (a process called local 

enhancement) (Reebs and Galant, 1997). This may explain why even the 

rainbow trout that showed time/place learning in one location over two times 

(2T/1P, Chapter 3) did not demonstrate a robust FAA, except for some 

individuals in the group. These few individuals could be dominant fish that 

when tagged, showed FAA not only in one, but also in two locations of food 

delivery (see Chapter 4). 

On the other hand, there are other behavioural variables to indicate FAA in fish, 

such as: locomotor activity (Naruse and Oishi, 1994; Juell et al., 1994; Sanchez

Vazquez et al., 1997), demand-feeding (Boujard et al., 1993; Sanchez-Vazquez 

et al., 1995b; Boujard, 1995), horizontal movement (Begout and Lagardere, 

1995), and crawling activity (Nishikawa and Ishibashi, 1975). The results from 

this study, however, suggest that agonistic behaviour may in fact, be a better 

indication of FAA than self-feeding activation, as there was an indication of 

increased agonistic behaviour between fish before the arrival of food delivery in 

both raceways (TI and t2). Figure 8 depicts the mean number of agonistic 
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behaviours, together with swimming speed in relation to the number of fish 

moving, before, during and after the mealtimes for T2 and t2. It appears that the 

general fish activity in t2 was greater than in T2, which is consistent with 

Almazan-Rueda et al. (2004) who found that activity of fish under hand-feeding 

was higher than under self-feeding. In addition, there is a gradual increase in 

agonistic behaviour between the fish until the food arrives; this behaviour then 

reduces during the feeding and becomes steady or increases afterwards. 

Therefore, it is suggested that an increasing rate of agonistic behaviour is 

evidence of the fish entrainment to the time of food availability. It is also 

suggested that rate of agonistic behaviour is a better indication of FAA for the 

fish of the current study, than other common behavioural variables measuring 

FAA, such as fish spatial distribution (Reebs, 1993) or the rhythm of self

feeding activity (Boujard et al., 1993; Boujard, 1995; Sanchez-Vazquez et al., 

1995b, 1996; Azzyadi et al., 1998, 1999). As far as is known, this finding is the 

first evidence of the usefulness of agonistic behaviour as an indicator of FAA. It 

differs from the work of Weber and Spieler (1987) on the agonistic behaviour of 

medaka fish Oryzias latipes, because these researchers showed that agonistic 

behaviour of the fish was entrained to the duration of, rather than prior to, the 

time of food availability. 

The T2 fish under LL with free access to food (FF) exhibited a significant peak 

value of 't = 24.2 h, which is a circadian rhythm. This suggests that self-feeding 

activity of the fish was free-running, under constant conditions of LL and FF 

and was able to be self-sustained under an aperiodic environment (Pittendrigh, 

1981). During this trial (LL and FF), it was noted that the fish occasionally used 

demand-feeders in two areas at the same time (Figures 18 and 19). This result is 

clearly in contrast with that of Boujard et al. (2002), who found that a group of 

rainbow trout (100-500) equipped with three self-feeders used one of the three 

feeders more often than the others and the fish did not use all the feeders 

simultaneously. This may be attributable to the rearing-tank design. The 

raceways used in this study, with a longitudinal design and a water current 

movement from upstream to downstream may have simulated an artificial 

stream. The design of raceways, with an uneven fish distribution, differ from 
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that of the circular tanks (Ross et al., 1995; Ross and Watten, 1998), which 

possess a uniform fish distribution and are commonly used in aquacultural 

experiments (e.g. Boujard et al., 2002). Therefore, it is suggested that space 

constraints and intensive competition for food in one area (especially in most 

upstream area) had been led to spatial segregation between individuals in 

foraging, resulting in a simultaneous pattern of self-feeding activity (during free 

access to food). 

It might be argued that the lack of time/place learning in T2 was due to localised 

food distribution, rendering it defensible. Defensible food patterning develops 

dominance hierarchies which result in monopolisation of food by the dominant 

fish (Thorpe and Huntingford, 1992; Ryer and Olla, 1995; McCarthy et al., 

1999). But it appears to be unlikely due to the following explanations. 

(1) One way to avoid the establishment of dominance hierarchies is to increase 

the number of individuals per volume of water, i.e. stocking density. Therefore, 

hypothetically it is assumed that with increasing stocking density 

monopolisation of food and space resources by dominant fish become difficult 

and dominance hierarchies will break down (Kalleberg, 1958; Fenderson and 

Carpenter, 1971; Grand and Grant, 1994; Jorgensen et al., 1996; McCarthy et 

al., 1999). The stocking density is in fact of great importance in the feeding 

behaviour of rainbow trout (Alanlira and Brannas, 1996; Boujard et al., 2002). 

The stocking density increased from 3.5 kg m-3 (n = 8, Chapter 4) to 16.4 kg m-3 

(n = 30, the present Chapter). Our results however showed that dominance 

hierarchies, even at the present stocking density (n = 30), still existed. In fact, 

behavioural observation revealed that occasionally before the arrival of M meal 

in the downstream area, even one fish was able (by its agonistic behaviour) to 

push the other fish from the downstream to the upstream areas. This suggests 

that the aggressive fish could be dominant, as dominant status can be achieved 

by means of aggressiveness (Ryer and Olla, 1991). This may explain why the T2 

fish remained in the upstream area most of the time. A continuous pattern of 

trigger actuation appeared for the upstream area in any condition of light or 

feeding pattern and therefore the self-feeding activity in the upstream area 

appeared to be "messy" (Figures 5 and 10). In turn, this heterogeneity in the 
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self-feeding activity in the upstream area may be due to activation of the trigger 

by a few individual fish and consequently competition for food between them 

(Brannas and Alanara, 1994). This was supported by the fish distribution on 

some days such days 32 or 34 where one fish was feeding in the downstream 

area while the majority of the fish remained in the upstream area (see Figures 4 

and 6). Increasing stocking density was not able to break down the dominance 

hierarchies between the T2 fish of the current study. This suggests that 

decreased efficiency in the search for food or inefficient foraging (Vijayan and 

Leatherland, 1988; Noakes and Grant, 1992) induced by interference 

competition at high density, was not the main reason for the lack of time/place 

learning in the T2 fish. Thus, our results are in accordance with those of Alanara 

and Brannas (1996), who found that establishment of dominance hierarchies of 

demand-feeding activity in rainbow trout, occurred regardless of stocking 

density. 

