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ABSTRACT 

Aspects of oxygen consumption and bioenergetics of the Atlantic halibut 

(Hippoglossus hippoglossus L. ) were studied under laboratory conditions. Resting 

oxygen consumption rate was monitored over 36 hour periods in Atlantic halibut 

while held individually in open system respirometers. Routine oxygen consumption 

rate was determined in small populations of tank held Atlantic halibut over 24 hour 

periods, through modification of tank systems as open system respirometers. Values 

for resting and routine oxygen consumption in this species were quantified and 

models Produced enabling the prediction of the energetic cost of homeostasis and 

spontaneous activity for a range of fish size from 53g to 5861g, at temperatures of 6, 

10 and 14'C. These results were ftirther used to form the basis of an energy budget 

equation for this species. PhotoPeriod influences on the periodicity of respiratory 

rhythm in both resting and routine oxygen consumption trials were determined 

through analysis of data recorded throughout the 24 hour daily period. The results 
indicated a cyclic respiratory rhythm, with peak oxygen consumption often observed 

nocturnally. The relevance of these results to culture of this organism are discussed. 

Post-prandial oxygen consumption and ammonia excretion were measured in 

small populations of tank held Atlantic halibut, these results contributing ftirther 

information to the partitioning of energy within the metabolic and excretory 

components of the energy budget equation. Values for resting, routine and post- 

prandial oxygen consumption in the Atlantic halibut were found to be low in 

comparison to roundfish species, but corresponded closely with literature data 

produced for other species of temperate marine flatfish. 

Activity patterns in small populations of Atlantic halibut were monitored over 
24 hour periods in a specially constructed film unit. The results of this work showed 
dualistic patterns of activity over the diurnal cycle. Further elucidation of the energy 
budget was achieved through the determination of the metabolic costs of activity in 

the tank environment. Atlantic halibut were observed to remain at rest for periods of 
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between 76% and 94% of any 24 hour period, with the time at rest dependent on fish 

size and stocking density. 

One 28 day trial was undertaken in which the components of the energy 
budget were measured simultaneously, and the balance of the budget investigated. 

Oxygen consumption, ammonia excretion, growth, feed consumption and faecal 

production were monitored within a purpose built experimental unit, and these values 
finther applied to the construction of an energy budget model. 

Finally, the oxygen consumption data of this study was ftirther applied to 

produce a model quantifying the water requirements of this species in a single-pass 

tank system, for the intensive culture of this species in the tank environment. Further 

development of these figures allowed the quantification of the pumping costs in an 
Atlantic halibut ongrowing tank system, and these figures were incorporated into a 

simple economic model. 

The results present some of the first bioenergetic data produced for this 

species, and this is an important step towards the development of an Atlantic halibut 

farming industry. 
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Chapter 1. General Introduction 

1.1 Atlantic halibut - Natural History and Fisheries 

The Atlantic halibut (Hippoglossus hippoglossus L. ), order Pleuronectiformes, 

family Pleuronectidae, subfamily Pleuronectinae, tribe Hippoglossini, (as classified 
by Nelson, 1984), is the largest of the flatfishes, and historically has held a position of 

considerable commercial importance in the fisheries of the North Atlantic (McKenzie, 

1946; McIntyre, 1952; McCracken, 1958; Nickerson, 1978; Neilson et al., 1987). 

This species is distributed over a wide area of the northern Atlantic ocean (Fig. 1.1. ), 

and may be found from the Bay of Biscay to the Barents Sea in the east, and in waters 

north of the state of Virginia in the west (Scott and Scott, 1988). The highest 

densities of Atlantic halibut occur in the areas along the Norwegian coast, off southern 
Greenland, and in the waters around Iceland and the Faroe Islands (Haug, 1990a). A 

preference is shown for cool boreal waters with a temperature range of 2-8'C, and 

although the lower limit of depth remains unknown the fish does not seem to be 

present at depths greater than 1460m, with commercially caught fish taken mostly on 
longlines at a depth of 200-300m (McCracken, 1958; Wheeler 1969). 

Annual world catches of H. hippoglossus throughout the 1980s were in the 

region of 7000-8000 mt (F. A. 0., 1991). A total of 7509 mt of Atlantic halibut was 
landed in the world fisheries in 1991, with the countries of Canada, Iceland and the 

Faroe Islands dominating the catch. In comparison, Nickerson (1978) reports 
landings in excess of 4000 mt for U. S. east coast fisheries alone in 1886, and with the 

European catch in 1963 quoted as 12000 mt (Wheeler, 1969), it would seem likely 

that the overall decrease in catch statistics is a result of fishing pressure. This 

hypothesis is further strengthened by the observation of Bell and Pruter (1958) that 

the closure of the Atlantic halibut fisheries over the periods of the two world wars 

appeared to be associated with a sharp and temporary increase in stock abundance 

when the fisheries were reopened. The relatively recent introduction of a minimum 

size limit for the Canadian fishery (Neilson and Bowering, 1989) is a first step 
towards the management of an Atlantic halibut fishery, and historically fisheries for 
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this species have not been regulated. With an average length of Atlantic halibut of 
50cm, corresponding to an age of 4 years currently being landed at fishing ports 
(Liewes, 1984), the catch is one in which immature fish predominate, further adding 

to the fragile nature of these fisheries. 

Fig. 1.1. Distribution of Hippoglossus hippoglossus (L. ) in the north Atlantic ocean (mottled grey 
area), after Haug (1"0a). 

It has been deduced from studies on seasonal variation in gonadal maturity of 

adult wild fish (gonadosomatic index) and on the relative abundance of planktonic 

eggs on the spawning grounds that peak spawning in northernmost Norwegian waters 

occurs at the end of January / beginning of February (Kjorsvik et al. 1987). In 

Canadian waters Scott and Scott (1988) report that spawning mainly occurs in the 

months of February, March and April, although Neilson et al. (1993) found spawning 

peaks in the November/December period. Jikupsstovu (1986) notes an inter-area 

difference in spawning time between the Faroe Islands and northern Norway, 

suggesting a possible peak in Atlantic halibut spawning activity during late winter and 

early spring in Faroese stocks. Although these inter-area spawning differences may 

suggest the existence of separate stocks of H. hippoglossus, studies have shown that 
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halibut from geographically distinct areas such as the Norwegian coast, Faroes and 
Greenland, exhibit a large degree of genetic homogeneity between stocks (Mork and 
Haug, 1983; Haug and Fevolden, 1986; Fevolden and Haug, 1988). 

H. hippoglossus is a multiple spawner with a high fecundity, and a single 

female is capable of releasing over 2 million eggs during multiple spawnings in one 

season (Haug and Gulliksen, 1988). Individual females appear to follow a well- 

defined spawning cycle, and various sized egg batches are released at regular time 

intervals by spawning females held in culture systems (Rabben, 1987). Shields et al., 

(1993) also note that mature female halibut are batch spawners, producing pelagic 

eggs of c. 3mm diameter at approximately 3 day intervals. The Atlantic halibut egg is 

among the largest of the planktonic fish eggs with diameters of 3.06-3.49mm 

observed in spawning grounds off northern Norway (Haug et al., 1984), a size which 

Haug (1990a) notes appears consistent with observations of pelagic halibut eggs from 

other spawning grounds. 

Studies on the occurrence of spawning have indicated a preference for 

deepwater locations (Jakupsstovu and Haug, 1988) and various depths have been 

identified according to geographical location, >I 80m in Canadian Atlantic waters 

(Scott and Scott, 1988); 300-700m in Norwegian coastal waters (Haug, 1990a); 300- 

1 000m in North Eastern Atlantic ocean waters (Whitehead et al., 1986); 1 000m in the 

Atlantic waters of the British Isles (Wheeler, 1969). These deep-water locations are 

all characterised by a very stable physical environment, with temperatures ranging 

from 5-7'C and salinities of 34.5-34.9%. (Kjorsvik et al., 1987). The stability of this 

environment appears to be crucial in the development of halibut eggs. 

Differences in spatial distribution between immature and mature Atlantic 

halibut are widely recognised (Haug, 1990a), and coastal areas exhibiting depths of 

20-60m with sandy bottoms appear to be utilised by young halibut as nursery areas. 

Neilson et al., (1993) report catches of uniformly small (3 0-5 Ocm) halibut in the 
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vicinity of Browns Bank, Nova Scotia, and postulate that this area may be the nursery 

ground for the Canadian north-west Atlantic. Further nursery areas have been 

identified - between the Faroe Islands, off western Iceland, and in Norwegian coastal 

areas - and it appears that emigration from these areas commences when the fish are 

3-4 years old (Haug, 1990a). Tagging experiments have confirmed the highly 

migratory nature of these fish, and there is evidence for large distance movements in 

immature Atlantic halibut. Fish tagged off Browns Bank, Nova Scotia, indicated 

migrations of distances between 161-968km, although one fish tagged in the Gulf of 

St. Lawrence in 1946 was recaptured off Iceland in 1953, a distance travelled of 

2572krn (Scott and Scott, 1988). Outwith the spawning season, when all the fish are 

feeding, stocks of immature and mature halibut intermix (McCracken, 1958; 

Bowering, 1986), although as spawning commences only mature fish are found in the 

spawning areas. Following spawning, mature halibut leave the spawning grounds and 

migrate in all directions showing little preference for depth, and appear to be actively 

seeking food after a prolonged starvation during the spawning period. Cyclic annual 

migrations between spawning and feeding areas have been observed in mature 

Atlantic halibut, with smaller fish (<75cm) tending to cover greater distances (Stobo 

et al., 1987). The migration patterns of a group of immature halibut following a mark 

recapture study in northern Norway are presented in Fig. 1.2. 

There is some documentation on growth rates of wild Atlantic halibut, 

summarised by Haug (1990a). 0-group halibut show a large variation in size, this 

variation becoming more pronounced in later year classes, leading to considerable 

overlap in size distributions for age groups. Growth rate in immature fish has been 

shown to vary both with the area of the North Atlantic under survey, and the year of 

the survey - factors such as temperature, stock abundance, depletion of food 

competitors, and food supply may have contributed to these differences. Surveys of 

young Atlantic halibut (I-, II-, and III- group) in Faxa Bay, Iceland, over the period 

1936-1950 provide evidence for an annual variation in growth rate which was 

observed to be almost negligible over the winter/spring period, increasing over 
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Fig. 1.2. Migration vectors produced for a small population of immature Atlantic 
halibut tagged off the coast of northern Norway. Data produced by Godo and Haug (1988) for a 
mark recapture experiment of 300 individual fish tagged in 1961 and 1962 (in Haug 1990a). 

summer/autumn. Many field studies (summarised in Haug, 1990a) have also shown a 

feeding behavioural change in halibut, with fish of <30cm feeding on crustaceans and 

mysids, fish of 30-60cm feeding on a mixture of crustaceans and fish, and fish of 

>60cm becoming exclusively piscivorous. In Icelandic waters McIntyre (1952) 

observed that adult halibut had consumed only II species of fish, and the redfish 
(Sebastes marinus) accounted for over 75% of prey items by volume. Leim and Scott 

(1966) state that Sebastes marinus typically inhabit the edges of banks and deep 

channels, and are generally more plentiful in areas with temperatures between 3 and 

8'C and depths of 200 to 500m (I 10 to 270 fathoms depth). These authors also note 

that the redfish appears to have a strong behavioural rhythm, and are found on muddy 

bottoms or around rocks during the day, but become pelagic at night. Adults are 

generally 8-16 inches (20-40cm) in length. Atlantic halibut arc known to be mid- 

water feeders, at least in the larger size ranges (Nelson, 1984), and this may suggest 

an element of nocturnal rhythinicity in this species. 
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In work on a Scottish population of wild Atlantic halibut, Rae (1959) noted 

that females tended to predominate as size and age increased in the stock. McCracken 

(195 8) noted that a comparison of growth rate (wet, eviscerated weight difference) by 

sex indicated that at an age of 9 years, females averaged 9.1 kg and males 7.3 kg. 

Additional data for fish aged between 10 and 25 years showed that the difference in 

growth rate between the two sexes increased with age, although this author suggested 

that prior to the age of 9 or 10 years, sex differences in growth rate were not 

significant. Later observations by Jdkups§tovu and Haug, (1988) also showed 

important sex linked differences in growth rate, with females not only becoming much 

larger than males, but maintaining growth rates through and after sexual maturity, in 

contrast to the situation in most species of fish. The results of these authors were 

based on a sample of Atlantic halibut caught by trawl in Faroese waters, and a 

comparison of this data with that produced for halibut in other areas of the North 

Atlantic showed that Faroese halibut matured slightly earlier (4.5 years for males; 7 

years for females) and at lower weights (1.7kg in males; l8kg in females) than in 

corresponding populations of Atlantic halibut in different regions. Again it was 

suggested that sex differences in growth rate were not pronounced in immature fish, 

although average weights of 4.9kg in males and 6.5kg in females are listed for six 

year old halibut. In a review of wild fish behaviour, Haug (1990a) reports instances 

of sex ratio in trawled catches deviating from 1: 1, and postulates that there may be a 

seasonal and spatial segregation of the sexes in wild stocks. The same author also 
hypothesises that there may be a sexual variation in the energetics of this species, 

evidence for this coming from observed differences in the mobilisation of muscle 

tissue to reproductive effort in mature males and females. Studies on spawning and 

post spawning Atlantic halibut of both sexes by Haug et al., (1988) indicated a lower 

total lipid content in the white muscle of male fish, although lipid and fatty acid 

compositions showed no significant differences. Although the biological significance 

of these results is unknown, the authors postulated that there could be a connection 

with inter-sex physiological differences, particularly the higher growth rates seen in 

females after maturation. 
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As discussed by Haug (1 990b), the Atlantic halibut appears to encompass the 

whole range of the r/K continuum in terms of life history strategies, with reproduction 

more associated with r-selected strategies, while other life history parameters such as 

size and longevity show greater emphasis on K selection. 

1.2. Research Applicable to Atlantic halibut culture. 

In his introduction to aquaculture economics, Shang (1990) lists six factors 

which have driven the increasing importance of fish culture towards the end of the 

twentieth century. These include the lessening importance of capture fisheries 

associated with depletion of stock and increasing costs of operating fishing 

technology, improvements in fish culture technology, and increasing demand for 

high-priced species in developed countries. In the words of this author "commercial 

aquaculture is motivated by profit making", and thus the choice of species to culture is 

vital to the success of any venture. With the collapse of the wild fisheries, an 

excellent market price, and a rapidly increasing base of culture technology associated 

with the culture of flatfish species, the Atlantic halibut appears an excellent choice for 

marine aquaculture in temperate regions. The arrival of this species to commercial 
fish farming is also timely, enabling the diversification of an industry almost entirely 
dependent on the culture of the Atlantic salmon. 

The value of the wild fisheries indicates the great market potential of Atlantic 

halibut, and along with the historical significance of this species, the fragile nature of 

wild populations and the variability in landings often seen with open ocean fish, there 

is obvious potential for the Atlantic halibut as a cultured fish species. However, in 

comparison to other farmed fish species, it is only relatively recently that aquaculture 

technology has reached a sufficient level to allow the production of these fish, and as 
late as 1990, Tilseth included H. hippoglossus as one of four interesting candidates 
for cold-water aquaculture. Only since the mid- I 980s, when the first rearing of 

Atlantic halibut larvae through to metamorphosis was completed in controlled 

experiments (Berg and Oiestad, 1986; Rabben et al., 1986; Naas et al., 1987), has 
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there been a focus of research on the biology of H. hippoglossus, a necessary 

requirement in order to develop rearing techniques for any cultured organism. The 

culture of the closely related Pacific halibut (Hippoglossus stenolepis), is recognised 

as occupying an equivalent stage in the development of aquaculture technology 

(Stickney and Liu, 1995). 

The early life history is a critical period of development for all flatfish, and 

procedures involved in rearing from egg, through larval stages to fully 

metamorphosed flatfish, are dependent on the development of adequate technology to 

fulfil the requirements of the fish at these vulnerable stages. Liewes (1984) reported 

the relatively small size and pelagic nature of flatfish eggs, which develop as they 

float through the aquatic environment, as the greatest obstacle to culture of flatfish 

species. There is little documentation on the development of halibut larvae in the 

wild, possibly due to the extremely low larval densities which result from a wide 

distribution over large ocean areas. Haug (I 990a) summarises the literature by noting 

that 7 authors between the years of 1904 and 1987 recorded only a total of 57 

individual H. hippoglossus larvae from open Atlantic waters, thus there is very limited 

information on the early development of Atlantic halibut larvae from studies of wild 

fish which could be applied to facilitate culture of this species. Much of the recent 

research has concentrated upon improving larval rearing techniques to improve the 

yield ofjuvenile Atlantic halibut from egg through to metamorphosis since these 

stages, with the early first feeding stage in particular, are widely recognised as the 

limitation to the production of adequate numbers ofjuveniles for successful 

ongrowing (Stickney and Liu, 1993; Brown and Keough, 1994). It may also be 

observed that, in comparison to other flatfish species, notably turbot (Scophthalmus 

maximus), sole (Solea solea) and plaice (Pleuronectesplatessa), the hatching and 

larval rearing of Atlantic halibut is more problematical (Liewes, 1984; Ingram, 1987). 