(2) Another way to override the establishment of dominance hierarchies is the 

use of indefensible food patterns created through hand feeding (Olla et al., 

1992), for example t2 fish of the current study. The t2 fish were fed by hand 

which should have promoted scramble competition for food between them. As 

the food was being distributed uniformly across the tank, it was expected that 

fish would have an equal access to food and therefore no dominance hierarchies 

should have occurred (Thorpe et al., 1990; Kadri et al., 1991; Grant, 1993). 

Social interactions between t2 fish under the indefensible pattern of food 

distribution with a high density were expected to be calmed down to a minimum 

level, suppressing the development of dominance hierarchies. The behavioural 

observation however, allowed us to conclude that dominance hierarchies 

appeared in the t2 fish as well. However, this was not the same result as for the 

T2 fish. While one fish (dominant) could establish a territory, it was not able to 

push the others away from the of food delivery because of the greater access to 

food. In addition, the pattern of indefensible food distribution in t2 did not cause 

the agonistic behaviour between fish to be ameliorated, which is in contrast with 

Ryer and Olla (1995) who worked with chum salmon Oncorhynchus keta, 

showing that groups fed dispersed food were less aggressive that those fed 

localised food. In fact, our results agree with those of Ryer and Olla (1996) on 
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coho salmon Oncorhynchus kisutch; regardless of food distribution, dominant 

individuals maintained territory and levels of aggression were no greater in 

localised groups than in dispersed food groups. Considered together, dominance 

hierarchies and agonistic behaviour of fish were not influenced by the method of 

food delivery, whether defensible or indefensible. Surprisingly, in this study, 

feeding method had a relatively small effect on the total number of agonistic 

acts. Similar results were found in a study of African catfish Clarias gariepinus, 

by Almazan-Rueda et al. (2004). Their research showed that there were no 

significant differences in the total number of aggressive acts using hand-feeding 

vs. self-feeding feeding methods. 

Finally one might argue that the stocking density used in this study (compared 

to the density used in Chapter 4) might have affected fish feeding behavior and 

inhibited showing of time/place learning, because of stress and social status in 

fish groups (Alaniirli, 1996; Alanlirli and Brlinnlis, 1996). For example, feeding 

activity in coho salmon (Schreck et al., 1985), brook char (Vijayan and 

Leatherland, 1988), and rainbow trout (Baker and Ayles, 1990) was reduced 

under high density conditions. However this could be also ruled out by the 

following evidence: (1) Wedemeyer (1976) showed that normal feeding 

behaviour of rainbow trout occurred at high stocking density and under 

physiological stress; (2) When the t2 fish numbers were reduced from 30 to 8, 

the pattern of food delivery was still indefensible and by hand. The fish were 

not able to show time/place learning under scramble competition. It was shown 

that using a demand-feeder, a group of eight tagged-rainbow trout was not able 

to show time/place learning, except for the dominant fish. This was due to the 

establishment of dominance hierarchies (see Chapter 4). In comparison, the lack 

of time/place learning in the current experiment with the eight hand-fed fish of 

quite similar size may confirm that the establishment of social hierarchies was 

still the prime cause of lack of time/place learning. Accordingly, it may be 

predicted that due to the social interactions and establishment of dominance 

hierarchies, even if the fish number had been reduced to two, the fish would still 

not have been able to show time/place learning. Categorising the fish according 

to size has little effect on the outcome of dominance hierarchies, so that 

dominant-subordinates will arise out of any population (Metcalfe et al., 1990). 
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1. Time/place learning 

The results of this study suggest that cultured rainbow trout in temperature/light 

controlled environment as a group do not clearly show time/place learning. The 

group of fish in most cases did not appear at the correct time and place of food 

delivery. This was regardless of tank design, feeding method, and/or stocking 

density. However, time/place learning may have been indicated for some fish in 

the group. These fish were identified as dominants, in terms of a higher rate 

agonistic acts/or a greater amount of food eaten, when the fish were tagged 

individually (Chapter 4). At least in the smaller groups, a dominance hierarchy 

developed where the dominant fish controlled the behaviour of the group by 

excluding them from the feeding areas and were individually able to 

demonstrate time/place learning. 

Time/place learning in fish has been oversimplified. The expression of 

time/place learning in fishes has been observed in the laboratory by means of 

glass aquaria (where the effect of water current is usually ignored or non

existent) with small and wild fish, and there are few descriptions of social 

interaction such as dominance hierarchy, agonistic behaviour, and/or 

territoriality between the fish. This study suggests that time/place learning may 

be more complex in that individuals may dictate and/or contribute to the 

behaviour of the group and that some individuals show a different behaviour to 

others. 

In addition, this study could be quite unique in that the rainbow trout were 

sourced from a hatchery; in the literature there does not appear to be any study 

to investigate time/place learning on rainbow trout or on cultured fish. In fact, 

evidence of this phenomenon in fish has only been documented by Reebs (1996, 

1999) and Gomez-Laplaza and Morgan (2005) where Reebs's fishes were 

provided from the wild and then were tested under laboratory conditions. 

Further, all these fish species usually have daily activity patterns in their natural 

habitats, except the angel fish whose daily activity patterns in nature has not 

been studied (Gomez-Laplaza and Morgan, 2005). Therefore evidence of 
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time/place learning by these fish in the laboratory could be a reflection of real 

spatio-temporal movement patterns of food availability in nature. 

A daily migration pattern to track cyclically-available prey is also found in some 

other freshwater fish, with bluegill Lepomis macrochirus feeding on insect 

nymphs and larvae in the littoral zone at night and on zooplankton by returning 

to the limnetic zone during the day (Baumann and Kitchell, 1974). Bottom 

feeding bulldog fish Gnathonemus macrolepidotus take chaoborid larvae from 

the central lake floor during the day, but when the larvae migrate upwards in the 

evening, the fish also migrate laterally to the littoral zone so that they can feed 

on chironomid larvae which are now available on the bottom at night (Kruger, 

1973). A diel pattern of migration between two locations also takes place in 

juvenile grunts (Haemulidae) in the Caribbean; they take refuge over the coral 

during the day and then migrate off the coral reef to sand or grass to feed on 

invertebrates. They migrate again at dawn to the reef (Wootton, 1998), and 

therefore time and place of these migrations are highly predictable (Helfman, 

1993). Such feeding patterns may not only reflect daily food availability, but 

may also be a direct response to changing light levels and therefore ability to 

take prey (Woodhead, 1966; Hobson et al., 1981). Although distinguishing day 

from night is no guarantee that distinction between diurnal times is possible, 

regardless of day or night, they show a predictable migration in terms of time 

and place of food availability, thus it could be accounted for time-place 

learning. Taken together, it is reasonable to imagine that fish with these daily 

migration patterns when tested under laboratory conditions may show 

time/place learning, as it already occurs in their natural habitats. 

It has been suggested that a successful time/place learning association of food 

occurs when animals locate food in a specific location at a particular time of day 

and again locate the same source (food) in another location at another time of 

day (Wilkie, 1995). In fish, a necessary condition for time/place learning is that 

fish can distinguish at least the same place (lP) among different places of food 

delivery. This was tested in, an experiments of the current study, involving 

2T/1P with the partition. The fish confined nearly all of their feeding activity to 

within or near the feeding area, indicating apparent learning of the place (one) 
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of the feeding area. In real testing of time/place learning when it occurs over 

2T/2P, experimental fish appeared in the feeding area only in response to the 

delivery of food. Thus the fish did not learn or anticipate the place of food 

delivery. These results (either 2T/1P or 2T/2P) are consistent with "sit-and

wait" feeding strategies of rainbow trout in the wild (Eriksson and Alanara, 

1992) and indicate rainbow trout adopt an opportunistic feeding behaviour. 

247 

Time/place learning is advantageous for animals faced with a predictable spatio

temporal food resource (Reebs, 1996). Rainbow trout in their natural habitats 

(streams) feed mainly on drift organisms (usually mayflies due to their 

abundance in the drift) (Cada et al., 1987). Thus, they adopt a "sit-and-wait" 

feeding strategy (Elliott, 1973; Tippets and Moyle, 1978; Cada et al., 1987), in 

which timing of food is predictable; at night during spring and summer with a 

peak at dawn and dusk (Hynes, 1970; Muller, 1978). As in these habitats, 

temporal, rather than spatial, appearance of prey in the drift matters, therefore 

rainbow trout probably do not need to increase foraging efficiency, which is an 

ecological benefit of time/place learning (Wilkie et al., 1994; Reebs, 1996). 

In the current study, a series of experiments were performed to investigate time 

discrimination underlying feeding in rainbow trout. It appeared to be more 

likely that the timing mechanism is based on a circadian, rather than an 

hourglass mechanism. The existence of a circadian timing mechanism was 

confirmed in the series of phase-shift in the LD cycle trials in this study which 

caused most of the trigger actuations to occur in the subjective mealtimes 

(Chapters 4-5). However, the role of the hourglass mechanism could not be 

completely ruled out in this study. For example, the appearance of fish for the 

first but not for the second meal (Chapters 3 and 4) might suggest the possible 

effect of an hourglass mechanism. In addition, the occurrence of some two 

bands of self-feeding activity in one out of two places for the fish of our study 

(Chapter 5) indicates that the fish might have learned the time, but not the place 

of food delivery. Therefore the fish of the present study might know the time 

but they failed (or were reluctant) to combine it with place information to guide 

their behaviour (Thorpe et al., 2003). 
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The fish of the current study probably used a 'win-stay' strategy in relation to 

the spatial mechanism of their feeding, as shown in Chapter 2. It was noted that 

at most times, the fish returned to the morning side after a pm meal (in 2T/2P 

trial and by means of a partition). The use of 'win-stay' by the fish in the 

present study is consistent with their "sit-and-wait" foraging strategy in the 

wild, because food organisms are transported with the current and fish maintain 

feeding stations near fast currents, in which they are able to prey on drifting 

organisms (Chapman and Bjomn, 1969; Jenkins et al., 1970; Waters, 1972; 

Elliott, 1973; Tippets and Moyle, 1978; Cada et al., 1987). Therefore, it is 

suggested that the fish in the current study did not (or were reluctant) to use 

spatial memory to track the location of food. 

2.FAA 

In this study, no clear pattern of FAA in terms of fish spatial distribution or 

trigger actuation took place. In most cases however, the fish did respond to the 

location of food delivery and did not anticipate the forthcoming meals. That is, 

using a partition, when one place of food was applied, the fish almost always 

stayed in or near the feeding area. However, when feeding occurred in two 

different places, fish stayed in the previous feeding location until the next meal 

arrived. In both cases, the fish most frequently appeared at the morning location 

of food at the start of the photohase (start of sampling period). This may show 

that the fish could demonstrate FAA in just one place of food delivery, or it may 

indicate the importance of the morning meal in the feeding behaviour. 