This has resulted in the allocation of an almost disproportionate amount of research 

resource towards the areas of early life history, broodstock nutrition and egg quality, 

emphasising the potential importance of a developing Atlantic halibut farming 

industry predicted to lessen the dependency on salmonids in marine aquaculture in 

temperate regions. 
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Growth studies in culture have indicated higher growth rates and improved 

condition factors for a population of wild caught fish aged 2-4 years held in tanks, 

than in a corresponding wild population over a period of 18 months (Haug et al., 

1989). The effect of stocking density on the growth rates of two size classes (1.8 and 

3.2 kg) was the subject of a further study, the results suggesting that the optimum 

stocking density of halibut is at a level above 100% of coverage of tank bottom, i. e. 

between one and two layers of fish on the tank bottom, for these sizes of fish 

(Bj6rnsson, 1994). For tanks of I. Om depth these results gave optimum stocking 

densities of 25-50kg in-' for 2kg halibut, and 50-100 kg m-' for 10 kg halibut. In 

comparison Atlantic salmon are routinely stocked at a maximum density of 

approximately 25kg m-'. Growth trials in culture have incorporated the use of various 

diet types including flying squid (Todarodes saggittatus), Iceland scallops (Chlamys 

islandica), herring (Clupea harengus), saithe (Pollachius virens), redfish (Sebastes 

marinus mentella) (Davenport et al., 1990); frozen capelin (Mallotus villosus) and 

herring (Bjornsson, 1994); fillets and moist pellets based on capelin and herring 

(Haug et al., 1989). 

Nutritional studies for Atlantic halibut ongrowers have also been limited by 

the supply of adequate numbers of fish for trial populations, however Bjornsson et al., 

(199 1) observed lower growth rates in fish fed salmon diets and a fish silage diet, in 

comparison to diets containing whole or ground fish. Haug et al. (1989) showed the 

rate of somatic tissue increase in a captive population of Atlantic halibut to be twice 

that of the corresponding wild population from which the test sample originated. 

Generally the condition factor of the captive population was also higher than fish at 

the point of capture. Similar specific growth rates to those observed with Atlantic 

salmon (Salmo salar) at similar water temperatures, were seen in experiments 

utilising diets containing 58% protein (Bjertnes and Opstvedt, 1990), indicating the 

potential of H. hippoglossus in culture systems. HallarRer et al. (1995) quoted daily 

growth rates of between 1.7% and 2.0% d-' in juvenile Atlantic halibut of 20g to 90g 

in weight, and these authors identified the optimum temperature for this size of fish 
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within the range I OT to 13'C. Although not statistically significant, an increased 

growth rate was observed during spring and early summer, which was considered to 

be related to increasing ambient photoperiod. A ftirther study on optimal temperature 

for growth in the Atlantic halibut by Bj 6msson and Tryggvad6ttir (1996) indicated 

that the optimal temperature decreases with increasing fish size, from 14T for fish of 

lOg to 60g weight, to 93T for fish of 3kg to 5kg. Specific growth rates were also 

found to decrease with increasing fish size, from 2.2% d-' for fish of 1 Og - 60g, to 

0.23% d-1 for fish of 3kg - 5kg. In a nutritional study of large halibut (0.6-1.5kg) by 

Berge and Storebakken (199 1), dietary fat levels of 8-20% did not significantly affect 

feed efficiency, chemical composition of fillets and livers or digestibility of dry 

matter, fat and protein. A comparison of Atlantic halibut and lemon sole 

(Microstomus kitt) satiation meal size by Davenport et al., (1990), revealed a 

preference for very large meals (mean 11.7 % body weight) with a long gut clearance 

time (120h) in H. hippoglossus, although this work was conducted on fish fed a moist 

diet. Current practice on ongrowing sites is to feed commercial dry pelleted diet at a 

level of approximately I% of body weight per day for fish of greater than I 00g. 

The principal factor common to many of these studies is the use of wild caught 

fish which have an unknown biological history -a factor which may have some 

bearing on the results. Berge and Storebakken (1991) reported a large variation in 

weight gain within groups of H. hippoglossus in a nutrition trial, and hypothesised 

that these results may be a reflection on the difference in ability of individuals to 

adapt to the captive environment. In growth and nutrition studies it is usual to 

compare sibling populations ofjuvenile fish, though unfortunately the current status 

of halibut culture technology has not yet provided this opportunity. Mixed sex 

populations of mature fish have been used in trials, despite documentation on sex 

differences in growth rate in immature and mature fish. Although there is a great deal 

of potential for the culture of H. hippoglossus and this species does adapt reasonably 

well to a tank environment, all these factors raise questions over the accuracy of many 

of the trials in nutrition and growth that have been performed up to this time. 
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Infestations of the ectoparasite Entobdella hippoglossi (Trematoda), have been 

identified as potential problems associated with the culture of Atlantic halibut 

(Schram and Haug, 1988), although formaldehyde (repeat treatments every 3-4 

months) has proved to be an effective chernotherapeutant in controlling infestations in 

stocks of broodfish (Haug, 1990). Infectious pancreatic necrosis virus QPNV), and 

nodavirus, have recently caused significantly heavy losses ofjuvenile halibut in 

intensive culture systems in Norway, however this species does not show the same 

predisposition to viral haemorrhagic septicaemia virus (VHSV) or to the bacteria 

Vibrio anguillarum and Aeromonas salmonicida often seen in cultured salmonids in 

the marine environment (B. H. A. 1997). Clearly, the potential impact of viral, 

bacterial and parasitic diseases will not be fully realised until the supply of 

metamorphosed juveniles allows populations to be maintained at production stocking 

densities. 

One other interesting phenomenon which has been associated with the culture 

of Atlantic halibut is the occurrence of ocular abnormalities (Williams et al., 1995). 

This a worrying situation, and although the aetiopathogenesis of the abnormalities is 

unknown, the incidence of problems is currently greater in broodstock populations 

than in ongrowing fish. An ophthalmological investigation of a wild-caught, farmed 

population of Atlantic halibut held in ongrowing tanks at Ardtoe, in Argyll, Scotland, 

showed ocular abnormalities at an incidence level of 43%, characterised by gross 

exophtalmus and periorbital cysts (Williams et al., 1995). The exposed position of 

halibut eyes, especially the right side eye, does make it vulnerable to damage in 

culture with the associated handling and high stocking densities. Again, the true 

importance of ocular abnormalities will not be realised until production densities for 

ongrowing fish are attained. 
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1.3. Bioenergetics 

1.3.1 General Principles 

The essential concept of the principle of biological energetics has been 

incorporated in the phrase "the fire of life" (Kleiber, 196 1), emphasising that the basic 

source of energetic fuel is derived solely from food. The partitioning of energy within 

the system conforms to the First and Second Laws of Thermodynamics and may be 

considered to have a profound effect on form and function ( Brody, 1945; Calow, 

1985; Lucas, 1996). Thus, all energy acquired through the ingestion of food is 

ultimately lost as waste in faeces or by excretion, used in metabolic processes, or 

deposited as new body tissue (growth or energy gain), and may be expressed in the 

form: 

F+U+M+P (Jobling, 1994) 

Where: R= energy gained as food 

F'= energy lost as faeces 

U= energy lost as nitrogenous excretory products 
M= energy expended in a range of bodily functions - Metabolism 

P= energy storage or growth (occurs when energy intake from 

external sources (food) is in excess of energy required for maintenance and activity 

Jobling (1994) further subdivides M into: 

Mm minimal costs for maintaining bodily function 

MA minimal costs associated with activity 

MF minimal costs related to digestion, absorption and processing of food 

and P into: 

Ps = somatic (body) growth and PR = production of gametes 
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1.3.2. Fish Bioenergetics 

The study of fish bioenergetics provides valuable predictive information for 

use in minimising costs and maximising production in aquaculture systems ( Brafield, 

1984; Ross et al., 1988c; Jobling, 1994; Lucas, 1996). The energy budget is of 

interest in aquaculture, where the theoretical desired maximisation of the factor P is 

determined through the examination of the inter-relationships of all factors, with 

complex interactions occurring between abiotic factors (eg. temperature, photoperiod, 

salinity, dissolved oxygen concentration) and biotic factors (eg. fish size, fish age, 

competition, ration size, ration composition) affecting the rates of metabolism, M. 

MA and MF (Brett, 1979; Dejours, 1988). The partitioning of energy within the 

system as a whole requires the preferential allocation of energy towards the M factor, 

thus the factor P may vary according to the energetic costs associated with 

metabolism (Calow, 1985; Priede, 1985). The metabolic cost of homeostasis must 

always be met, thus when inputs are limited there are constraints on production. 

Jobling (1985) surnmarises the literature relating growth rates with rates of 

metabolism, and concludes that there is a fundamental relationship between 

growth/production and metabolism/respiration. There appears to be a strong 

correlation between rates of weight gain and metabolism at the level of the organ, 

individual and community. Steffens (1989) states that there is only a very narrow 

temperature range over which the resultant energy partitioning may be manifest as 

growth. This author emphasises the importance of ambient environmental conditions 

in determining rates of metabolism -a fundamental difference from homeotherms. 

Measurement of metabolism (M) in fish, and the relationship of this factor to 

the many biotic and abiotic factors, is a basic requirement for the understanding of the 

processes involved within the energy budget equation. Direct calorimetry has been 

successfully applied to fish metabolism studies (Smith et al., 1978), however it is 

more usual to measure energy expenditure (M) through indirect calorimetry by 
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measuring rates of oxygen consumption, and this is a technique which has been used 

successfully for a number of years (Bearnish, 1964a, b; Beamish and Mookhedii, 

1964; Brett, 1972; Staples and Nomura, 1976). Mammalian energetics studies 

utilising indirect calorimetry have encompassed measurements of oxygen 

consumption, carbon dioxide production and nitrogenous excretion to provide more 

accurate predictions of M (Brafield and Llewellyn, 1982), and a similar approach to 

aquatic metabolism studies has been advocated for some time (Brett and Groves, 

1979; Brafield, 1985). Simultaneous measurements of oxygen consumption rate and 

carbon dioxide production rate enable the calculation of the respiratory quotient (R. Q., 

the ratio Of C02 produced to 02 consumed), the value of which changes depending on 

the substrate metabolised, and to the degree which anaerobic respiration is taking 

place (Brett and Groves, 1979; Brafield, 1985), thus providing important information 

on the physiological processes involved. To provide meaningful results, techniques of 

indirect calorimetry all require that there is no contribution from anaerobic processes, 

i. e. that respiration is fully aerobic, otherwise an underestimate of the rate of 

metabolism will ensue (Braaten, 1979). Generally, measurements of carbon dioxide 

production in terrestrial animals may be made much more conveniently than in 

aquatic animals, and studies such as those of McGregor and Lee (1995) on 

metabolism in the rat indicate the value of the application of the respiratory quotient 

in energetics studies. In aquatic systems the solubility of carbon dioxide gas is 

considerably enhanced by the reaction with carbonate (C03 2-+ H20 + C02 =: > 2HC03' 

), and in marine systems the equilibrium constant is so large that much of the carbon 

dioxide is rapidly converted into bicarbonate (Libes, 1992). As a result, aquatic C02 

production measurements are difficult, with those in seawater exceptionally so, and 

this has resulted in a focus of research solely around the calculation of oxygen 

consumption rates in marine energetic studies. The practicalities associated with the 

measurement of carbon dioxide production in aquatic studies, has resulted in little 

published information on R. Q. values in fish. The work of Kutty (1968) on goldfish 

and rainbow trout, and Tdtrai (1980) on the bream produced R. Q. values in freshwater 

fish species, although generally such work is exceptional. These studies involved the 

titrimetric determination of dissolved carbon dioxide, and although modem 
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technology has seen the development of C02 electrodes (Brafield, 1985), much 

remains to be achieved in this field. 

The energetic characteristics of aerobic respiration at the cellular level require 

the presence of oxygen and the production of carbon dioxide during the formation of 

Adenosine triphosphate (ATP), (Lucas, 1996). This reaction is exergonic, and energy 

in the form of heat is released into the environment. As previously discussed, the 

measurement of the levels of oxygen uptake by the organism through indirect 

calorimetry the metabolic costs of respiration in energy terms may be estimated (Brett 

and Groves, 1979). When oxygen consumption rates have been calculated, energy 

equivalents (Q,, j may be applied, and used to estimate values for amounts of energy 

(J) released per volume 02 consumed for different respiratory substrates (Elliott and 

Davison, 1975; Brett and Groves, 1979). Energy equivalents have been determined for 

the metabolism of a variety of energy substrates, measured by bomb calorimetry, and 

the appropriate factor may be applied to values for oxygen consumption if the energy 

substrate is known. In this way multiplication of the amount of oxygen consumed by 

the relevant coefficient allows the estimation of energy lost as heat (Brafield, 1985), 

thus the energetic costs of various processes may be calculated and used in the 

construction of an energy budget. 

1.3.3. Measurements of M,, Aýý.,. and NF 

The "metabolic scope" of fish is influenced by such factors as species, age of 
development, and a range of environmental factors of which temperature is the most 
important (Priede, 1985). 

Mm- Costs of maintaining bodily functions. 

This component has variously been described as "standard", "resting", 

(Bearnish, 1964a, b, c), "fasting" (Jobling 1994), and is equivalent to the "basal" 
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metabolism of homeotherms (Brett and Groves, 1979) although it should be 

emphasised that in poikilotherms costs of maintaining bodily functions cover a range 

of temperatures, while in homeotherms maintenance energy costs are restricted to one 

temperature. Fry (1957) and Beamish (1964a) used the term routine metabolism to 

cover standard oxygen consumption under conditions where spontaneous activity was 

not restricted, although Braaten (1979) notes that measurements of routine 

metabolism should also involve some measure of the activity level of the fish. The 

common feature of studies to determine Mm is that the influences of both feed and 

activity should be minimised by the use of starved fish tested in a thermoneutral. 

environment (Brett, 1962; Jobling, 1994). External stimuli should also be kept to a 

minimum in the respirometer systems, so that excitation of the test animals does not 

have an effect on oxygen consumption rates (Fry, 1971). - 

The effect of temperature on the resting metabolic rate of fish is well 

documented (reviewed by Fry, 1971), and this factor has been considered the most 

important variable in determining metabolic energy costs since it exerts a direct effect 

on rates of reaction at the cellular level (Brett, 1979). In an attempt to clarify the 

complexity of the physiological processes involved in the Mm component, Jobling 

(1994) defines the energetic costs of the minimal level of metabolism as "service 

functions" (energy costs of respiratory and circulatory systems in providing body 

tissues with oxygen), and "cellular maintenance functions" (cellular energy costs of 

ion transport, and synthesis and turnover of proteins and lipid), and this author notes 

that in particular the metabolic costs of maintaining sodium pumps and those 

associated with protein turnover are significant, and proportionately are likely to vary 

in energy cost with body tissue type within the organism. Tissue differences in 

metabolic rate according to acclimation temperature have been observed using 

techniques which allow the measurement of enzyme activities, and add a further level 

of complexity to the subject (Johnston and Dunn, 1987). In energetic studies, the 

metabolic costs at organism level are more usually identified since these results have a 

greater application to energy budgets and aquaculture. The Q1o (temperature 

coefficient) expression was developed to describe the effect of temperature on 

physiological processes, and has been widely applied to describe the increase in Mm 
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observed over a temperature increase of I O'C, although the Q10 value is species 

specific and changes over the temperature range of the test organism (Winberg, 1956). 

Generally Q10 values are high at the lowest temperatures of the organism's range, and 

decrease as temperature increases. As discussed by Brett and Groves (1979) the Q10 

value does produce an estimate of the change in level of metabolism over a 

temperature range without introducing an error of greater than 20% of the observed 

value. These authors quote from the work of Beamish (1964a) and Brett (1964) on 

brook trout, bullhead, carp and sockeye salmon, and advocated a Q10 value of 2.3 to 

provide an approximation for temperature effects on metabolism. However, the 

difficulty in achieving genuine inter-species comparisons was emphasised, since 

different fish species are adapted to different ranges of temperature. Jobling (1994) 

stresses the importance of unambiguous detailing of the conditions under which 

experiments on the temperature effects on metabolism are conducted, and this author 

also notes that Q10 values may approach 1.0 in the mid part of an organism's adaptive 

temperature range, indicating a degree of independence of the rate of some 

physiological processes at these temperatures. 

Fish size is also viewed as an important factor in determining resting 

metabolic rate. Historically, the "Surface Rule" had been applied to animal metabolic 

studies, relating surface area of the organism to metabolic rate. Von Bertalanffy 

(1957) stated that gill breathing animals appear to follow the Surface Rule, and 

proposed that it was as valid for fish as it had been for mammalian studies. This 

statement was questioned by Winberg (1959) who, in reviewing a great deal of data 

from fish metabolic studies, came to the conclusion that there were discrepancies in 

predictive models produced according to the Surface Rule in fish, and that the 

relationship between fish weight and metabolic rate provided a more accurate 

predictive model. Early work by Beamish (1964a) and Bearnish and Mookherjii 

(1964) showed that increasing size does have the effect of increasing resting 

metabolic rate in fish, although the rate per unit weight shows a decrease with 

increasing size. This last phenomenon is attributed by Jobling (1994), to a decrease in 

proportion of highly metabolically active tissues (e. g. liver, gut) with respect to the 

relative size of muscle tissue associated with locomotion, as fish increase in size. The 
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general relation is described by the allometric equation Y= aw, , where Y is the 

oxygen consumption rate, W is the fish body weight, and a and b are species specific 

constants (Brett and Groves, 1979). The weight exponent b has been determined in 

many studies on a large variety of fish species and has been found to range between 

0.65 and 0.9, with a value of 0.86 advocated as a broad "cross-species" figure (Glass, 

1969; Brett and Groves, 1979; Jobling, 1994). The decline in metabolic rate per unit 

body weight is considered to reflect proportional changes in the relative size of 

individual organs to the whole organism, with juvenile fish possessing a larger 

proportionate mass of highly metabolically active tissues such as the liver and 

alimentary tract, in comparison to more mature fish in which somatic tissue comprises 

a greater proportion of total mass (Jobling, 1994). 

The situation with respect to larval fish may differ however, and Gigu6re et 

al., (198 8) show that metabolic rate scales isometrically (ie. b=1.0) in larval Atlantic 

mackerel (Scomber scombrus), and suggest that the metabolic exponent (b) decreases 

as body size of the organism increases, as fish enter different stages of their life 

history. Recent work by Ronnestad and Naas (1993) also confirms an isometric 

relationship between body dry weight and metabolic rate of Atlantic halibut first 

feeding larvae. 

Stocking density and behavioural interactions may also have an influence on 

metabolic rate, and Steffens (1989) reports lower oxygen consumption in fish kept in 

groups rather than as individuals. Umezawa et al., (1983) showed during the 

measurement of oxygen consumption rate of the ayu (Plecoglossus altivelis), that the 

metabolic rate could either increase or decrease in individuals held within populations, 

depending on the animal's social history. 

In addition to temperature, body size and behavioural interactions, there are 

several other factors which have also been shown to influence the rate of metabolism, 

such as the oxygen content of the water (Dejours, 1988; Steffens, 1989); salinity and 
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the associated metabolic cost of osmoregulation (Rao, 1968; Hettler, 1976; Marais, 

1987; Gasca-Leyva et al., 1991); photoperiod, diurnal and seasonal rhythms 

(Beamish, 1964c; Hirata, 1973; Nagarajan and Gopal, 1983; Ross and McKinney, 

1988a, b; Chakraborty et al., 1992a); and handling (Marais, 1987). 

Along with the stability of test temperatures, great importance has been placed 

on acclimation of fish to the environmental conditions under which the experimental 

work will take place, since the physiology of the animal is continually regulated 

through environmental cues (Fry, 1971). The thermal history of the test animals 

should coincide with the test temperature (Brett, 1962; Braaten, 1979), and an 

acclimation period of 4 weeks to test conditions has been generally proposed. By 

extension, other environmental parameters such as photoperiod and salinity should 

also be controlled at test condition level during the acclimation period, to avoid undue 

influence of the test fish response to a change in the environmental parameters under 

trial conditions. 

In summary, it is clear that the results produced in studies of maintenance 

energy costs in fish may be influenced by a wide variety of factors, and this point is of 

the utmost importance when the reproducibility of such work is considered. Thus it is 

vital in fish energetic research that all such factors be adequately controlled, and the 

limits and range of these factors accurately specified in order that misinterpretation of 

the results is avoided. 

M_ - Metabolic cost associated with activi! y. 

It is usual in fish studies to measure active oxygen consumption at a 

predetermined swimming speed which can be sustained, and oxygen consumption 

may thus be measured over a range of swimming speeds (Brett, 1972). In recent years 

it has become more common to measure oxygen consumption at the maximum 

sustainable swimming speed (Braaten, 1979), and in many studiesMAhas been 
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extrapolated to zero activity to provide an estimate of Mm (assuming a linear 

relationship between oxygen uptake and swimming speed). The inaccuracies of using 

this method for the prediction of resting metabolic rate in flatfish have been exposed 

by Priede and Holliday (198 0), who discovered that actual resting rate was somewhat 

lower than predicted in the plaice, Pleuronectesplatessa. MA is also influenced by 

temperature, although the situation is compounded by the decrease of oxygen 

solubility in water seen with rising temperatures (Brett and Groves, 1979). Rates of 

oxygen consumption, and thus rate of metabolism (MA) is usually found to increase 

exponentially with an increase in swimming speed, with this relationship derived from 

experiments with tunnel respirometers in which the fish are forced to maintain a 

constant swimming speed (Jobling, 1994). Beamish (1970) showed the oxygen 

consumption of largemouth bass (Micropterus salmoides) forced to swim in tunnel 

respirometers, to increase with weight, and for a given swimming speed, oxygen 

consumption increased with temperature over the test range (10-34'C). Studiesby 

Brett (1965) on sockeye salmon (Oncorhynchus nerka) showed an almost 

insignificant effect of size on active metabolic rate for a range of temperatures, and in 

further studies on 0. nerka by Brett and Glass (1973), the rate of MA was almost 

completely independent of size at temperatures below I O'C, although with the 

combined effect of increasing size and increasing temperature there was found to be 

an increasing correlation with the rate of MA. 

M. - Metabolic costs associated with feedina. 

Winberg (195 6) was one of the earliest workers to recognise that feeding had 

an effect on metabolic rate in fish, and suggested that the standard rate of metabolism 

would be doubled under the influence of feeding. The use of the term (apparent) heat 

increment has been advocated by recent authors (Brett and Groves, 1979; Beamish 

and Trippel, 1990) as being more descriptive of the processes involved, than the more 

widely used specific dynamic action (S. D. A. ). Jobling (1983) argues that the 

application of "S. D. A" to ammoneotelic fish may not be wholly justified, since it was 

originally proposed to describe urea synthesis, nitrogenous excretion and post prandial 
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metabolic rates in mammalian studies. However, the use of this term remains 

widespread in fish metabolic studies. More recently, a great deal of research has been 

undertaken on the effect of feeding on metabolic rate (Staples and Nomura, 1976; 

Weatherley, 1976; Jobling, 1981 a; Jobling, 1983; Beamish and Trippel, 1990; Ross et 

al., 1992; Chakraborty et al., 1992b), and the increase in rate of post prandial oxygen 

consumption is considered to reflect the metabolism of dietary protein, carbohydrate 

and lipid, with the processes of deamination and protein synthesis probably major 

contributors. The level of the speciflc dynamic action effect increases with meal size, 

and body weight, and represents a substantial portion of gross energy intake, with 

values of 9-15% of calorific content of food reported (Brett and Groves, 1979). 

The post prandial increase in oxygen consumption characteristic of the M. 

component of metabolism, is associated with quantity and quality of feed, as well as 

environmental factors, such as temperature (Steffens, 1989) and differences exist 

between species with respect to the size and duration of the apparent heat increment. 

B eamish (1974) measured "apparent S. D. A. " in swimming largemouth bass (M. 

salmoides) in tunnel respirometers, and found the total increase in oxygen uptake to 

increase curvilinearly with weight, the rate decreasing with the size of the bass. 

Studies on the influence of body size and food ration on the energy budget of the 

rainbow trout (Oncorhynchus mykiss) by Staples and Nomura (1976), have shown that 

the total metabolic expenditure increases with increasing body size and feeding level, 

and metabolic studies of plaice (Peuronectesplatessa) and dab (Limanda limanda) by 

Edwards et al., (1969) confirm the effect of increasing rate of metabolism with 

increased food uptake. Jobling and Spencer Davies (1980) showed from work with 

plaice (Pleuronectes platessa) that the duration of the "S. D. A. " effect is reduced with 

an increase in temperature, and increases with increasing percentage of protein in the 

diet. 

The results of work in this area are directly relevant to aquaculture, allowing 

the prediction of the duration and the elevation of oxygen consumption peaks 

following feeding in these systems, information which is useful in the fine tuning of a 
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farm in order to increase the efficiency of production. The conditions encountered in 

aquaculture generally do not allow for such precise measurements, since populations 

of fish on farms are routinely fed within the period of the duration of the S. D. A. 

effect, thus precise measurements on individuals may be modelled and utilised in the 

prediction of the effects of feeding on tank populations. The difficulties associated 

with the extraction of meaningful results from large farmed populations of fish are 

clear, when the vagaries of water temperature, fish species, fish size, fish activity 

level, salinity, photoperiod, feeding level, feed composition, timing of data recording 

and the hydrodynamics of the holding facility are taken into account. Working with 

such systems it becomes progressively more difficult to ensure that standard trial 

conditions are maintained as the experimental facility increases in size. Despite these 

problems, there are studies including those of Mueller-Fuega et al., (1978) on pond 

reared rainbow trout, Forsberg, (1994) on post-smolt Atlantic salmon, and Graham- 

Brown et al., (1983) on turbot on commercial sites which provide predictive models 

for such facilities. 

1.4. Research Applicable to Flatfish Metabolism 

Much of the literature on fish metabolism and bioenergetics is centred around 

studies of roundfish species, reflecting both the availability of these species and the 

comparatively good response of fish such as the goldfish, tilapia and carp to 

confinement within respirometers. Documentation on the metabolism of flatfish 

species is limited in comparison, although the commercial importance of species such 

as the plaice (Pleuronectesplatessa) in temperate fisheries has diverted some 

attention to this area, with the practical application of bioenergetic studies as relevant 

to wild fisheries as it is to aquaculture. 

There is some limited information on the oxygen consumption rates of flatfish 

species, and in general terms the resting metabolic rate of flatfish has been found to be 

low in comparison to roundfish (Wood et al., 1979; Priede and Holliday 1980, Duthie, 

1982), and is considered to reflect a relatively sedentary lifestyle in which low resting 
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metabolic rates can reduce maintenance costs (Duthie, 1980). Weight specific oxygen 

consumption rates have been determined in some studies, and work by Duthie (1982) 

and Jobling (1982), suggests that flatfish conform to the general allometric expression 
Y= aWb. Generally values which have been identified for the weight exponent in 

flatfish tend towards the lower end of the general species range, and literature values 

of 0.78 in plaice and flounder (Fonds et al., 1992); 0.82 in flounder, 0.73 in dab, 0.73 

in lemon sole (Duthie, 1982); 0.734 in Cynoglossus spp., 0.682 in Brachirus spp., 
0.682 in Synaptura spp. (Edwards et al., 197 1) have been determined. 

Priede (1985) emphasises that active metabolism and the costs of locomotion 

in flatfish differs from the situation in roundfish species. Studies on respiratory 

metabolism of flatfish species swimming in tunnel respirometers, have indicated that 

extrapolation of oxygen consumption to zero swimming speed results in a figure 

which is about 60% of the rate of oxygen consumption determined at standard 

metabolic rate (Priede and Holliday, 1980; Duthie, 1982). A great deal of energy is 

expended initially in lifting the fish off the bottom, and flatfish appear to swim 

routinely at a speed very close to the critical swimming speed, taking opportunities to 

rest as they occur. While swimming at these speeds, there may be some proportion of 

respiration due to anaerobic processes, and in resting on the bottom flatfish have a 

good opportunity to repay an oxygen debt (Priede, 1985). 

Studies on the effect of feeding on flatfish metabolism have been documented 

(Edwards et al., 1969; Jobling and Davies, 1980; Jobling, 1982), and there is 

considerable literature on gastric evacuation rates in the plaice (Jobling and Davies, 

1979; Jobling, 1980; Basimi and Grove, 1985), in turbot (Flowerdew and Grove, 

1979; Grove et al., 1985) and dab (Jobling et al., 1977), as well as the Atlantic halibut 

(Davenport et al., 1990). The stomach of the Atlantic halibut is relatively large in 

comparison to other species offish within the Pleuronectidae. deGroot(1971) 

classified Hippoglossus hippoglossus as a "Type P pleuronectid, possessing a large 

oesophagus and stomach, a simple intestinal loop, and large gill rakers, all 

characteristics of piscivorous fish. In one of the few studies of Atlantic halibut 
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relevant to the ongrowing of this species, Davenport et al. (1990) measured gut transit 

time following a meal in H. hippoglossus. These authors produced a figure of 120h 

for total gut clearance in this species, although the study fish were of 1.383kg average 

weight, and the study was conducted at I OOC with the fish fed a moist diet. 

There appears to be sufficient differences between the physiology and 

energetics of flatfish and roundfish species such that the culture of any flatfish species 

should be regarded as something of a unique situation. The commonly cultured fish 

species of contemporary intensive aquaculture systems are roundfish, and it may not 

be assumed that the culture of any species of flatfish can be merely transposed into 

these systems. Certainly adequate production levels of flatfish may be attained in 

such systems, but only through a view to the unique energetic characteristics of each 

individual species may the most efficient production of any flatfish species be 

attained. The potential culture of the Atlantic halibut is no exception to this, and in 

many ways the unique position this species holds even amongst flatfish species should 

indicate the importance of a bioenergetic approach to the fanning of this organism. 

1.5. Aims of this Study 

This review of the biology of H. hippoglossus suggests that the farming of this 

species is likely to present a unique set of circumstances to aquaculturists for a variety 

of reasons: 

1. The temperature range which this species appears to prefer in the wild is 

considerably lower than that which is likely to be encountered on farm sites on the 

West coast of Scotland. 

2. This species is found in areas of the natural enviromnent characterised by very 

stable physical parameters. 

3. As Atlantic halibut may attain a comparatively large size, it may be hypothesised 

that resting metabolic rate in this species will be low in comparison to other 

currently cultured species. 
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4. Flatfish species are known to be sedentary in habit in relation to roundfish species. 

5. The anatomy of the alimentary canal and notes on feeding behaviour suggest an 

adaptation to single meals of very large size. 

6. This species is known to feed in mid-water and at depths of 200-300m in the wild, 

yet culture tanks and cages are not deeper than 5m. 

7. The physiological characteristics of this organism may make it a viable option for 

pump ashore seawater farm sites present but currently inoperative in Scotland due 

to the decreasing profit margins observed iý the culture of Atlantic salmon. 

8. The flesh of the Atlantic halibut is perceived as a luxury product, and possesses a 

high market value. 

Clearly these factors are likely to have some influence on the metabolic rate of 

this fish in culture situations, and there are likely to be interesting differences in the 

metabolism of the Atlantic halibut when compared to other currently cultured species. 

With these considerations in mind, the aim of this study was to investigate the oxygen 

consumption and the bioenergetics of the Atlantic halibut, as a step towards the 

calculation of an energy budget for this species under culture conditions. The 

application of such a budget to halibut culture systems is likely to facilitate the 

efficient production of this species. A series of experiments was designed to quantify 

resting metabolic rate in individual Atlantic halibut, covering a range of temperatures 

likely to be experienced in ongrowing sites in Scotland and the likely production size 

range of this fish. This data would form the basis of an energy budget equation, 

facilitating the prediction of the costs of homeostasis. Routine oxygen consumption 

rates, and oxygen consumption rate following a single meal, were measured in small 

populations of Atlantic halibut, in order to quantify the energy costs of spontaneous 

activity and specific dynamic action. This work also covered ammonia excretion 

rates, in order that a similar model may be constructed for ammonia excretion in this 

species. In addition, an activity study was undertaken to examine the possibility of 

activity peaks associated with diurnal periodicity, in particular to investigate any 

differences between the photophase and the scotophase. Also, the individual 
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components of the energy budget equation were measured simultaneously in a trial 

lasting 28 days, to model energy transfer within a single system. The 

interrelationships of the energy budget components would thus provide information 

applicable to culture of the Atlantic halibut, and this information could then be used to 

construct a predictive model, taking into account the economics of operating such a 

unit. 
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Chapter 2. General Materials and Methods 

2.1. General. 

All work in this study was carried out between May 1995 and December 1997, 

at the Institute of Aquaculture's Marine Environmental Research Laboratory, 

Machrihanish, Argyll, on the west coast of Scotland. The site at Machrihanish is a 

pump-ashore, single pass sea-water unit, receiving local sea water through a 

submerged intake pipe of approximately 3m depth. This water is passed through a 

5tim filter before providing a gravity feed to the site tanks. Ambient annual 

temperature range is 6- 15T, and salinity varies between 32 and 35%o. 

2.2. Fish 

2.2.1. Genetic stock 

The Atlantic halibut (Hippoglossus hippoglossus, L. ) stock used in these trials 

was comprised of the 1991,1994,1995 and 1996 year classes. Fish provided by the 

Sea Fish Industry Authority's research laboratory at Ardtoe, Acharacle, Argyll, 

formed the majority of the test animals, although some 1996 year class halibut 

obtained from Mannin Sea Farms (Isle of Man, U. K. ) stock contributed to the 

experimental work in the latter part of 1997. These fish are all first generation farmed 

stock, produced from the original wild stock imported from Iceland in 1988 by the 

British Halibut Association (B. H. A). 