Alternately, the first meal of the day strongly influences the positioning of the 

fish. 

Feeding activity of fish of the current study is more likely to be based on a LEO 

or LEO-FEO model (Mistlberger, 1994), because under the phase-shift trial 

most feeding activity occurred at the subjective mealtimes, which were 

gradually resynchronised to the new LD cycle (Chapter 5). However, a rapid 

and passive resynchronization of the feeding activity to the mealtimes during 

the shifting the feeding cycle for the fish of present study, may suggest that a 
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self-sustained FEO was not involved; rather, it may show the masking effect of 

RF on the feeding activity (Chapter 4 ). If a clock had been involved, 

synchronization of feeding activity would have occurred gradually (Sanchez

Vazquez and Madrid, 2001). 

The effect of periodic food availability on the feeding behaviour of fish in the 

present study did not appear clearly. This conclusion was reached because the 

fish did not demonstrate some properties of feeding entrainment such as FAA as 

indicated by the usual measures of activity or other common behavioural 

measures. This might be due to the fact that the timing of any phase may be too 

short to show FAA. For example, in this study the number of days used under 

LD or LL conditions to generate FAA ranged between 3-26 days while in the 

literature studies on greenback flounder Rhombosolea tapirina used 21-28 days 

under LD cycle (Purser and Chen, 2001) and on rainbow trout Oncorhynchus 

mykiss used 30 days under LD cycle (Chen and Tabata, 2002) or 35 days under 

LL condition (Boliet et al., 2001). It must be noted that time/place learning was 

the primary measure in the study while FAA was one of the aims. It is 

surprising that even under a changing experimental protocol FAA was not really 

expressed by trigger actuation or fish spatial distribution. However it may be 

caused by the lack of a stable environment to FAA generation. Nevertheless, 

FAA was expressed in a different way, i.e. through agonistic behaviour. 

Even though the origin of feeding rhythms was not a question in the fish and 

tanks (or raceways) used, the results should be treated with caution, due to the 

lack of replication. For example, to indicate endogenous circadian rhythm in 

groups of rainbow trout under constant light conditions, Chen et al. (2002b) 

were only able to show self-sustained free-running rhythms in four out of the 

eight groups. In addition, when Chen and Tabata (2002), investigated FAA in 

individual rainbow trout, they excluded 12 out of 40 fish that had not displayed 

well-defined diel feeding. Likewise, 13 out of 20 goldfish were detected to show 

a free-running pattern under DD and food deprivation in the experiment by 

Sanchez-Vazquez et al. (1997). Taken together, these studies suggest that 

periods of circadian rhythmicity for each species, and for each individual within 
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a species, are unique and probably have a genetic basis (Moore-Ede et al., 

1982). 
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It is worth noting that FAA has usually been characterised on a single periodic 

meal only (e.g. Davis and Bardach, 1965; Aschoff, 1986; Gee et al., 1994; 

Naruse and Oishi, 1994; Sanchez-Vazquez et al, 1997; Aranda et al., 2001). 

This study however tested two, rather than one, meals per day and using a 

variety of conditions but focusing on two locations no clear FAA was found by 

fish spatial distribution or trigger actuations. In fact, the number of meals per 

day affects synchronisation of feeding so that feeding entrainment is strongly 

under the influence of single daily meals scheduled at a fixed time (Sanchez

Vazquez and Madrid, 2001). Moreover, FAA is one of the basic attributes of 

feeding-entrained rhythms with a single meal, denoting true synchronization to 

the feeding zeitgeber (Sanchez-Vazquez et al., 1997), thus enabling animals to 

predict the time of feeding using a biological clock (Mistlberger, 1994). On the 

other hand, the effect of multiple meals (up to two but not three) on showing 

FAA in one place, has been demonstrated in rats by Bolles and Moot (1973). 

Failure to anticipate three daily meals suggests that FEO can be only dissociated 

to two independently oscillating subunits (Mistlberger, 1994). 

In rainbow trout, Bolliet et al. (2001) found FAA in a group offish when they 

were presented with a single daily meal. Anticipation of two daily meals in 

individual rainbow trout has been reported by Chen and Tabata (2002). While 

individuals may demonstrate FAA in relation to multiple meals, it also has been 

suggested that different individuals in a group appear to be responsible for 

ariticipating different meals (Chen and Tabata, 2002; this study (see Tables 8-9, 

Chapter 4)). Furthermore, these studies have described FAA associated with 1-3 

meals, all delivered in one location rather than multiple locations. Therefore, 

applying two feeding areas in the present study appears to have caused the 

circadian system to fail to generate a rhythm in both areas, since the circadian 

oscillation of fish is unstable and apparently can not produce self-sustained 

oscillations in two locations (Lague and Reebs, 2000b; Reebs, 2002). 

The present study suggests that FAA is not limited to trigger actuations, fish 

positioning or swimming activity as outlined in the literature but may also be 
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described by swimming speed and agonistic behaviour. It has been suggested 

that only aggressive individuals can anticipate a situation, while non-aggressive 

individuals just react to environmental stimuli (Koolhaas et al., 1997). Based on 

this hypothesis and the agonistic behaviour of fish, it can then be proposed that 

the few fish of the current study, accounting for most of the agonistic acts were 

those individuals capable of showing FAA. An increase in aggressive behaviour 

before scheduled and single daily mealtimes have been reported for captive 

primates such as: common chimpanzees Pan troglodytes (Wilson and Wilson, 

1968; Reynolds and Luscombe, 1969 (as reported in Waitt and Buchanan

Smith, 2001); De Waal and Hoekstra, 1980), hamadryas baboons Papio 

hamadryas (Wasserman and Cruikshank, 1993) and pigs Sus scrofa (Carlstead, 

1986). However, as far as it is known this finding in fish is new and differs from 

the findings of Weber and Spieler's (1987) study on the agonistic behaviour of 

medaka fish Oryzias latipes. These authors showed that level of the agonistic 

behaviour of the fish during a mealtime increased, while in the present study, 

this increase in the agonistic behaviour of the fish took place before the delivery 

of the food. 

Therefore this study suggests the idea that animals may fail to show FAA using 

one method, while demonstrating robust anticipation as assessed by another (De 

Groot and Rusak, 2004). Thus, failing to record one measure only may have 

mistakenly lead to the conclusion that the subjects in questions are not able to 

show FAA. For instance, under restricted schedule feeding, mice showed robust 

wheel running in anticipation of mealtimes, but did not engage in anticipation of 

drinking (Marchant and Mistlberger, 1997; Holmes and Mistlbeger, 2000). Or, 

squirrel monkeys under a restricted daily feeding showed FAA (as amount of 

tree climbing) with a decrease, rather than increase, in activity (Aschoff, 1986; 

Aschoff and Goetz, 1986). The monkeys demonstrated FAA by reducing their 

activity because during the interval prior to food availability, they were resting 

in front of the food cup in expectation of food, not because they were not able to 

acquire the time of food availability. Therefore if tree climbing had been 

considered the only evidence of FAA, one might have concluded that the 

monkeys were not able to anticipate the meal. Thus, detection of FAA depends 

on the way it is measured (Mistlberger, 1994; Pecoraro et al., 2002). As a 
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consequence, in this study, FAA with an increasing number of agonistic acts 

preceding mealtimes was substituted for demand-feeding activity. This indicates 

that, our fish may have been expressing FAA through the increased number of 

agonistic acts, rather than by demand-feeding activity. Generally FAA suggests 

an increased level of arousal prior to feeding. fu this study, such behaviour 

appeared in the form of an increased number of agonistic acts while in a study 

by Aragona et al. (2002) a significant correlation between the level of FAA and 

dopamine, a neurotransmitter involved arousal, was observed. To assess the 

likelihood of this hypothesis, fish must be maintained in constant conditions 

(e.g. LL and FD) for several days or weeks to determine if agonistic behaviour 

persists. 

3. Social interaction 

Despite the important role of social interaction in the feeding behaviour of fish, 

it has received little attention. According to Jobling (1995b), social interactions 

among fish play a greater role in the outcome of an experiment than the 

treatment effect. However, this behaviour usually has been ignored in time/place 

learning studies. fu this study, the social structure repertoire of the fish in the 

group, especially with regard to hierarchies, territoriality and leadership, 

strongly influenced the feeding behaviour of rainbow trout. This was shown 

particularly when the fish were tagged (Chapter 4). The fish (usually dominant) 

tended to establish, hold and defend territory, even though this was more 

evident in a defensible feeding pattern and at a lower stocking density, social 

interactions between the fish almost always existed. Dominant fish controlled 

the behaviour of the group. While the dominant fish were most aggressive and 

accounted for the majority of trigger actuations, a correlation between the level 

of aggressive acts and number of the trigger actuations was not found for all 

other fish in the group (Chapter 4). fu the context of social learning no social 

facilitation occurred. Conversely, due to the formation of dominance hierarchies 

and the increasingly aggressive behaviour of dominant individual fish, social 

inhibition possibly took place, where actions of subordinate individuals were 

suppressed by the dominants. The increased number of fish did not cause the 

social interactions between the fish to be ameliorated. However, neither 
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scramble (where the method of food delivery was indefensible) nor interference 

competition (where the method of food delivery was defensible) practices for 

food between the fish was able to force them to show time/place learning. 

Ha few (dominants), but not the entire group of fish of the current study has 

actually shown time/place learning, it can then be suggested that rainbow trout 

is not a shoaling species as the fish did not remain together for social reasons. 

Rather, behaviour of rainbow trout can be described as artificial shoals which 

appears as aggregations (individuals are responding to some environmental cue 

such as current) or as schools (polarised and synchronised pattern of swimming) 

(Pitcher and Parrish, 1993). This is in contrast to golden shiners Notemigonus 

crysoleucas, which is a strongly shoaling species and has already shown 

time/place learning (Reebs, 1996). fudeed, social aggregation of fish is 

necessary to form a shoal (Pitcher and Parrish, 1993) and fish shoaling tends to 

generate social learning (Laland and Williams, 1997). Therefore, it is suggested 

that rainbow trout select a solitary lifestyle in their feeding behaviour. However, 

social structure and behaviour of rainbow trout under different laboratory 

conditions were not consistent throughout the this study: by means of Rathbun 

tank and when a partition was used, the fish chose "public information" 

(Valone, 1989; Valone and Templeton, 2002) and gathered to find food, as a 

method of safe feeding, while in artificial stream tanks they selected a solitary 

feeding behaviour. 