2.2.2. Fish Qualily 

At the time of this study, the Atlantic halibut farming industry was very much 

underdeveloped, and the production ofjuveniles was the most important area in which 

this lack of knowledge was exhibited. As a result, a variation in fish quality was 

recognised throughout this work, characterised by a range of pigmentation, and a 

range in the degree of migration of the left side eye. In addition, some fish showed 

partial or complete loss of the right side eye, thought to be the result of aggressive 
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social interactions in the hatchery phase. It is important to note that the availability of 
juvenile halibut over the time course of this study was limited, and as a consequence 

of this, some fish of less than perfect morphology entered experimentation. An 

analogy may be drawn with the early years of the turbot farming industry in the 1970s 

in which early crops also showed a similar wide variation in the quality of intensively 

reared juveniles (Liewes, 1984). The production ofjuvenile turbot is no longer 

affected in this way, and the intensive farming of that species is now an economically 

viable proposition in countries such as France, Spain, Germany and the U. K., 

suggesting that an embryonic halibut farming industry given the same research 

attention can also achieve a commercial level of quality juvenile production. 

2.3 General husbandl: y 

Stock halibut of the 1994,1995 and 1996 year classes were held as small 

populations of about 10 individuals in 1 m' fibreglass tanks with a water depth of 
30cm. 1991 stock fish were held on site in a 4m diameter round fibreglass tank with a 

water depth of 1.5m. The fish were fed daily at I 0.00h with a proprietary brand 

flatfish diet (B. O. C. M. Pauls), with the feed rate determined by manufacturer's tables 

according to fish weight and temperature (range 0.5-1.0% body weight d-1). Pellet 

size was 8.0,13.0 or 18. Omm length, depending on fish weight, with 8. OmM pellets 

offered to halibut of 40g to 500g, 13. Omm pellets to halibut of 500g to 1000g, and 
18. Omm pellets offered to halibut >10009 according to the manufacturer's tables. The 

8. Omm pellet possessed a slightly different composition in comparison to that of the 

13. Omm and 18. Omm pellets. The manufacturer's analysis of diet composition is 

represented in Table 2.1. 

Stock halibut were weighed monthly and the feed rate adjusted accordingly. 

Mortality rate was extremely low in all year classes of stock fish over the 

experimental period, and generally were confined to fish which managed to leap clear 
from the tanks. The tanks were flushed daily, and checked for mortalities. All tanks 

were cleaned (brushed) weekly. Prior to, and following fish transfers between tanks, 

tank surfaces were cleaned, disinfected with iodophor compound ("FAM 30"), and 
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rinsed. Ambient sea water was supplied to all the stock tanks, with flow rates to 

individual tanks adjusted and measured within the range 8-15 1 min7'. Supplementary 

aeration was achieved through round (15cm diameter), flat air stones positioned on 

the floor of each tank. Total tank volume was approximately 75 1. 

Table 2.1 Composition of B. O. C. M. Pauls Flat Fish diet. 

Pellet Size 

Analysis % 8. Omm 13. Omm 18. Omm 

Protein 56.0 52.0 52.0 

Oil 16.0 20.0 20.0 

Carbohydrate 9.0 9.0 9.0 

Ash 11.0 11.0 11.0 

Phosphorus 1.5 1.5 1.5 

Nitrogen 9.0 8.3 8.3 

Gross Energy U g-' 20.5 21.1 21.1 

2.4 Weighing of Fish 

The calculation of oxygen consumption rate requires the accurate 
determination of fish mass. Individual halibut were weighed following anaesthesia in 

a 1: 2000 (vlv) solution of 2-phenoxy ethanol (Sigma, U. K. ), taking care to ensure the 

removal of any excess water. Weights were recorded to the nearest gram. 

2.5 Starvation Period prior to trials 

In order to ensure that experiments involving the measurement of resting rate 

and routine rate metabolism were conducted on halibut which were in the 

postabsorptive phase, a protocol was devised whereby starvation times were 

standardised according to fish weight and temperature. Energy content of feed is a 

principal factor in determining rate of gut evacuation (Pandian, 1987), and it could be 

hypothesised that gut evacuation rates could be shorter for halibut fed a commercial 
dry diet in comparison to a moist diet. The published figures of Davenport et al. 

(1994) were used as a base for this work in the absence of data on rates of gut 
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evacuation in this species when fed commercially prepared dry high energy diets. Gut 

evacuation time is known to increase with decreasing temperature (Steffens, 1989), 

and has also been found to increase with increasing fish size in flatfish, for any given 

ration (Jobling et al., 1977). A scheme determining starvation periods for different 

sizes of fish at different temperatures was developed (Table 2.2) and adhered to for 

the duration of the trials. In this manner, all fish entering either resting rate 

respirometry experiments, or tank trials for determining routine metabolic rate, were 

considered to have empty alimentary tracts, and be representative of this species in the 

post absorptive phase. 

Table 2.2. Starvation regime applied to test Atlantic halibut prior to entry to respirometry and 
tank trials, in order to ensure measurements were conducted on fish in the postabsorptive phase. 

Fish Weight (g) 

Temperature ('C) -QOO 300-1500 >1500 

6567 

10 456 

14 34 

Starvation periods are in days. 

2.6 Water Ouali! y - General 

Poor water quality and fluctuations of certain water quality parameters are 
known to influence health, behaviour and metabolic rate in many species of fish 

(Smart, 198 1). In some fish species, dissolved oxygen concentration is known to 

exert an effect on rate of oxygen consumption outside the "zone of independence" 

(Ott et al., 1980; Hughes, 198 1; Hughes et al., 1983; Martinez-Palacios and Ross, 

1986). Consequently, it is of great importance that such environmental parameters are 

closely monitored during experimental work in this field, and every effort was taken 

to minimise any possible effect of water quality associated factors in this study. The 

most important parameters (temperature, dissolved oxygen, total ammonia and pH) 

were monitored routinely over the course of individual trials and also during 

acclimation periods. 
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2.7 Measurement of dissolved OXygen 

2.7.1 Dissolved Ongen meters 

YSI model 57 (analogue) and model 58 (digital) meters were employed for the 

measurement of dissolved oxygen concentrations in all trials. Meters were connected 

to YSI 5 73 9 oxygen probes via YSI 5 740 - 10 cables. The probes are Clark-type 

membrane covered polarographic sensors (see Ross, 1985) which possess inbuilt 

thermistors for temperature measurement and compensation. Both meters have a 

salinity compensation mechanism whereby externally calculated salinity readings are 

calibrated into the meter by use of a dial. Site salinity readings were taken by 

hydrometer as a daily routine, and atmospheric pressure readings were also taken from 

a site barometer, and these values together with accurate temperature readings were 

used to calibrate the meters and probes. Oxygen calibration was carried out by the use 

of tables (Colt, 1984) and Winkler titrations. General maintenance of probes and 

meters was carried out regularly according to manufacturer's instructions. The 

electrical zero end point of both meters was regularly compared with a chemical zero 

end point through immersion of the connected probe in an oxygen depleted sample 
(25g of sodium sulphite dissolved in 500ml distilled water). 

Although the operating instructions for the YSI 5739 dissolved oxygen probes 

specify the use of high sensitivity (0.5mm thick) teflon membranes when taking 

dissolved oxygen readings at temperatures below 15T, in practice the stability of 

readings was found to be compromised with such membranes. As a result, standard 

thickness (I. Omm) membranes were used as routine. 

In all respirometry experiments (individual fish and tank trials) flow rates were 

set such that there was an observed reduction in dissolved oxygen concentration of 

approximately 0.5 - 1.0 mg I-. Flow rates were set so that the dissolved oxygen 

concentration of effluent water from respirometers and tanks was not allowed to drop 

below 75% saturation, in order to minimise changes in oxygen consumption rate due 

to environmental dissolved oxygen levels. 

oxygen Consumption and Bioencrgetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 31 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



2.7.2 Winkler Titrations 

Winkler titrations were performed according to the methods of Stirling (1985). 

2.8 Calculation of Oxygen Consumption Rate 

The oxygen consumption rate of fish in individual respirometers was 

calculated by the following equation: 

, kg-' h-) = 

[(0, inflow - 0, test) x flow rate (I h-) I- 1(0. inflow - 07, blank) x flow rate (I h-1)] 

weight of fish (kg) 

Where: 0, inflow = Dissolved oxygen content of water from calibration line. 

0. test = Dissolved oxygen content of water exiting sample respirometer 

02, blank = Dissolved oxygen content of water exiting blank respirometer 

For the tank trials, the effluent from an identical empty (control) tank was used as the 

"corrected" inflowing dissolved oxygen concentration, thus the tank trial oxygen 

consumption rate data was calculated according to the equation: 

(dO, blank outflow - dO, test outflow) x flow rate (I h-1) 
(mg kg-1 h-1) 

weight of fish (kg) 

2.9 Determination of Total Ammonia 

The determination of ammonia in seawater was performed according to the 

"Alternative Method" of Parsons et al. (1984), whereby seawater is treated in an 

alkaline citrate medium with sodium hypochlorite and phenol in the presence of a 

catalyzer, sodiurn nitroprusside. The blue indophenol colour generated is measured 
for standards, samples and blanks at 640nm. 

oxygen Consumption and Biocnergetics of the Atlantic halibut (Hippoglossus hippoglossus L-): Implications for culture. 32 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



2.10 Terminology 

In the literature there is a wide variety of terms applied to describe the 

element of metabolism measured, and the units of oxygen consumption rate. In this 

study, the Mm component has been designated the "resting rate metabolism", the MA 

component has been designated "routine metabolism"', and the MF component 

designated "specific dynamic action" (S. D. A. ). Oxygen consumption rate data 

throughout has been represented as values in mg kg-1 If 1. 

2.11 Statistical Analysis 

Dissolved oxygen, fish weight, and water flow rate data were entered into 

spreadsheets (Microsoft EXCEL Version 7.0) to facilitate calculation of oxygen 

consumption rates. The results of these calculations produced time series plots of 

oxygen consumption rate for individual respirometry and tank trial' respirometry 

which were then exported to a statistical software package (Minitab I Oxtra ), and 

processed by a data smoother (4253H, twice) to reveal trends in respiratory patterns. 

The effect of body weight and temperature on rates of oxygen consumption and 

ammonia excretion was analysed by regression and analysis of variance (Zar, 1984). 

The statistical significance of the influence of temperature on oxygen consumption 

and ammonia excretion rates in temperature groupings was tested through a 

comparison of individual temperature regressions against a global regression for 

results produced at all test temperatures. 

' In this study, the "Activity" component is designated routine metabolism since although the activity 
of any fish under investigation was limited through confinement in tank systems, spontaneous 
movement was not restricted. 
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Chapter 3. 

Resting Oxygen consumption rate in the Atlantic halibut (Hippoglossus 

hippoglossus L. ) 

3.1. Introduction 

The application of a bioenergetic approach to maximising the potential of 

aquaculture systems is a relatively recent phenomenon, and undoubtedly this is an 

extension of similar approaches to agricultural systems in general. Energetics studies 

of domestic animals have benefited agriculture for a considerable period (Brody, 

1945), and as aquaculture continues to expand with the decline in wild fisheries, the 

study and application of the bioenergetics of aquatic animals has become an ever 

more prominent factor in these systems (Lucas, 1996). 

Brody (1945) identifies the energetic cost of homeostasis - the "basal" 

metabolism of homeotherms - as the most convenient starting point for energetic 

studies since it provides a baseline for measuring various other energy increments, 

such as those derived from activity and feeding. The same is true of fish studies, and 

resting metabolism must be evaluated in order that the energetic cost of maintenance 

may be quantified. Waller (1992) advocates the measurement of routine activity rates 
in energetic studies of fish, suggesting that such measurements are more applicable to 

culture systems. While routine rates do incorporate some level of spontaneous 

movement of fish within the culture systems, coincidental measurements of such 

activity with metabolic rate are important in order that meaningful data may be 

produced (Beamish and Mookherjii, 1964). Consequently, inter-specific and intra- 

specific comparisons of routine metabolic rate may be difficult to make, since it may 

not be assumed that experimental conditions are the same for different studies. It is 

likely that more meaningful comparisons will be determined through values for 

resting rate metabolism, since these measurements are made on fish in the 

postabsorptive phase and under conditions of zero activity with no external influences. 

Importantly there are preconditions attached to the comparison of resting metabolic 
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rates in fish, and only through the adherence to a well defined protocol may such 

comparisons be made. The study of the energetics of poikilotherms in general, and 

fish in particular, would benefit greatly from the development of a clearly defined 

protocol facilitating comparison of data produced from different organisms under 

investigation. This may be realised in the future, however at this point the 

comparison of the results of bioenergetic studies necessitates the use of caution in 

ensuring that experimental conditions do not invalidate such comparisons. (In this 

study the measurement of routine metabolic rates in combination with resting 

metabolic rates does give information on the energetic costs of spontaneous activity 

for a fish species which is a useful application for aquaculture. This is explored 

ftirther - see Chapter 4. ). 

Much of the literature on resting rate metabolism in fish derives from studies 

on roundfish species, in particular those which respond readily to confinement such as 
Cyprinus carplo (Beamish 1964a; Chakraborty et al., 1992), Carassius auratus 
(Beamish and Mookhejii, 1964) and Oreochromis niloticus (Ross and McKinney, 

1988a, b). In general terms, flatfish species have not been afforded the same attention, 

although the importance of Pleuronectes platessa to wild fish stocks has prompted 

several studies on this species (Edwards et al., 1969; Priede and Holliday, 1980; 

Fonds et al., 1992), and data on the commercially important Platichthysflesus, 

Limanda limanda and Microstomus kitt, has also been produced (Duthie, 1982). 

These studies reflect the importance of an energetics approach to wild fisheries, which 
is entirely as well founded as such an approach to aquaculture, providing information 

on population characteristics which is useful in determining management strategies 
for exploited stocks (Lucas, 1996). One recent study (Davenport et al., 1995) 

provides a comparison of resting metabolic rate for cultured H. hippoglossus and 
Microstomus kitt. 

Determinations of resting metabolic rate have been obtained by extrapolation 

of the relationship between oxygen consumption rate and induced activity over 

several swimming speeds, to zero (Brett, 1964,1965; Webb, 197 1; Bushnell et al., 

1994). Priede and Holliday (1980) show that such an estimate of resting metabolic 
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rate is inappropriate for flatfish, leading to overestimates for resting metabolic rate in 

such species. The resting metabolic rate of flatfish is low in comparison to roundfish 
(Wood et al., 1979; Priede and Holliday 1980), and this is considered to be 

representative of a relatively sedentary lifestyle in which low resting metabolic rates 

can reduce maintenance costs (Duthie, 1980). 

Fry (1971) categorises temperature as a "Controlling Factor", and Brett (1979) 

regards temperature as the principal factor in determining metabolic rate in fish. 

Temperature most probably determines the metabolic rate of poikilotherms through 

it's effect on the kinetics of enzymes at the cellular level (Lucas, 1996). For any 

given fish species, there is a temperature range over which the fish may survive, and a 

temperature which is optimal for existence in terms of energetic efficiency. Changes 

in temperature within the organism's functional range require periods of acclimation 

where the physiological and biochemical cellular processes can adapt to the new 

thermal regime (Lucas, 1996). For this reason, it is necessary to have prior 
knowledge of the thermal history of the test fish before experimentation, so that 

cellular adaptations to the test temperature have been completed, if the effect of 

temperature is the factor under study (Fry, 1971). An acclimation period of 4 weeks 
has been generally proposed (Brett, 1962; Braaten, 1979). In conjunction with 

temperature, nutritional status has been identified as an important factor in 

acclimation of fish for metabolism studies (Johnston and Dunn, 1987), and since 

photoperiod is known to exert an effect on metabolic rate (Beamish, 1964c; Hirata, 

1973; Nagarajan and Gopal, 1983; Ross and McKinney, 1988a, b; Chakraborty et al., 
1992a) it may be concluded that acclimation to test photoperiod cycle is also a 

requirement for respirometry. 

The quantitative relationship between size and metabolic rate has been 

documented for many species of fish (Brett and Groves, 1979; Jobling, 1994), and is 

generally described by the allometric equation Y= aWb, where Y is the oxygen 

consumption rate, W is the body weight, and a and b are constants specific for the 

species under investigation. Metabolic rate per unit weight decreases with increasing 

Oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 36 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



body weight, and the weight exponent b has generally been estimated at 0.86 (Brett 

and Groves, 1979) and 0.79 for marine species (Winberg, 1956). 

A photoperiod-mediated variation in resting metabolic rate over 24 hour 

periods has been confirmed for some species of fish such as Clupea harengus (De 

Silva et al., 1986), Oreochromis niloticus (Ross and McKinney, 1988ab) and 

Cyprinus carpio (Chakraborty et al., 1992). Considerable attention has been devoted 

to the ryhthmic activity of members of the Pleuronectidae, and in many studies 

activity has been linked to tidal phases (Gibson, 1973; Greer Walker et al., 1978; 

Weihs, 1978; Harden Jones, 1979,1980; Ansell and Gibson, 1990). Under tank 

conditions there is evidence to support an increased activity in the night phase for 

Solea solea (Kruuk, 1963) and for Pleuronectes platessa and Platichthysflesus 

(Verheij en and de Groot, 1967). Edwards et al. (197 1), found evidence for a diel 

feeding rhythm in some tropical flatfish species, with the greatest feeding activity 

taking place nocturnally. The increased open water activity seen at night in one of the 

Atlantic halibut's main prey items Sebastes marinus (Leim and Scott, 1966), and the 

fact that H. hippoglossus is considered to be a mid-water piscivore (Nelson, 1984), 

suggests that wild halibut may share these nocturnal patterns of behaviour. 

The phenomenon of diurnal variations in metabolic rate emphasises the 

importance of obtaining oxygen consumption data over periods encompassing the full 

photoperiodic cycle. In order to explore such phenomena, it is advantageous to 

employ open respirometer systems, since such systems are ideal for measuring the 

physiological responses of aquatic organisms to environmental variables over longer 

periods of time (Gnaiger, 1983a, b). Importantly, open respirometer systems allow the 

maintenance of constant conditions over the test period, and are not subject to the 

effects of fluctuating levels of dissolved gases and metabolites encountered in closed 

system respirometry. 

The aim of this study was to quantify resting metabolic rate in the Atlantic 

halibut using indirect calorimetry. In this way, values for oxygen consumption in this 

species would be measured through open system respirometry for animal sizes 
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covering the potential culture range, and at temperatures most likely to be encountered 

on farm sites in Scotland. The large size range of H. hippoglossus makes it an 

interesting candidate for this type of study, taking into account size related differences 

in metabolism and the low values for resting metabolic rate which have been observed 

in other species of flatfish. The metabolic values obtained in this way facilitate an 

inter-species comparison of metabolic rate. Information on the life history of this 

species, and other species of flatfish, suggests the possibility of an increased nocturnal 

activity in H. hippoglossus, and this was also investigated. The data obtained would 

provide an evaluation of the energetic costs of homeostasis in H. hippoglossus, and is 

the first step towards producing an energetic model for this species under culture 

conditions. 
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3.2 Materials and Methods 

3.2.1 Fish 

Resting oxygen consumption rate was measured in a total of 147 Hippoglossus 

hippoglossus at the test temperatures. Trials were conducted at 6,10 and WC, (5 0 

halibut at both 6'C and I O'C, and 47 halibut at 14*C). Fish were grouped according to 

respiromýter size, the small resPirometers for fish of <350g; medium respirometers for 

fish in the 350-12OOg range; large respirometers for fish of >1200g. Over the course 

of the study, this effectively resulted in 1+ year class fish categorised as "smalls", 2+ 

and 3+ year class fish categorised as "medium", and 4+ year class fish categorised as 

"large". Prior to entry to the respirometer system, fish were maintained on the stock 

diet (see chapter 2) at a feeding rate of I% body weight, offered daily in a single feed 

at I 0.00h. To ensure that measurements of oxygen consumption were undertaken 

only on fish in the postabsorptive phase, starvation periods as discussed in chapter 2 

were used. 

3.2.2 Thermal and photoperiod acclimation 

Thermal and photoperiod acclimation was carried out in a purpose built 

acclimation unit housed in a quiet comer of the tank house at the marine laboratory. 

The facility was completely enclosed in high density black polythene to ensure no 

extraneous light penetration. A 12L: 12D (light period - 08.00h: 20.00h) photoperiod 

cycle was maintained by using aI 00w bulb in a waterproof housing, set I ra above the 

water surface and attached to a timer. Light levels in the photophase were measured 

at 140-150lux at the water surface. A 1001 header tank received ambient sea water, 

and supplied two holding tanks in the unit (volumes 751 and 351). A second pipe 

leading into the header tank carried chilled sea water from the site cooler and mixing 

of water from the two pipes, together with the operation of aI kw heater with 

thermostatic control sited within the header tank, allowed regulation of the 

acclimation temperature. Acclimation temperature was within + LOT of the 

temperature at which resting metabolic rates were measured. The temperature in the 
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acclimation unit was ambient when a group of fish entered, and acclimation 

temperature was achieved by changing the combination of chilled water and heater 

settings. The rate of change of temperature in the unit did not exceed VC per day. 

The period of thermal and photoperiod acclimation prior to respirometry was 4 weeks. 

3.2.3 Respirometers 

The respirometers were purpose-built rectangular perspex chambers with the 

upper surface removable to allow entry of the test animals. This lid was held in place 

by stainless steel screws, and the respirometer sealed by a rubber (W%ring. 

Respirometer volumes were 2.551,10.331 and 34.161. Small and medium sized 

respirometers were manufactured from 8mm perspex, and large sized respirometers 

from 15mm perspex. Sand-filled, sealed PVC spacers of 2.0 and 2.5cm thickness 

restricted the movement of any individual fish which were small enough to have a 

degree of freedom within a respirometer. An inlet "baffle" aided dispersion and 

mixing of the inflowing water within the chamber, confirmed by dye dispersion 

studies. These studies utilised "Co-op" green food colour, which was injected into 

flexible tubing at the head of each respirometer at time zero. Sequential water 

samples were taken from the effluent of the respirometer at time intervals following 

this, and the dye concentration was measured through light absorption of each sample 

at 328nm in a spectrophotometer. Extinction curves were determined for the three 

sizes of respirometer at flow rates corresponding to respirometry work. These curves 

are represented in Fig. 3.1. 
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Fig. 3.1 Extinction curves for small (a), intermediate (b) and large (c) respirometers. Flow rates 
are represented for individual graphs, and corresponded to those used in respirometry experiments. 
"Co-op" green food dye was used as the marker. 

3.2.4 The Respirometer System 

The respirometer system was a completely enclosed recirculation system 

which facilitated temperature control. The whole unit was housed in a quiet comer of 

the laboratory, separated off by high density black polythene. AI 00w bulb 

maintained a 12L: 12D photoperiod as in the acclimation unit, and the photophase 

light level at the respirometer surface was 150lux, similar to the intensity in the 

acclimation unit. Excluding respirometers, the total system volume was 

approximately 1401. The header tank contained the temperature control equipment, a 

continuously operating Grant C2G cooler and a Haake digital heater with thermostatic 

control, and recirculating pump. This system allowed the maintenance of test 

temperature to within + 0.2'C. Respirometers were supplied by gravity from the 

header tank. Sea water from the sump tank was pumped to the header tank by an 
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Eheim type 1060 pump supplying 381 min-'. A Fluval 4 submerged filter in the sump 

tank aided in the reconditioning of the sump water. Water exiting the respirometers 

entered a system of 3-way valves, allowing switching either to a measurement 

chamber housing a YSI 5739 dissolved oxygen probe attached to a YSI model 58 

meter or to a manifold system leading to the sump tank. A single line exiting from the 

header tank and operated by a valve allowed periodic calibration of the oxygen probe 

against inflowing water. Prior to reaching the sump tank, effluent water from the 

manifold system was initially processed in a protein skimmer. The water was 

maintained at saturation levels by air stones within the sump tank and the protein 

skimmer. A single flow meter located immediately after the measurement chamber 

allowed measurement of water flow rate through the respirometers. A diagrammatic 

representation of the respirometry system is presented in Fig. 3.2. 

Periodically sump water was checked for concentration of ammonia 
("TetraTest" kit, or phenol hypochlorite method), nitrate ("TetraTest" kit) and pH. 

Approximately 451 of sump water was removed and replaced by fresh sea water of the 

same temperature at one point within each 12 hour period. At an early stage in the 

resting rate experiments, seawater samples from the recirculation respirometer system 

were taken, and analysed at the Institute of Aquaculture, University of Stirling, for 

concentrations of the metals copper, iron, nickel and zinc. 
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Fig. 3.2. Diagrammatic representation of the respirometry system employed for the 
measurement of resting oxygen consumption rate in Atlantic halibut. Water flow direction is 
represented by the blue arrows. (Not to scale) 
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3.2.5 Effect of body weight and tewerature on oxVgen consumption rate. 

Runs were carried out with either 6 small, 4 medium, or 2 large respirometers. 

One respirometer in each run was always unoccupied in order that background oxygen 

consumption could be measured within the system. The weight range of the test 

animals was 105g - 4372g at 60C; 128g - 586 1g at I OOC; 53g - 2128g at 14T. Halibut 

were introduced to respirometers by 18.00h on day I of each run, following weighing 

under mild anaesthesia in 2-phenoxy ethanol solution. Fig. 3.3. shows a large (5861g) 

Atlantic halibut in a respirometer under trial conditions. The fish were allowed to 

acclimate to the system for the following 38 hours, and dissolved oxygen 

concentrations in the water exiting the respirometers were then recorded for the next 

36 hours at 2 hourly intervals. Initial trials confirmed oxygen consumption values 

stabilising at minimum levels around the period of 30+ hours. This is represented 

graphically in Fig. 3.4. Respirometers were covered with black plastic sheet or dark 

cloth to minimise disturbance. 

Fig. 3.3. An Atlantic halibut of 5861g in a large respirometer during resting oxygen consumption 
rate trials. 
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Fig. 3.4. Time series variation in oxygen consumption rate for Hippoglossus hippoglossus after 
introduction to respirometers. Compilation of data from 14 individual fish trials at 6"C. Fish weight 
range 92g -305g. Following the results of these initial trials, a settlement period of 30 hours was 
applied to halibut in respirometers prior to the determination of resting oxygen consumption rate 
values. 

3.2.6. Effect of photoperiod on oxygen consumption rate. 

Oxygen consumption data in both the photophase and scotophase was 

investigated for any degree of diurnal rhythmicity in a total of 133 trials. This was 

conducted over the three test temperatures and the weight range 53g - 5961 g. The fish 

were grouped as small (1+), medium (2+ and 3+) and large (4+) according to size of 

respirometer. The mean of the oxygen consumption rate in the two photophase 

periods was compared with the mean of the oxygen consumption rate for the 

scotophase within the recording periods. Results were compared for individual size 

groups at the test temperatures of 6,10 and 14"C to indicate differences in phase 

location of peak oxygen consumption rate. Where they occurred, peak oxygen 

consumption rates in the scotophase were expressed as a percentage increase over the 

photophase. 
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3.2.7 Statistical Analysis 

The recorded data was entered into spreadsheets (Microsoft EXCEL 7.0), and 

converted to oxygen consumption rate according to the formula in chapter 2. The 

results were processed through a data smoother (4253H, twice) run on "Minitab 

10.5lXtra", to clarify any trends. The effect of body weight and temperature on the 

resting metabolic rate was investigated through regression and analysis of variance 

(Zar, 1984). Multiple regression was used to determine the relationship between 

resting oxygen consumption rate and temperature and body weight. 

Oxygen Consumption and Bioencrgetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 46 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



3.3 Results 

3.3.1 The effect of bodv weight and temperature on oxygen consumption rate 

In common with many fish metabolism studies, there was an inverse 

relationship between log 1o body weight and log Io oxygen consumption rate, with the 

rate of oxygen consumption increasing over the temperature range 6'C to 14T. These 

results are represented in Fig. 3.5. Oxygen consumption conformed to the general 

a] lometric equation Y=ae, where Y is the resting oxygen consumption (mg h- 1), W 
is the body weight (g), a is the constant of the equation which is related to the test 

temperature, and b is the weight exponent. The regression equations, correlation 

coefficients and levels of significance are shown in Table 3.1. 
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Fig. 3.5. Relationship between loglo oxygen consumption rate and loglo body weight at 6, 
10 and 14"C in resting Hippoglossus hippoglossus. 
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Table 3.1. Regression statistics for the effect of temperature and body weight on resting oxygen 
consumption rate in Hippoglossus hippoglossus L Equations are expressed in the form Y= a+ 
bX, and Y =a W. 

remperature (OC) Weight n Regression equation and r, Significance Q10 

Range (g) Allometric equation 

6 105-4372 50 LogO Y= 2.00 - 0.190 Log,, W 0.50 p<0.001 
y=0.1 WO. 8101 0.94 

10 128-5861 50 Loglo Y= 2.13 - 0.198 Loglo W 0.58 p<0.001 1.84 

Y=0.1405 W 0.796 0.96 

14 53-2128 47 Loglo Y= 2.15 - 0.160 Log, o W 0.56 p<0.001 2.16 

Y=0.1363 WO. 8453 0.98 

Q10 values were calculated according to Van't Hofrs formula (Lucas, 1996), and were calculated for an individual of I kg body 
weight. Q10 value over the entire test temperature range 60C to 140C was 2.00. 

Regression analysis of variance confirmed the statistical significance of the 

plots for the three temperatures against a global plot of all temperature data (F 

23.6l; d. f. =4, l4l; p<0.00l). A mean weight exponent (b) value of 0.82 was 

recorded overall. The Q0 value calculated over the test temperature range 6'C to WC 

was 2.00, although was observed to be temperature dependent with the calculated Q10 

value higher between I OT and 14T, than between 6T and I O'C. 

Multiple regression provided an equation for the prediction of resting oxygen 

consumption with body weight covering the test temperature range of 6- 14*C: 

Y=-8.47 + 0.0267 W+1.45 T 

where: Y= oxygen consumption (mg h-'); W= fish weight (g); T= temperature (*C). 

3.3.2. Effect of photoperiod on olygen consumption rate. 

Oxygen consumption rate varied with photoperiod in many of the halibut 

examined. Although not conclusive, the trend was for an elevated rate of oxygen 

consumption in the scotophase, with a total of 82 out of 133 investigated individuals 

exhibiting peak oxygen consumption in this phase. Figs. 3.6., 3.7. and 3.8. show 

examples of the respirometry trials in which peak oxygen consumption rates were 

observed in the scotophase at 6'C, 10T and 14T. Fig. 3.9. shows examples of trials 
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at the three test temperatures, where peak oxygen consumption rates did not 

correspond to this pattern. The phase location of peak oxygen consumption rate with 

fish size and temperature is shown in Fig. 3.10., and the percentage increases for each 

phase and size/temperature class are shown in Table 3.2. Generally, as fish weight 

increased peak oxygen consumption rate was more frequently observed in the 

scotophase, with smaller numbers of fish within the test groups showing peak oxygen 

consumption in the photophase. The exception was the small size class of fish 

examined at WC, in which there was a marked increase in number of fish showing 

peak oxygen consumption rate within the photophase over the scotophase. The 

percentage increase in oxygen consumption rate followed a similar pattern, with larger 

percentage increases observed in the scotophase than in the corresponding 

photophase, exceptions being small fish at WC and medium fish at I O'C. 

Although the tendency is for an increase in oxygen consumption rate in the 

scotophase, the trend is not clearly defined and overall the pattern of rhythmicity is 

one of dualism. Peak oxygen consumption rates were observed in some individuals in 

the photophase and others in the scotophase, even within separate size and 

temperature groups. 
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Fig. 3.6. Variation in oxygen consumption rate with photoperiod in respirometry experiments at 
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halibut; (d) 622g halibut. Raw data curves are presented on the left hand side, smoothed data curves 
on the right hand side. Black bars represent the scotophase. 
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size and temperature in Hippoglossus hippoglossus. 

Table 3.2. Distribution of peak mean oxygen consumption values according to fish size and 
temperature. 

Temperature (*C) Fish Size No. of Trials Phase of peak oxygen consumption 
Photophase % increase Scotophase % increase 

6 Small (92g - 312g) 19 3 10.4 (±9.3) 16 20.3 (±17.0) 

Medium (615g - 1074g) 12 5 9.6 (±7.1) 7 23.4 (±13.3) 

10 Small (128g - 380g) 26 7 8.9 (±4.1) 19 22.0 (±23.1) 

Medium (555g - 1305g) 19 8 20.5 (±14.3) 18.7 (±13.4) 

Large (3042g - 5861g) 50 n/a 5 44.5 (±40.2) 

14 Small (53g -242g) 27 19 9.2 (±5.8) 8 8.6 (±5.4) 

Mediwn (354g - 992g) 20 8 12.1 (±15.6) 12 24.9 (±21.8) 

Large (1265g - 2128g) 512.5 (n/a) 4 26.8 (±23.7) 

Peak increases in oxygen consumption rate over resting are expressed as percentage increase (± s. dev. ). 
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3.4 Discussion 

This study provides information on the effects of temperature and body weight 

on the resting oxygen consumption rate of the Atlantic halibut, and is an important 

step towards producing an energy budget for this species. 

The effect of body weight and temperature on oxygen consumption rate 

The phenomenon of increased oxygen consumption rate per unit weight 

observed in smaller fish, and an increase in oxygen consumption rate with increasing 

temperature, is well documented for many fish species such as Cyprinus carpio 

(Beamish 1964a), Carassius auratus (Beamish and Mookhedii, 1964), Cichlasoma 

urophthalmus (Martinez-Palacios and Ross, 1986), Anguilla anguilla (Degani et al., 

1989), Ptychocheilus oregonensis (Cech et al., 1994), and has also been identified in 

flatfish species such as Pleuronectesplatessa ( Edwards et al., 1969; Jobling 1982), 

and Platichthysflesus, Limanda limanda, and Microstomus kitt (Duthie, 1982). From 

this study, it is clear that resting oxygen consumption rate in H. hippoglossus follows 

a similar pattern. 