One social behaviour in group-living animals is dominance hierarchy. The 

occurrence of this phenomenon is due to competition for a scarce resource 

(Hollis et al., 2004) such as food or space. fu this study, when' the fish were 

tagged, it was noted that dominant fish, accounting for most trigger actuations 

and agonistic acts, probably showed time/place learning. fu contrast, Reebs 

(1996) in testing time/place learning in shoaling golden shiners Notemigonus 

crysoleucas, found no social interactions between the fish. This is because 

hierarchical systems in shoaling fish are uncommon (Pitcher and Parrish, 1993). 

fu addition, no aggression appears among shoal mates (Reebs, 1997). fu fact, 

aggressive behaviour is considered to be a good criterion to assess levels of 

territorial behaviour, which vary from subordinate non-territorial to dominant 
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territorial fish (Grant, 1990). Usually, dominant and territorial individuals which 

defend their feeding position aggressively are the most successful ones in the 

group (Metcalfe, 1986). In this study, the dominant fish W/B (of TR2) was able 

to activate the trigger in the most upstream area during the morning, but moved 

to the downstream and activated the trigger in the most downstream area, during 

the afternoon (Table 9 and Schematic Figure, Chapter 4). These observations 

are consistent in part with the study of Gotceitas and Godin (1992) on Atlantic 

salmon. They reported that dominant fish changed the location of their foraging 

site in response to a change in the location of food entry into the system, 

regardless of whether food entered the experimental channel from upstream, 

midtank or downstream. The results of the present study may have implications 

for fish farms in that while an increase in the number of feeding locations can 

reduce the level of agonistic acts among the fish (due to less competition for 

food), it ensures that most of fish have the opportunity to feed. Since feed 

administration over the tanks in fish farms is not usually based on a scheduled 

timing but rather randomly, unpredictable which extends for a fairly long 

duration, therefore dominant fish are unlikely to be able to monopolise the 

feeding area and exclude the other fish from feeding. 

In this study, spatial pattern of food delivery (defensible or indefensible) had a 

small effect on the establishment of dominance hierarchies and rate of agonistic 

behaviour of fish (see Chapter 5). This indicates that social interaction of the 

fish did not decline under interference competition or scramble competition for 

food between the fish. The results therefore contrasted with those of Thorpe et 

al. (1990), Kadri et al. (1991), Ryer and Olla (1995), McCarthy et al. (1999), 

who found that development of dominance hierarchies and increasing agonistic 

acts are more likely take place in a defensible pattern of food distribution rather 

than in indefensible food patternmg. The results however, are consistent with 

findings in coho salmon Oncorhynchus kisutch (Ryer and Olla, 1996) and 

African catfish Clarias gariepinus (Almazan-Rueda et al., 2004) where the 

establishment of dominance hierarchies and level of aggressive acts did not 

change significantly between defensible and indefensible food groups. 
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It has been suggested that at high density, dominance hierarchies may break 

down because monopolisation of food and space resources may become difficult 

(Kalleberg, 1958; Fenderson and Carpenter, 1971; Grand and Grant, 1994; 

Jorgensen et al., 1996; McCarthy et al., 1999). In this study however, it was 

noted that when density increased from (n = 8) to (n = 30), dominance 

hierarchies still existed (e.g. the ability of only one fish to push the others from 

the downstream to the upstream, Chapter 5), so that dominance effects 

associated with demand-feeding activity at two levels of stocking density (n = 8; 

3.5 kg m-3 and n = 30; 16.4 kg m-3
) were not different. Jorgensen et al. (1993) 

classified Arctic charr Salvelinus alpinus stock at densities of 15 kg m-3 and 120 

kg m-3, respectively as a low and high fish stocking density. A density above 30 

kg m-3 appears to be a high stocking density for rainbow trout (Alanara and 

Brannas, 1996). Accordingly, the rainbow trout of the current study even at the 

density of 16.4 kg m-3 might have still been suffering from a low stocking 

density and this may explain the persistence of dominance hierarchies between 

the fish. To alleviate the effects of dominance hierarchies, therefore it might be 

proposed that rainbow trout are to be stocked at a higher density (e.g. 30 kg m-3 

or more). However, it must be noted that even though at high density the ability 

of dominant fish to monopolise food resources reduces, independent of stocking 

density, there will be always a sustained dominance hierarchy in rainbow trout 

(Alanara and Brannas, 1996). 

The results of Chapter 4 again showed that the dominant fish, capable of 

showing time/place learning, were also the controllers of the group. The 

remainder of the group (mostly subordinates) followed the route of the 

dominant fish. This was observed on starvation days to test time/place learning 

(2T/2P). Indeed, the dominant fish governed the feeding activity of the group. 

This is, in part, similar to the findings of Reebs (2000), who showed a small 

minority of fish which had learned about time and place of food delivery could 

lead the rest, and subordinates followed the activity of dominant individuals. In 

fact in this study, dominant individuals, accounting for the most trigger 

actuations, may have controlled feeding activity of the whole group (Boujard 

and Leatherland, 1992b). However, no consistent relationship between 

dominance and leadership emerged from this study; the dominant controlled but 
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not always led the behaviour of the group. In Chapter 4, dominance influenced 

the leadership status in TRl (2T/1P) but not in TR2 (2T/2P) fish. After removal 

of the dominant fish, the remainder of the TRl fish were able to lead and 

activate the trigger, while the remainder of the TR2 fish were not. This may 

imply that the other fish were able to learn one but not two locations of the 

feeding area. 

4. LD cycle/food as zeitgebers 

As the LD cycle is the most reliable time cue, maximum accuracy of timing will 

be achieved by synchronisation of a circadian behavioural program with the LD 

cycle (Daan, 1981). Similarly, in this study, under a LD cycle and unrestricted 

feeding, the fish synchronised their activity to the photophase. While this 

finding shows that rainbow trout are diurnal feeders, it also suggests that the LD 

cycle as a strong zeitgeber influences feeding behaviour of rainbow trout 

because the LD cycle is the main synchroniser of feeding activity in fish (Petit, 

2003). However, since the fish did not cease their feeding under LL and FF, this 

may show that rainbow trout feed during the photophase regardless of its length. 