Resting oxygen consumption rate in some species of flatfish has previously 

been shown to be significantly lower than for roundfish (Wood et al., 1979; Duthie, 

1982), and is considered to reflect the relatively inactive behaviour patterns of these 

fish. A species comparison of resting oxygen consumption rate is presented in Table 

3.3. and illustrated graphically in Fig. 3.11. The results of this study also confirm 

relatively low values for H. hippoglossus in comparison to cultured roundfish species. 

The data produced by Davenport et al., (1995) for H. hippoglossus is significantly 

higher than that observed in this study, however these authors' data on resting oxygen 

consumption rates was gathered from a point 6 hours after entry to the respirometer, 

and completed after 24 hours. Stress induced oxygen consumption rate elevation was 

observed in Atlantic halibut in this study, and a period of 38 hours was allowed for the 

fish to acclimate to test conditions prior to data recording. Clearly this is an important 
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Table 3.3 A comparison of resting oxygen consumption rate by fish species, for temperate region 
species common in aquaculture, and flatfish. 

Species Temperature Fish Size (g) Oxygen cons. Rate Source 
(OC) (mg kg-' h-') 

Cultured species 
............................................................... Oncorhynchus mykiss 

...................................... 15 ....................................... 273 ................................................. 72.5 .......................................................................... Webb (197 1) 

Oncorhynchus mykiss 5 100 57.0 Rao (1968) 

Oncorhynchus mykiss 15 100 112.0 Rao (1968) 

. ........... ....................... 216 ................................................. 80.8 ............................. ... ........ ................................ Beamish (1964a) 

.8 
... .... .... .... ... .... . .... .... D eg an i et al. 1 98 9) 

Gadus morhua 10 158 57.0 Schumann and Steffensen (1997) 

Gadus morhua 15 167 78.2 Schumann and Steffensen (1997) 

Flatfish species 

......................................................... Pleuronectes platessa 
....................................... 5 ...................................... 289 ................................................. 19.5 .......................................................................... Priede and Holliday (1980) 

Pleuronectes platessa 10 383 31.8 Priede and Holliday (1980) 

Pleuronectes platessa 15 281 50.9 Priede and Holliday (1980) 

Pleuronectes Platessa 6 100 39.6 Fonds et al., (1992) 

Pleuronectes platessa 10 100 53.5 Fonds et al., (1992) 

Pleuronectes platessa 14 100 70.36 Fonds et al., (1992) 

Pleuronectesplatessa 10 100 59.2 Edwards (197 1) 

.................. ....................................... 6 ...................................... 100 ................................................. 41.5 ............................. . ..................................... . ..... Fonds et al., (1992) 

Platichthysflesus 10 100 72.9 Fonds et al., (1992) 

Platichthysfiesus 14 100 93.0 Fonds et al., (1992) 

............... . Microstomus 
... L**, *'('*1"'9 ... 9 ... 0')*'*****"*** 

.............. . .......... Hippoglossus hippýiio*s*s'us"**"** '*""*******"**1*6"*"*-*******' ... 2097 

Hippoglossus hippoglossus 6 100 41.7 This study 

Hippoglossus hippoglossus 10 100 54.2 This study 

Hippoglossus hippoglossus 14 100 67.6 This study 

The presented results for aI Oog fish from the work in this study are for comparative purposes. 
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Fig. 3.11. Comparison of resting oxygen consumption rate in several marine fish species over the 
temperature range 5'C to 15*C. Data represented: 1, Pleuronectes platessa (Fonds, et al., 1992); 2, 
(single point), Pleuronecles plalessa (Edwards, 197 1); 3, Plalich1hys. flesus (Fonds, el al., 1992); 4, 
Microstomus kilt, (Duthie, 1982); 5, Platichthysflesus (Duthie, 1982); 6, Hippoglossus hippoglossus, 
this study; 7, Gadus morhua (Schurmann and Steffensen, 1997). Resting oxygen consumption rates for 
aI OOg fish are presented, with the exception of the data of Schurmann and Steffensen in which body 
weight is within the range 124 -167g. 

factor which may account for the differences between these two studies, and further 

emphasises the importance of the adherence to a strict experimental protocol to 

facilitate comparisons. There is agreement with the data produced by Edwards (1971) 

and Fonds et al., (] 992) for Pleuronectes platessa and Platichthysflesus, although the 

values do appear somewhat elevated in comparison to those of Priede and Holliday 

(1980). Overall there appears to be a close correlation between resting oxygen 

consumption rates produced for Atlantic halibut in this study, and comparative values 

for other species of flatfish at similar temperatures and body weights, although there is 

little comparative data on the resting oxygen consumption rate of large flatfish. 

comparison of values obtained in this study with those for Atlantic cod 

(Gadus morhua) is particularly pertinent, since along with the Atlantic halibut this 

species was identified by Tilseth (1990) as a promising species in temperate marine 
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aquaculture. As an active piscivore, the cod occupies a similar niche to that of the 

halibut in temperate waters, with an overlapping temperature range and also 

possessing a similar sedentary lifestyle as a "sit and wait" predator. Further, the 

comparison of this roundfish species with the results for the Atlantic halibut is also of 
interest, with flatfish/roundfish species comparisons generally including data from the 

more active roundfish species. Although the weight range of fish in the study of 

Schurmann and Steffensen (1997) is relatively restricted, and the experiments were 

carried out at ambient photoperiod during September and October, the information 

provides a valuable comparison in resting metabolic rate between the two species. 

The resting oxygen consumption rate/temperature curve in Fig. 3.9. shows the cod in 

the study of Schurmann and Steffensen (1997) to possess a rate comparable to many 

of the flatfish studies. However, in a comparison with the results of this study, the 

two lines converge and cross, with the cod resting oxygen consumption rates elevated 

above the work of this study at temperatures greater than 8'C, although weight 

specific differences in metabolic rate suggest that a true comparison of data for 100g 

fish would elevate the data for the cod still ftirther. The direct comparison of the data 

is unfortunately slightly restricted by this point, although a crude comparison suggests 

that resting oxygen consumption rates are higher in the cod at temperatures greater 

than 80C. Below 8'C, the Atlantic halibut resting oxygen consumption rate is elevated 

above that of the cod, which may reflect an adaptive response of the halibut to low 

temperatures, given the natural temperature range of this species in the wild. In 

comparisons of polar, temperate and tropical fish species, the phenomenon of resting 

oxygen consumption rates in excess of those which would be predicted through 

extrapolation of oxygen consumption/temperature relationship data, has come to be 

defined by the term "Metabolic Cold Adaptation" (MCA). In essence the theory of 

MCA is associated with the relatively high metabolic rates which have been observed 

experimentally in some polar fish species (Wohlschlag, 1960) and is thought to be 

linked to the energy requirements of adaptive physiological processes seen at the 

organ level, e. g. the synthesis of antifreeze glycopeptides in the liver (MacDonald et 

al., 1987). The use of the MCA term and the applicability of the concept remains 

contentious (Clarke, 1991; Eastman, 1993), and more recent work by Forster et al. 
(1987) raises some doubts over Wohlschlag's (1960) values for weight-specific 
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resting oxygen consumption in the Antarctic notothenoid Pagothenia borchgrevinki, 

ftn-ther emphasising the importance of a strict protocol in such studies. Additional 

comparison of Antarctic and temperate gastropods (Houlihan and Allan, 1982) and 

polar and temperate region teleosts (Steffensen et al., 1994) provides little evidence 

for MCA in the traditional sense of resting oxygen consumption rate at a value 2-4 

times higher in polar species, although these organisms did show resting rate values 

significantly higher than would be predicted by extrapolation of the temperate species 

data suggesting an adaptive response to a low temperature environment in these 

species. Higher levels of metabolism may also be associated with increased protein 

synthesis and protein turnover rates which are thought to be related to growth rate 

(Randell Brown and Cameron, 199 1 a, b; Houlihan, 199 1), and thus it may be 

hypothesised that this could confer a growth advantage on the Atlantic halibut in 

comparison to the cod at temperatures below 8T for fish of about I OOg weight. 

However, ftirther work in this area is required to clarify weight specific resting 

oxygen consumption rate in the cod, and the exact nature of any differences between 

the two species. 

Effect of Body Weight on Resting Oxygen Consumption Rate 

The results of this study confirm that the Atlantic halibut conform to the 

general allometric equation Y= a Wb, with the value of the weight exponent b 

corresponding well with similar literature values, having a common value of 0.82 over 

the whole study. This is close to the value of 0.79 produced by Winberg (1956) for 

marine species. Brett and Groves (1979) quote a value of 0.86 for the weight 

exponent in fish, although these authors note that there is a large element of species 

specificity, and thus the value should be determined for individual species. Jobling 

(1985) gives a weight exponent range of 0.67 - 1.00 covering a variety of fish species. 

Literature values for the weight exponent in flatfish species are in the range 0.634 - 
0.827 (Edwards et al., 1969; Voyer and Morrison, 1971; Duthie, 1982), although all 

these studies were conducted over a comparatively small size range of fish. In 

contrast, the size range in this study was large at 50g - 5800g, in an effort to 

encompass a wide a range of animals of potential culture size. 
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Effect of Temperature on Resting Oxygen Consumption Rate 

Increasing temperature is known to have the effect of elevating resting oxygen 

consumption rate in fish, within the organism's adaptive range (Winberg, 1956; Brett 

and Groves, 1979; Jobling 1994; Lucas 1996). This study shows that H. hippoglossus 

conforms to this paradigm, showing an increase in resting oxygen consumption rate 

with temperature over the range 6- 14T. However, the Q10 values show that the rate 

of change is not linear over the temperature range, with a lower, yalue seen between 

6T and IOT than that between IOT and 14T. Q0 values of 1.84 and 2.16 are 

reasonably close to Brett and Groves' (1979) multiplier of 2.3 which these authors 

provided as an approximation for temperature effects on metabolism. 

The rate of change in physiological processes with temperature, and 

particularly oxygen consumption rates, has been found to decrease as temperature 

approaches the organism's thermal optimum (Winberg, 1956; Jobling 1994), 

suggesting in this instance that the thermal optimum for Atlantic halibut is in the 

region of I OT or less, although it is difficult to draw any conclusions with a degree of 

precision since this work was carried out only at 6,10 and 14T. In addition, this 

study relates to a large size range of fish, and within the size range there are likely to 

be further size and age differences. Also, the probable sexual dimorphism in relation 

to the energetics of this species (Haug et al., 1988) ftirther complicates the overall 

picture. Tle higher growth rates seen in female Atlantic halibut in comparison to 

males are likely to be associated with higher rates of protein turnover, the 

physiological machinery of which may have a relatively higher energetic cost with the 

animals showing consequently increased resting respiratory rates. Current 

information on sex differences in growth rate of Atlantic halibut is limited to sexually 

mature wild fish, and possible differences between the sexes of immature fish 

warrants further research attention given the implications for culture of this organism. 

The sex ratio of the study fish in this work was not determined since all were 

immature and no reliable means of sexing Atlantic halibut at this stage of 

development currently exists. Although the significance of this factor is unknown, the 
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possibility exists for a deviation in sex ratio from 50: 50 (male : female) to influence 

the results of such work. Only ftuther respirometry on the resting oxygen 

consumption rate of individual fish of known sex will clarify this issue. 

In work on Atlantic halibut, Bj6msson and Tryggvad6ttir (1996) produced 

values of thermal optima in relation to growth of 14T for 10 - 60g fish, 1 1.40C for 

100 - 500g fish, and 9.70C for 3- 5kg fish, although this study was conducted at 

different times of the year and some of the effects may have been photoperiod and 

season induced. The results of this study suggest thermal optima for H. hippoglossus 

within this range, and corroborate these values. The selection of temperature 

preferenda of 2-8'C by wild fish (McCracken, 1958; Wheeler 1969), is a ftu-ther point 

along this continuum, since the majority of fish landed at ports are large, mature 

adults of 50cm+ (Liewes, 1984), well in excess of the size of the study fish of 

Bj6msson and Tryggvad6ttir (1996). It appears that the preferred temperature range 

of H. hippoglossus coincides well with ambient annual sea water temperatures 

observed on the West coast of Scotland, and this reaffirms the potential of this 

organism for culture in these waters. 

Effect ofphotophase on Resting Oxygen Consumption Rate 

H. hippoglossus showed peak oxygen consumption rates in both the 

photophase and the scotophase in a 12L: 12D photoperiod amongst all the groups 

examined in this study, although the results were not conclusive in identifying a 

particular rhythmicity in this species. This information is important, emphasising 

that the feeding of this species in the period of daylight as is currently the practice in 

Scotland, may not be appropriate. Without exception, Atlantic halibut farms are 

operated under identical conditions to the culture of salmonids in land-based seawater 

systems in Scotland, although the difference in the biology of the two organisms is 

great. The influence of a relatively easily controlled environmental parameter such as 

photoperiod on the physiology and behaviour of the Atlantic halibut is an extremely 
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important consideration in the potential culture of this organism, and should be a 

priority for future research into the ongrowing of this fish. 

Photoperiod is described by Fry (197 1) as a "Directive Factor" in fish 

metabolism, and an effect on resting metabolic rate has been documented in some 

species (De Silva et al., 1986; Ross and McKinney, 1988a, b; Chakraborty et al., 
1992). Brett (1979) states that the effect of light on the metabolism of fish is a 
function of the quality and intensity as well as the photoperiod. In this study care was 

taken to conduct respirometry under identical conditions of light intensity, quality and 

photoperiod as had been applied in acclimation. In this way, the change in 

environmental parameters between acclimation and respirometry was minimised. 

Although every effort was made to contain the experimental apparatus in a noise 

restricted area of the laboratory, there were occasions when routine site husbandry 

elevated noise levels to such an extent that there may have been an effect on the 

oxygen consumption rate of individual halibut. Since any such interference always 

occurred between the hours of 09.00h and 18.00h, i. e. the photophase, there could 
have been an overall effect on the results for peak oxygen consumption rate related to 

light phase. 

Anecdotal evidence suggests that Atlantic halibut may be active at night in the 

wild, drawing from increased mid-water activity of prey species at night (Leim and 
Scott, 1966). The results of research on rhythmicity'in fish are generally indistinct, 

and Eriksson (1978) notes that this is characteristic of such studies, showing literature 

references providing evidence for diurnal, nocturnal and crepuscular rhythms in Salmo 

trutta. In addition to this, culture conditions may modify behaviour and any 

endogenous rhythm in this species may be overridden by husbandry activities such as 
feeding patterns. Goldfish (Carassius auratus) have shown increased activity in 

anticipation of meals, a "food-entrainable circadian oscillator" (Sdnchez-Vdzquez et 

al., 1997). Dualism has been observed in cultured sea bass (Dicentrarchus labrax) in 

the laboratory (SAnchez-Vdzquez et al., 1995a, b), and such phasing of activity may be 

the evolutionary response of an opportunistic feeder. The high metabolic co sts 

associated with locomotion in flatfish (Priede and Holliday, 1980) suggest that a large 
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flatfish such as a halibut is likely to become opportunistic in feeding pattern, and this 

species may exhibit a degree of dualism in the wild. Nocturnal activity is a successful 

strategy for predator evasion in many species, and this may have some bearing on the 

life history of the Atlantic halibut since the main predator is known to be the seal 

(Scott and Scott, 1988). 

Clearly the existence of a diurnal, nocturnal or dualistic cycle has great 

impli cations for the culture of the Atlantic halibut. The results of this study indicate 

that endogenous physiological rhythms in this fish are not confined to the diurnal 

cycle, and this merits further attention with a view to maximising feeding efficiency 

in farmed populations. 

Overall, this work produces values for the Mm component in the energy budget 

for H. hippoglossus, and the regression equations produced at the temperatures 6,10 

and 14'C allow the prediction of the energetic cost of this component across this 

temperature range for a range of fish sizes between 50g and 6 kg. A species 

comparison shows that the maintenance costs in the Atlantic halibut are lower than 

roundfish at comparable weights and temperatures, and similar to those of other 

flatfish species. This does suggest that H. hippoglossus may be a relatively 

energetically efficient organism, with the portion of ingested energy allocated to 

homeostasis proportionately small in comparison to other cultured species of fish. 
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Chapter 4. 

Routine and post-prandial oxygen consumption and Ammonia excretion, in 
small populations of Atlantic halibut (Hippoglossus hippoglossus L. ). 

4.1. Introduction 

There is a general lack of information on energy budgets of flatfish species in 

culture situations leading to the situation where units farming such species are likely 

to operate sub-optimally, with concomitant effects on both production costs and the 

environment. Cho et al. (1982) emphasise the importance of such studies in 

determining a nutritional and energetic balance, thereby facilitating a greater 

efficiency in the production of fish. Further research is therefore required in order to 

elucidate the energetics of cultured flatfish species, maximising the production of such 

systems. In particular, knowledge on H. hippoglossus is limited, and the unique 

characteristics of this organism together with the potential importance this species 

possesses for aquaculture in temperate marine systems, identify this species as an 

ideal candidate for such a study. Principally the energy transformations which occur 
following the ingestion of food, and the metabolic energy costs associated with the 

processing of food are important factors in the determination of an overall energy 

budget (see Chapter 1. ). It is important to determine the energetics of this species 

when adapted to the tank environment to aid in the construction of models which 

allow the prediction of the perfbrmance of this species in such systems. 

The routine metabolic rate is regarded as that level of metabolism influenced 

by random activity under experimental conditions in which movements are somewhat 

restricted, and the fish protected from external stimuli (Fry, 1971). Thus routine 

metabolic rate is a reflection of such random activity, the extent of which is dependent 

on Fry's "Directive" effects of environment, amongst other factors such as stock 
density, size of fish, and social interactions. Importantly, measurements are recorded 

on fish in the postabsorptive phase, as with measurements of resting metabolic rate, to 

ensure that there is no component of metabolism attributable to the processing of 
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food. Routine oxygen consumption rates generally range from standard metabolic 

rate to half the active metabolic rate depending on experimental conditions, and the 

peak routine rate for goldfish has been recorded at a level six times that of the 

standard rate (Fry, 1971). Consequently, recordings of routine rates have been 

considered to have limited relevance to fish energetics if the measurements are made 

without full knowledge of fish activity levels (Brett and Groves, 1979). 

Some authors have developed methods of simultaneously measuring activity 

levels alongside routine oxygen consumption rates (Spoor, 1946; Beamish, 1964b; 

Beamish and Mookherjii, 1964; Sims et al., 1993), although in many cases this was 

undertaken in order that a prediction of resting metabolic rate through extrapolation to 

zero activity could be established. If prior knowledge of the resting oxygen 

consumption rates has been obtained, routine oxygen consumption rate will provide 

information on the energy cost of spontaneous activity, a factor which is useful in the 

overall energy budget calculation, and has direct application in the culture 

environment. Inter-specific comparisons may be difficult since experimental 

conditions will vary, although such routine rate measurements also provide important 

information on diurnal activity cycles when recordings are taken over 24 hour periods 

(Cech, 1990). Notwithstanding the difficulties associated in drawing meaningful 

conclusions from such work, there are many literature studies on routine metabolism 

in fish, including those on the effects of food deprivation (Beamish, 1964; Glass, 

1968), the effects of salinity (Moser and Miller, 1994), the effects of salinity and 

temperature (Marais, 1978), the effects of smoltification in salmonids (Wiggs et al., 

1989), nocturnal versus diurnal rhythms in fish (Du Preez et al., 1986), as well as the 

routine oxygen consumption of different species within the Pleuronectidae (Waller, 

1992; MacIsaac et al., 1996). 

Feeding has long been known to exert an influence on metabolic rate, with the 

experiments of Lavoisier and Laplace in 1780 on fasted and recently fed subjects the 

first documented evidence (see Kleiber, 1961). The post-prandial. increase in 

metabolic rate was originally termed the Specific Dynamic Effect, following the work 

of Rubner (1902) who demonstrated the phenomenon in the dog, and described the 
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effect as "the chemical work of glands in the metabolism of absorbed nutrients". This 

term is regarded as something of a mistranslation from the original German and 
Specific Dynamic Action (S. D. A. ) has been generally applied to physiological 

studies. The descriptive relevance of other terms such as "heat incremenf ' and 
"calorigenic effect" has been argued (Kleiber, 1961; Beamish and Trippel, 1990), 

however S. D. A. has been used to denote the post-prandial increase in metabolic rate 
in the majority of fish studies. 

An early study showed an increase in oxygen consumption and carbon dioxide 

production rates following injection of amino acids in hepatectomised dogs, similar to 

the increases seen in control animals following a meal (WilhelmJ et al., 1928). Much 

further work has been achieved since this time, with some attention devoted to this 

phenomenon in fish. More recently, S. D. A. has been considered to comprise the 

energy costs of digestion, assimilation and storage of digestion products, and the 

deamination of amino acids in the synthesis of nitrogenous excretory products 

(Jobling, 1985). S. D. A. has also been regarded as an "entropy tax" paid during food 

conversion (Ware, 1975), and Winberg (1956) suggested that in fish the metabolic ý 

rate could double from resting levels following the ingestion of a meal, a figure also 

quoted by Steffens (1989). According to Brett and Groves (1979), this figure leads to 

an underestimate although the ratio may provide a reasonable prediction if routine 

metabolic rates are used as the base for calculation. Using an inert diet, Tandler and 

Beamish, (1979,19 8 1) showed that there is a mechanical component to the overall 

energy cost of S. D. A. (grasping, chewing, swallowing and intestinal muscular work - 

peristalsis), although in other work the peristaltic energetic proportion is not 

considered to be significant in terms of the overall cost (Jobling and Davies, 1980; 

Jobling, 1993). Such energy requirements are difficult to distinguish from those 

physiological costs associated with the metabolism of the food, and the prefix 
46apparent' 'has been applied to denote the inclusion of both components (Medland and 

Bearnish, 1985). 

S. D. A. is customarily measured through indirect calorimetry by calculation of 

oxygen consumption rate, although the technique of direct calorimetry has also 
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successfully been applied (Smith et al., 1978). The magnitude of S. D. A. is 

determined by plotting the curve of post-prandial oxygen consumption with time 

(Chakraborty, 1992). When the area under the curve is calculated, and the resting 

metabolic rate subtracted from this value, the SRA may be quantified in terms of 

oxygen consumed (Mg 02). which may then be transformed into energy (J). 

Commonly, S. D. A. is then expressed in terms of the energy content of the food 

(Jobling, 1985), or as the percentage of ingested energy, also known as the S. D. A. 

coefficient (Jobling and Davies, 1980). 

In fish studies, three components of S. D. A. have been identified as important: 

the maximum or peak metabolic rate following feeding, the magnitude, and the 

duration of effect (Jobling, 1980). The phenomenon of S. D. A. is complex, and a 

range of biotic and abiotic factors influence the response (Beamish and Trippel, 

1990). In general S. D. A. is dependent on the quantity and quality of the foodstuff 

(Muir and Niimi, 1972; Hamada and Ida, 1973; Beamish, 1974; Brett, 1976; Scott et 

al., 1978; Vahl and Davenport, 1979; Jobling, 1985; Guinea and Fernandez, 1997), 

with increasing size of meal lengthening the duration of the elevated metabolic rate. 

Tandler and Beamish (1979,198 1) observed a positive relationship between S. D. A. 

and the quantity of ingested energy, and in another study the same authors showed 

that S. D. A. was positively related to the proportion of protein in the diet (Tandler and 

Bearnish, 1980). An increased level of energy cost attributable to S. D. A. was also 

recorded by Cho et al. (1976), with increasing dietary protein levels of 40-60% in the 

rainbow trout. A review of "heat increment" in fish bioenergetic models by Beamish 

and Trippel (1990) notes that the energetic cost increases with meal size, fish weight 

and increasing temperature, but decreases with body weight for a given feed rate. In 

work onjuvenile cod, Soofiani and Hawkins (1982) observed that the elevation in 

oxygen consumption rate following a meal increased with ration size, and the rate of 

oxygen consumption increased with temperature, reaching a maximum at 150C. Cho 

and Slinger (1980) observed a linear relationship between increasing digestible energy 

intake and heat increment (S. D. A. ) in rainbow trout, and this was correlated with 

increasing levels of feed intake to a maximum at 15*C, which was assumed to be the 

optimum temperature in this species. As with many aspects of fish respirometry, 
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experimental error resulting from a high inter-individual variability or increased stress 

levels during sampling may result in a wide range of results for S. D. A. (Knights, 

1985). Excitability and increased activity during feeding are not unusual phenomena, 

and the associated energy costs must be discounted from any study of S. D. A. (Brett 

and Groves, 1979). 

At this juncture, the biochemistry associated with the S. D. A. processes 

remains incompletely understood, however, Jobling (1983) hypothesised that S. D. A. 

may "represent a short-term increase in rates of protein synthesis and turnover 

following feeding" with the process regulated by plasma thyroid hormone 

concentration. More recent studies on S. D. A. in channel catfish following infusion of 

essential amino acids, confirmed an increase in plasma amino acid concentration and 

protein synthesis rate in white muscle tissue associated with S. D. A. (Randell Brown 

and Cameron, 1991a, b). The administration of a protein synthesis inhibitor 

(cycloheximide) negated the S. D. A. and the effect on plasma amino acid 

concentration and protein synthesis rate, suggesting that S. D. A. may be directly 

attributable to the energetic cost of protein synthesis, and therefore to the metabolic 

cost of growth. These results add strength to the hypotheses of various authors for a 

link between S. D. A. and growth rate (Jobling, 198 1 a, 1985; Knights, 1985; Hepher, 

1988). In a review of protein dynamics in ectotherms, Houlihan (1991) draws several 

correlations between oxygen consumption rate and levels of protein synthesis in fish 

tissues-, in particular noting the parallel increase in oxygen consumption rate and 

protein synthesis rate in tissues and the whole organism following a meal. 

As noted by Pandian (19 87) the process of nitrogen excretion in fish may be 

separated into two categories, namely the endogenous component associated with 

catabolism of proteins, and the exogenous component associated with the energy loss 

from ingested food. In this respect, nitrogen excretion may be regarded as somewhat 

analogous to the situation with oxygen consumption, with a base level energy 

expenditure observed at lower metabolic levels, and increasing over a defined 

metabolic range. Primarily energy losses as nitrogen in fish are in the form of 

ammonia excreted across the gill surface, although other compounds such as urea and 
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trimethylamine oxide contribute a small proportion of energy loss (Brett and Groves, 

1979). Ammonia comprises 75-85% of nitrogenous excretory losses in marine fish, 

and the estimated daily loss is 9-11% of the food intake (Pandian, 1987). The 

excretion of ammonia does confer an energetic advantage in that the ammonia 

molecule is simple in structure, and comparatively there is a greater energy cost 

associated with the formation of urea and trimethylamine oxide as excretory products 
(Brett and Groves, 1979). The disadvantage to the formation of ammonia is its 

relative toxicity, not only in terms of mortality but also with sublethal levels 

impacting growth rates (Jobling, 1994). 

In a study ofjuvenile plaice, Jobling (198 1 b) observed that ammonia 

represented 75-85% of the nitrogenous excretion in starved plaice, and that the 

endogenous rate of ammonia excretion increased with temperature. The weight 

specific endogenous ammonia excretion rate was also observed to be higher in small 
fish within the weight range 5-90g, with the rate of ammonia excretion related to body 

weight to the power 0.67. Jobling (1993) quotes values of 30-300 mg N kg-' d-' for 

endogenous nitrogen excretion in fish, with the value dependent on species, body 

weight and water temperature. 

The ingestion of a meal leads to an increase in the rate of ammonia excretion, 

which peaks at a period some hours after the consumption of food (Jobling, 1993). 

Experimentally this has been observed in species of fish such as sockeye salmon 

(Brett and Zala, 1975), plaice (Jobling, 1981b), Atlantic cod (Ramnarine et al., 1987) 

and the common carp (Chakraborty et al., 1992b). A post feeding ammonia excretion 

rate elevated between two and eleven times that of the endogenous excretion rate was 

observed by Jobling (198 1 b) in the plaice, and both the peak rate and the duration 

increased with the amount of protein absorbed from the diet. Ramnarine et al. (1987) 

also derived a significant relationship between peak ammonia excretion rate and 

ration size in the Atlantic cod. 

The aim of this study was to further explore the bioenergetics of the Atlantic 

halibut by quantifying routine oxygen consumption rate and the energetic costs 
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attributable to S. D. A. In this way, the partitioning of energy within the metabolic 

component of the energy budget (Mm, MA and MF) was elucidated. Additionally, 

endogenous ammonia excretion rate and ammonia excretion following a single meal 

was examined to aid in the determination of energy losses due to excretion - the "U" 

component of the energy budget. This work was carried out in small populations of 

Atlantic halibut held in tank systems at stocking densities likely to be achieved in 

culture, with the results of such a study providing information directly relevant to the 

husbandry of this species under intensive farming conditions. 
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4.2 Materials and Methods 

4.2.1 Fish 

Test animals were Atlantic halibut of the, 1994 and 1995 year classes. 

4.2.2 Facilities 

The I m' holding tanks were operated as flow through respirometers, with 

central sumps and external standpipes facilitating arrangement of dissolved oxygen 

probes in tank effluent water, allowing measurement of the dissolved oxygen content 

of the effluent before the water was exposed to the atmosphere. Each tank possessed 

an opaque glass fibre lid which minimised disturbance effects of any external 

influences. The arrangement of this system is shown schematically in Fig. 4.1. a&b. 

Inflowing seawater was gravity fed from the site header tank through a system of 0.75 

inch AB S pipework, finally entering the trial tanks through a 90' bend and falling 

approximately 5cm to the tank water level. The tanks were assumed to be well mixed 

and to operate efficiently as flow through respirometers, with the diffusion of 

atmospheric oxygen over the water-air interface also assumed to have a negligible 

effect on the subsequently determined oxygen consumption rates. Stock populations 

of halibut were maintained in these tanks, and a minimum period of 4 weeks was 

allowed between any new introductions and the commencement of a trial. 
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location of dissolved oxygen probe between 
standpipe and wall of effluent pipe 

water level 

water inlet 
(external detail removed for claný) 
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effluent pipe with intemal standpipe 

central drain 

seawater inlet 
pipe 

tank measurements ImxIm 

_opaque tank lid 

tank depth 35cm 

30cm diameter 5mm slotted 
stainless steel screen 

central sump screen 

Fig. 4.1. Side (a) and Plan (b) views of the Im2 tanks employed as flow through respirometers in 
this study. Seawater flow direction is indicated by blue arrows. 
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4.2.3. Experimental Protocol 

Tank populations numbered in the range 5-14 individuals, the number 

dependent on average weight, and thus tank biomass. Halibut were maintained within 
distinct size classes. Water flow rate measurements are critical to the precise 
determination of oxygen consumption and ammonia excretion rates, and were 

measured periodically throughout each trial. A stopwatch was used to quantify the 

length of time taken for the inflowing water to fill an exact volume in a graduated 
beaker, and these values used to calculate flow rate. Water flow rates were measured 

approximately every six hours during individual trials, and measurements were taken 

immediately after the recording of dissolved oxygen data to reduce the possible 
influence of this action on fish activity levels, and hence oxygen consumption rate 

values. 

The original intention of this work was to monitor the effect of the ingestion of 

a single meal on the oxygen consumption rate of individual Atlantic halibut held 

within respirometers. Preliminary attempts to feed halibut in respirometers were 

undertaken at the end of some of the resting oxygen consumption rate trials conducted 

as experimental work for Chapter 3. In total, 17 individual halibut ranging in size 

from 300g to 1200g, were offered feed when held in respirometers at temperatures of 

I O'C and 14'C. Pellets were allowed to remain within the respirometers up to a 

maximum of 3 hours after introduction, and at no point were individuals observed to 

ingest pellets. This necessitated a modified approach to the determination of post- 

prandial oxygen consumption rate, consequently small populations of halibut 

maintained routinely in small flow-through tanks were chosen as a substitute to 

individual fish analysis. These small populations were maintained as stock tanks for 

the respirometry acclimation unit, and were held continuously in the I m' tanks. Thus 

the halibut were not introduced into a novel environment prior to this experimental 

work, and conditions for the fish were maintained similar prior to, and throughout, the 

period of this study. 
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Airstones were removed, and the water flow measured in trial tanks one hour 

prior to the commencement of each trial. Flow rates had previously been adjusted to 

experimental velocities 24 hours before each trial. Flow rates ranged between 390 1 If 
1 and 710 1 If ' depending on water temperature and fish biomass. Trials were 

categorised as either routine rate (measurements on starved halibut according to the 

periods defined in chapter 2. ) or "fed" rate (measurements recorded on halibut 

following a single meal). Trials were conducted at ambient temperatures over the 

period 16 June 1996 to 9 November 1997 (temperature range 7.70C - 14.8'C). 

Photoperiod was ambient. Empty tanks were operated as controls for each 

experimental run in order that background oxygen consumption rates could be 

measured. Dissolved oxygen readings were taken hourly from 08.00h to 18.00h, and 
2-hourly between 18.00h and 08.00h. 

Nitrogenous excretion rates in the form of total ammonia were examined in 

both starved and fed populations through the collection of water samples from effluent 

pipes. This was carried out for a total of 7 tanks at temperatures 8,10 and 12'C. 

Water samples of approximately 300ml of seawater were collected by siphon from the 

effluent pipe into a glass beaker, at a position adjacent to that of the dissolved oxygen 

probe. These samples were immediately filtered (Whatman GF/C papers), and stored 

at -200C, for subsequent analysis of ammonia levels (see Chapter 2 for method of 

ammonia analysis and calculation of oxygen consumption and ammonia excretion 

rates). Background ammonia levels were measured through analysis of water samples 

taken from the control tank at four hour intervals. These values were measured in the 

range 0.8 - 4.7gg NH3-N V. Ammonia excretion rates were calculated according to 

the following equation: 

Ammonia excretion (mg kg" h-1) = (A - B) xFx (1000/W) 

where A= ammonia in the test tank effluent, B= ammonia in the control tank 

effluent, F= flow rate (I h7') and W= fish biomass (g). 
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4.2.4. Effect of body weight and temperature on routine oxygen consumption 

rate 

Routine oxygen consumption rate data was compiled for a total of 73 trials. 
Water temperature was recorded for each dissolved oxygen reading, and the average 

calculated for each trial. All results were grouped within the temperature ranges 7- 

9'C; 9-I VC; 11 - 13'C; 13 - 15'C. Fish weight varied from 287g to 1462g. 