In addition, the role of LD alteration as a true zeitgeber (Madrid et al., 2001) in 

the feeding activity was observed when our fish were placed under constant 

light conditions and free access to food. Given the free-running patterns were 

rather messy compared to other studies and it should be viewed with some 

caution, the feeding activity started to free-run and a significant peak of x2 
-

periodogram appeared ('t = 23.2 or 24.2 h).This shows an entraining effect of 

LD alteration on the endogenous pacemaker (Sanchez-Vazquez et al., 1995a, 

1996; Sanchez-Vazquez and Tabata, 1998). 

It has been reported repeatedly that periodic food availability is a zeitgeber in 

some fish (Sanchez-Vazquez et al., 1995b, 1997) for FAA (Boulos and Terman, 

1980; Spieler, 1992; Mistlberger, 1994). Although the fish in the current study 

usually responded to the place of food delivery, in most cases, they had already 

appeared for the morning meal (Chapters 2 and 5), suggesting FAA or the 

importance of morning meal in the feeding pattern behaviour. However, FAA 
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may have appeared when the LD cycle was advanced 3 h, during which the fish 

were able to occur at the correct place (the morning side) 3 h before the food 

delivery. Indeed, in relation to the feeding behaviour of many fish, total activity 

and foraging are significantly higher in the morning feeding than at other times 

of the day (Dwyer et al., 2002). The importance of morning meal can be 

appreciated in the fish feeding on farms. If fish farmers recognize the location at 

which fish anticipate the morning meal and therefore the spatial pattern of fish 

distribution in the tanks, they can then restrict the fish feeding to the morning 

location in order to minimise food wastage (It is up to farmers whether they 

want to increase the number of feeding locations to reduce the level of 

aggression among the fish or restrict the feeding to the morning area in order to 

feed the fish more efficiently). A pre-meal appearance of the fish in the morning 

feeding area may be simply due to the food deprivation throughout the previous 

night (Hossain et al., 1999; Almazan-Rueda et al., 2004), although this is not 

always the case. For instance, Paspatis et al. (1999) found an increase feed 

demand during afternoon meals rather than at morning meals in sea bass 

Dicentrarchus labrax. In contrast, Martins et al.(2005) observed no differences 

in behaviour between the morning and the afternoon feeding in African catfish 

Clarias gariepinus. 

Entrainment of feeding rhythms by light and food is not the same. Even in the 

same individuals, some part of the circadian system may be entrained by LD 

while the remainder of the system is entrained by periodic food availability 

(Madrid et al., 2001). In this study however, the phase-shift advance in the LD 

cycle by 3 h (Chapter 2), 5 h (Chapter 4), and 6 h (Chapter 5) during which the 

length of photoperiod changed, led to different results (all in 2T/2P trials). The 3 

h phase-shift trials affected the group of fish in two different ways; in one case, 

the majority remained in afternoon side (wrong place) and a minority in the 

morning side (right place), and in second case, the fish immediately appeared 3 

h before food delivery, suggesting the possible effect of both circadian clock 

and LD cycle on the behaviour (Chapter 2). The LD cycle, however had 

probably little effect on feeding and trigger actuations during the 5 h shift in the 

LD cycle, as almost all trigger actuations occurred during the subjective 

mealtimes, showing the fish entrainment to mealtime which was influenced by 
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initial LD cycle (Chapter 4). Finally, during the 6 h phase-shift trial, though 

most trigger actuations appeared to have occurred during the subjective 

mealtimes, there were still some trigger actuations which took place 

immediately at the onset of light, suggesting an effect of both food and lights in 

the feeding entrainment (Chapter 5). These results are similar to those of 

Sanchez-Vazquez (1995b) who showed that demand feeding activity of some 

fish was synchronised by the LD cycle under restricted feeding, and the 

remaining fish were synchronised by both the LD cycle and the food. Similarly, 

feeding activity of the fish in this study was re-synchronised to the new LD 

cycle, 1-2 days after applying the 6 h phase-shift trial. 

The pineal organ is considered to be the location of circadian pacemakers in 

many freshwater and marine fishes (Balliet et al., 1996) and melatonin acts as 

an internal zeitgeber, controlling many circadian and seasonal rhythms. In 

addition, it appears that in salmonid fish, melatonin can be involved in the 

regulation of daily feeding and locomotor activity (Masuda et al., 2003). 

Further, rhythmic secretion of melatonin by the pineal gland does not persist 

under constant darkness in the rainbow trout. Since it is well known that the 

pineal organ of rainbow trout lacks an endogenous oscillator to produce self

sustained melatonin rhythms (Gem and Greenhouse, 1988; Balliet et al., 1996; 

Sanchez-Vazquez et al., 2000), and melatonin plays a role as a "time-keeping" 

molecule (Boeuf and Falcon, 2001), this might explain the lack of time/place 

learning in the rainbow trout in the current study. This may be due to the 

integrative role of the pineal gland, even though it has been demonstrated that 

the pineal gland in rainbow trout is not essential for synchronization to a LD 

cycle (Sanchez-Vazquez et al., 2000). 

5. Behaviour change 

Thorpe and Cho (1995) suggested that manipulating some factors, such as 

feeding method, photoperiod and light intensity, may influence fish behaviour 

while inherited behaviour under culture conditions remains intact. Nevertheless, 

mounting evidence indicates that the behaviour of animals under laboratory 
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conditions may not truly reflect the behaviour of the species in the wild (Sloman 

and Armstrong, 2002; Sloman et al., 2002; Wolff, 2003). 

There are striking differences in the environment experienced by wild and 

cultured fishes (Gross, 1998; Price, 1999; Waples, 1999). Since cultured fish 

and wild fishes experience different environments, this can potentially generate 

behavioural differences (Huntingford, 2004). Under culture conditions, fish are 

usually maintained at high densities and the environment is kept as basic as 

possible to exert husbandry practices. Although at high density agonistic 

behaviour tends to decrease, fish are limited and restricted to the physical 

environment of the rearing tanks, thus aggressive behaviour still exists among 

the fish. Further, behaviour and reaction of dominant hatchery fish from 

dominant wild fish to subordinate has been changed. The dominant ~ish of 

hatchery hardly can tolerate intrusions whilst dominants and subordinates of the 

wild are usually feeding together; this result in lower level of aggression in the 

wild fish that Mesa (1991) called it "superior adaptive flexibility". Also, 

dominant wild fish usually consume a greater amount t of food compared to the 

dominant hatchery fish (Fenderson and Carpenter, 1971). 

Generally speaking, studying the behaviour of salmonids in laboratory tanks is 

unnatural, as it does not show what would occur in a natural environment (Cutts 

et al., 1999). Due to selection for rapid growth, the culturing of salmonids has 

led to increased aggressiveness (Brannas et al., 2001; Swain and Riddell, 1990). 

Diets used in cultured condition are nutritionally adequate but differ in many 

ways from the live prey of wild fish (Stradmeyer and Thorpe, 1987b; Hart and 

Purser, 1996; Lee and Litvak, 1996). Cultured salmon if given a choice prefer 

wild prey to dry pellets as wild prey contain "appetising" qualities lacking in 

pelleted diets (Paszkowski and Olla, 1985; Stradmeyer and Thorpe, 1987b). In 

addition, food is often administered to culture fish in a way that promotes 

competition (Huntingord, 2004) which may lead to aggression and the 

development of dominance (feeding) hierarchy among the fish whereby 

dominant fish have prior access to food and can consume a disproportionately 

larger amount of food offered than the other fish. 
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Rainbow trout are no exception. According to Briinniis and Alaniirii (1992) long

term cultivation of rainbow trout may have affected their feeding behaviour. 

Thus the observed behaviour under culture conditions may have been modified, 

so that it may not be the behaviour of fish in the wild. 

6. Further directions of research 

Rainbow trout under a range of laboratory conditions showed limited success in 

time/place learning. These conditions were: 

• Rearing unit design (tanks and raceways) 

• Three methods of food delivery (hand-feeding, belt-and demand-feeders) 

• Pattern of food delivery (defensible and indefensible) 

• Various stocking densities (n = 8, 20, and 30) 

• The increase cost of obtaining food by adding up to three partitions into the 

system 

Therefore, further research efforts are needed in order to improve understanding 

of the feeding behaviour of rainbow trout, and in particular to offer an 

explanation as to the apparent lack of time/ place learning under culture 

conditions. Possible situations where time/place learning may be seen are: 

1. Running time/place learning experiments under significant 

environmental cues such as different light intensities because it has 

been shown that learning ability of rainbow trout to operate the 

demand-feeder at different light intensities differs (Noble et al., 2005). 

2. Applying two distinct places of food delivery each associated with a 

specific visual cue (e.g. colour). This could be useful to increase spatial 

discrimination of food delivery by the fish. 

3. Different diets or live feeds, due to the different nature of pellets food 

and natural organisms. More importantly, use of floating pellets as 

food is recommended to increase presentation of spatial and temporal 

availability of food, as used by Reebs (1996). A disadvantage ofthis 

method however, is that food will be quite dispersed on the water 

surface and does not always identify a distinct the location of feeding. 
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4. Amount of food delivery in the morning is twice that of the afternoon, 

ensuring the fish have an equal appetite between meals. 

To reduce social interactions among fish in experimental tanks: 

1. Individual testing of time/place learning in the absence of social 

interaction. This is especially true when demand-feeders are used 

as it was shown that individual rainbow trout are able to learn to 

use the feeders, but when kept in groups, only a few individuals 

can operate the system (due to the development of dominance 

hierarchy). 

2. Use of a Y-maze-flow-through system, with higher water current 

in order to reduce territoriality. 

3. A combined use of two methods of food delivery (e.g. hand

feeding and automatic feeders), ensuring that subordinates are fed 

in addition to dominants ("time-solution"). 

4. Making a duoculture, by addition of another culture species in 

particular, those possessing different social behaviour, such as 

Atlantic salmon, which prefer to feed from the bottom, in contrast 

to rainbow trout which tend to feed from the upper water column 

("place-solution''). 

Summary 

The study examined the feeding behaviour of cultured rainbow trout but taking 

an integrative approach of time/place learning, FAA, sociality, and the effect of 

the light-dark (LD) cycle and food to the fish. The outcomes of this study can be 

summarisd as follows: 

1. At the group level and under our laboratory conditions, rainbow trout 

were not able to clearly show time/place learning, except for some 

individuals (dominant) fish. 
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2. FAA was not expressed by fish spatial distribution or trigger 

actuation. However, FAA may have been exhibited by other 

behavioural variables such as swimming speed and in particular, the 

level of aggressive acts between individuals. 

3. Social interactions between the fish were intense and led to the 

establishment of dominance hierarchies. This was regardless of 

stocking density and/or how the food was offered to fish: whether 

defensible, or indefensible. This study suggested that a few dominant 

fish, accounting for the most aggressive acts did demonstrate 

time/place learning. 

4. Rainbow trout are diurnal in feeding habit. They confined almost all 

feeding activity to the photophase. Therefore, the LD cycle acted as a 

strong zeitgeber for the feeding behaviour of rainbow trout. The 

effect of periodic food availability as a zeitgeber did not clearly 

appear. In most cases, the fish are present for the morning meal prior 

to delivery and appeared to show a preference for this location 

compared to the afternoon feeding location. 
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ApPendix 

1. The whole profile of the actograms used in Chapter 4. 
1.1. TR2 (2T/2P) 
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Appendix 

1.2. TRl (2T/1P). 
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2. The whole profile of the actograms used in Chapter 5. 
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