Trials commenced at 09.00h on day 1, and oxygen consumption rate was 

monitored with readings recorded hourly between 09.00h and 20.00h, 2-hourly to 

08.00h the following day, and then hourly, finishing at I 0.00h on day 2. Mean 24- 

hour oxygen'consumption rate values in the routine rate trials were calculated, and 
investigated for any relationship between body weight and temperature on routine 

metabolic rate. 

4.2.5. Effect of photoperiod on routine oxygen consumption rate. 

Routine rate oxygen consumption data was measured throughout the light and 
dark cycles under ambient photoperiod, and this was investigated for any degree of 
diurnal rhythmicity. Photoperiod over the duration of the trials varied between 

18L: 6Dand9L: 15D. Extreme care was taken to ensure that there was no disturbance 

to the test fish during the procurement of dissolved oxygen readings. When readings 

were taken in the dark phase, no artificial illumination was applied, and a low 

intensity hand held torch carrying a red filter was employed for personal orientation. 

Six individual routine rate trials were conducted in conjunction with the activity work 

(see Chapter 5. ), and these were discounted from the analysis. 

4.2.6. Effect of body weight on meal size 

In all fed trials the halibut were offered a single meal of I% body weight at 

10.00h on day one, following the initial two recordings of oxygen data. Feed 

composition and pellet size were are presented in Table 4.1. After a period of 2 hours, 

Oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 75 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



uneaten pellets were removed, counted, and the actual amount of feed ingested by 

each test population was calculated. 

Table 4.1 Composition of test diets. 

Pellet Size (length) 

8. Omm 13. Omm 18.0mm 

Fish weight 40-500g 500-100og >100og 

Analysis % 
Protein 56.0 52.0 52.0 

oil 16.0 20.0 20.0 
Carbohydrate 9.0 9.0 9.0 

Ash 11.0 11.0 11.0 
Phosphorus 1.5 1.5 1.5 

Nitrogen 9.0 8.3 8.3 
Gross Energy U g-1 20.5 21.1 21.1 

Dietary composition is presented accordinj to that defined by the manufacturer (B. O. C. M. Pauls). Subsequent analysis of feed 
samples produced values corresponding closely to those presented. 

4.2.7. Effect of a single meal on post-prandial olygen consumption rate and 

Specific Dynamic Action (S. D. A. ) 

Oxygen consumption rate following a single meal was monitored in a total of 
38 trials. Fed trials commenced at 09.00h on day 1, and oxygen consumption rate was 

measured hourly until 20.00h, 2-hourly until 08.00h, then hourly until the termination 

of the trial at 18.00h on day 2. Minimum starvation periods according to those 

defined in Chapter 2. were applied prior to the commencement of each trial. Diet and 

pellet size was as described in Table 4.1. Halibut were offered a single meal of 1.0% 

body weight at I 0.00h. At intervals of 1-2 days prior to these trials, routine rate 

measurements had been undertaken on the same fish tank groups. The routine rate 
data was then compared with data from the fed trials, and this comparison used to 

investigate the quantity and duration of the S. D. A. effect. Fed trials within 

temperature groups were all performed within the same experimental period. 
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4.2.8. Effect of body weight and temperature on endogenous Ammonia excretion 

rate. 

Water samples were collected from effluent pipes at 4-hourly intervals over 
the 24 hour trial duration in endogenous ammonia excretion rate trials, with this work 

carried out in conjunction with some of the routine metabolic rate trials. A total of 21 

trials were conducted. This experimental work was timed to coincide with ambient 

sea water temperatures reaching 8,10 and 12'C in the spring and early surnmer of 

1997, and seven individual tanks were monitored over this period. Fish weight was 

402g - 1420g. 

4.2.9. Effect of a single meal on Ammonia excretion rate. 

In conjunction with some of the fed oxygen consumption rate trials, water 

samples were collected at 2-hourly intervals over the 33 hour trial duration. The work 

was conducted 24 to 48 hours after the starved trials in the same tanks and fish 

populations as studied in 4.2.6., allowing comparison between endogenous ammonia 

excretion rate and ammonia excretion rate following a single meal in discrete 

populations of Atlantic halibut. A total of 21 trials were conducted at test 

temperatures of 8'C to 12'C, with fish populations as for 4.2.6. 

4.2.10. Statistical Analysis. 

Dissolved oxygen and ammonia data was entered onto spreadsheets (Microsoft 

EXCEL 7.0) for analysis. Oxygen consumption and ammonia excretion rates were 

subsequently calculated from flow rates and fish weights according to the formulae 

presented above and in chapter 2. The results for both oxygen consumption and 

ammonia excretion rates were processed through a data smoother (4253H, twice) run 

on "Minitab 10.5 lXtra", to clarify any trends. Trials were grouped according to 

temperature, and the effect of body weight and temperature on the routine metabolic 

rate was investigated through linear regression and analysis of variance (Zar, 1984). 

Regression lines produced for individual temperatures were compared against a global 
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regression for all data to test the relationships of oxygen consumption and ammonia 

excretion rates with temperature. Multiple regression was used to develop models for 

the relationship between both oxygen consumption and ammonia excretion with 

temperature and fish weight. The data from the fed trials was investigated for S. D. A. 

effect of a single meal, including time to peak oxygen consumption and ammonia 

excretion following a meal, magnitude and duration of effect. The magnitude of the 

effect was calculated as the difference between pre-prandial and post-prandial rate, 

from analysis of routine and fed rate trials on individual populations at the same water 

temperature. The effect of fish size on size of meal ingested (% body weight) was 

explored through regression analysis. 
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4.3 Results 

4.3.1. Effect of bodv weight and temperature on routine oxv, -en consumption rate 

There was an inverse relationship between Logio body weight and routine 

oxygen consumption rate, oxygen consumption rate increasing with temperature over 

the experimental range 8- 14T. These results are represented in Fig. 4.2. The 

regression equations, correlation coefficients and levels of significance are shown in 

Table 4.2. 
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Fig. 4.2. Relationship between logio oxygen consumption rate and logO body weight at 
routine levels of activity from 8'C to 14T in tank populations of Hippoglossus hippoglossus. 
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Table 4.2. Regression statistics for the effect of temperature and body weight on routine oxygen 
consumption rate in small populations of Hippoglossus hippoglossus L. 

Temperature n Weight Logarithmic Regression Allometric equation Q10 
(OC) range (g) equation (Y= a W) 

29 287- 1137 Log, O Y= 2.57 - 0.336 Log,, WY=0.3687 W U-66 

(r2 = 0.44, p <0.00 1) (r2 = 0.76, p<0.0 1) 

10 13 287 - 1297 Log,, Y=2.45 - 0.278 Log, O WY=0.2817 W 0- ý2 

(r2 = 0.50, p<0.025) (r2 
= 0.85, p<0.01) 

12 17 390 - 1774 Log� Y=2.92 - 0.416 Log� WY=0.8247 W 0-58 

(r' = 0.79, p<0.00 1) (r2 = 0.86, p<0.01) 

14 14 315 - 1462 Loglo Y=2.70 - 0.312 Loglo WY=0.5008 W(f6y 

(r' = 0.52, p<0.005) (r' = 0.83, p<0.0 1) 

1.86 

1.91 

2.88 

Q10 values were calculated according to Van't Hofrs formula (Lucas, 1996), and were calculated for an individual of lkg 
bodyweight. Q10 value over the entire test temperature range 8'C to ICC was 2.17. 

Regression analysis confirmed the statistical significance of the plots for the 

four temperatures against a global plot for all temperature results (F = 20.86; d. f = 6, 

66; p<0.001). 

The Q10 value calculated over the full test temperature range 8'C to 140C was 
2.22, although Q10 was observed to be temperature dependent with the highest 

calculated value between 12*C and 14T, decreasing over the temperature range with 

the lowest value between 8'C and I O'C. 

As with the data on resting oxygen consumption, further exploration of the 

data was achieved through an investigation into the relationship between body weight 

and oxygen consumption at the four test temperatures, the results of which are also 

shown in Table 4.2. The relationship is described by the allometric equation Y= 

a Wb, where Y is the resting oxygen consumption (mg h-'), W is the body weight (g), a 
is the constant of the equation which is related to the test temperature, and b is the 

weight exponent. 
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Multiple regression provided an equation for the prediction of routine oxygen 

consumption with body weight covering the test temperature range of 6- 14'C: 

Y=- 14.8 + 0.0296 W+2.70 T 

where: Y= oxygen consumption (mg If 1); W= fish weight (g); T= temperature CC). 

ggen consuMption rate 4.3.2. ULM of phoWeriod on routine Lx 

Out of a total of 67 routine oxygen consumption rate trials carried out under 

ambient photoperiod, 58 trials exhibited increased oxygen consumption rates 

nocturnally. Examples of the raw data and smoothed data produced from trials within 

the temperature groups 8'C, I O'C, 12"C and 14*C are illustrated in Fig. 4.3., 4A, 4.5. 

and 4.6. Temperature did not appear to influence the pattern, however trials in which 

nocturnal routine oxygen consumption rates were diminished generally had fish 

weights in the lower end of the size range (396g - 964g). The phase location of peak 

oxygen consumption rate with temperature for all the routine rate trials is shown in 

Fig. 4.7., and the percentage increase for each phase over all test temperatures is 

shown in Table 4.3. The percentage increase in routine oxygen consumption was 

higher when the peak was observed nocturnally for all test temperature groups. 
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Fig. 4.3. Variation in routine oxygen consumption rate in tank populations of Hippoglossus 
hippoglossus at 8'C, examined over a 24 hour period under ambient photoperiod. Raw data 
graphs are presented on the left hand side, and smoothed data graphs on the fight hand side. Trials 
were: (a) tank of 10 fish of average weight 1137g; (b) tank of 9 fish of average weight 587g; (c) tank of 
II fish of average weight 744g; (d) tank of 10 fish of 677g average weight. The black bar represents 
the period of darkness. The horizontal line represents the calculated resting oxygen consumption rate 
for an individual Atlantic halibut of identical weight at 8'C, produced from the global equation in 
Chapter 3. 
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Fig. 4.4. Variation in routine oxygen consumption rate in tank populations of Hippoglossus 
hippoglossus at 10'C, examined over a 24 hour period under ambient photoperiod. Raw data 
graphs are presented on the left hand side, and smoothed data graphs on the right hand side. Trials 

were: (a) tank of II fish of average weight 433g; (b) tank of 9 fish of average weight 703g; (c) tank of 6 
fish of average weight 680g; (d) tank of 6 fish of 546g average weight. The black bar represents the 
period of darkness. The horizontal line represents the calculated resting oxygen consumption rate for 

an individual Atlantic halibut of identical body weight at I O'C, produced from the global equation in 
Chapter I 
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Fig. 4.5. Variation in routine oxygen consumption rate in tank populations of Hippoglossus 
hippoglossus at 120C, examined over a 24 hour period under ambient photoperiod. Raw data 

graphs are presented on the left hand side, and smoothed data graphs on the right hand side. Trials 

were: (a) tank of 7 fish of average weight 1420g; (b) tank of 10 fish of average weight 722g; (c) tank of 
II fish of average weight 801g; (d) tank of 10 fish of II 50g average weight. The black bar represents 
the period of darkness. The horizontal line represents the calculated resting oxygen consumption rate 
for an individual Atlantic halibut of identical body weight at 120C, produced from the global equation 
in Chapter I 
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Fig. 4.6. Variation in routine oxygen consumption rate in tank populations of Hippogloss"S 
hippoglossus at 14T, examined over a 24 hour period under ambient photoperiod. Raw data 
graphs are presented on the left hand side, and smoothed data graphs on the right hand side. Trials 
were: (a) tank of II fish of average weight 797g; (b) tank of 10 fish of average weight II 56g; (c) tank 
of 9 fish of average weight 58 1 g; (d) tank of 7 fish of 1462g average weight. The black bar represents 
the period of darkness. The horizontal line represents the calculated resting oxygen consumption rate 
for an individual Atlantic halibut of identical body weight at 14'C, produced from the global equation 
in Chapter I 
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Fig. 4.7. Location of peak routine oxygen consumption rate within the period of daylight or 
darkness in the Atlantic halibut (Hippoglossus hippoglossus L. ). Results are from a total of 67 
separate 24 hour trials conducted under conditions of ambient photoperiod and temperature. Trial 
period was 16 June 1996 to 9 November 1997. Temperature varied from 7.7'C to 14.8"C, and results 
for individual trials were grouped within 2*C bands. 

Table 4.3. Distribution of peak routine oxygen consumption rates in daylight and darkness in 
Atlantic halibut under ambient conditions of temperature and photoperiod. 

.I emperature CQ Fish Size (g) No. of Trials Phase of peak oxygen consumption 

Daylight % increase Darkness % increase 

8 382- 1137 28 3 1.8(2.3) 25 28.9(17.8) 

io 433- 1297 11 4 6.6(7.6) 7 11.8(6.0) 

12 390- 1420 14 1 2.0 (n/a) 13 18.8(11.2) 

14 315- 1462 14 1 4.5 (n/a) 13 16.5(9.3) 

Values for percentage increase in oxygen consumption rate are (± standard deviation). 
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4.3.3. ffLect of bodT we&ht on meal size and ener2v intake. 

Over the entire test temperature range, there was an inverse relationship 

between meal size (percentage of body weight) and fish wet weight following a 

standard starvation period which was found to be statistically significant (r' = 0.32; 

d. f. = 36; p<0.01), (Fig. 4.8a. ). Energy intake was determined for each individual 

fish biomass in W g-' (wet weight of fish) from the values for meal size and feed gross 

energy. Calculations of both meal size and energy intake assume that the feed intake 

rate is similar for all individuals within the single tank population, i. e. that no 

hierarchical behaviour resulted in the uneven distribution of feed amongst individuals 

of any test group. Further assumptions that there was no later regurgitation of food, 

and that all uneaten pellets were collected, are also made. A significant relationship 

(r' = 0.42; d. f. =36; p<0.0 1) existed between energy intake (kJ g-' wet weight) and 

fish weight and this is presented graphically in (Fig. 4.8b. ). 

Multiple regression confirmed the significance of the relationships between 

meal size and fish weight with temperature over the test range 80C to 140C (F = 13.40, 

d. f = 35, p<0.01), and energy intake and fish weight with temperature over the test 

range 8'C to 14*C (F = 14.43, d. f. = 35, p<0.01). These relationships are presented 

graphically in Fig. 4.9. (a, b), and may be represented by the following global 

equations: 

Y=1.12-0.0276T-0.000401X where Yistherneal size as a 

percentage of body weight, X is the fish weight (g), and T is the temperature (T), 

and 
Y=2.41-0.0375T-0.00116X where Yis the energy intake (J g' 

wet weight), X is the fish weight (g), and T is the temperature (OC). 

The equations describing the relationship between meal size and energy intake 

with body weight at the individual test temperatures 80C, I O'C, 12'C and 140C are 

presented in Table 4.4. The results show a high degree of variability in the data 
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produced at 1 O'C, and a correspondingly poor regression fit. The results for the other 

temperatures indicate maximum feed and energy intakes at 8C, followed by 14T and 

12T. Generally, there was no clear pattern of feed and energy intake with changing 

temperature over the test range, however there appeared to be a greater feed and 

energy intake at the lower temperatures of 80C and I O'C. 

Table 4.4. Regression equations describing the relationship between meal size and energy intake 

with temperature, for the test temperatures 8'C, 10*C, 12*C and 14*C. 

Temperature (Q Meal size (% body weight) Energy intake (J g-I wet weight) 

8Y=0.894 - 0.000384 WY=2.11 - 0.00118 W 
(r2 = 0.36, d. f. = 13, p=0.023) (r2 = 0.50, d. f. = 13, p=0.005) 

10 Y=0.545 0.000002 W 
(rl = 0, d. f. 6, p=0.995) 

12 Y=0.730 - 0.000466 W 
(r' =0.67, d. f. = 6, p=0.023) 

14 Y=0.896 - 0.000541 W 
(rl = 0.66, d. f. = 9, p=0.05) 

Y=1.49 - 0.000333 W 
(r2 = 0.004, d. f. = 6, p=0.669) 

Y=1.72 - 0.00115 W 
= 0.7 1, d. f. = 6, p=0.0 19) 

Y=2.27 - 0.00155 W 
= 0.64, d. f. = 9, p=0.006) 
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Table 4.5. Regression statistics describing the relationship between meal size (% body weight) 
and energy ingested (J g-' wet weight) with fish weight (g) at temperatures of 8,10,12 and 14'C. 

Relationship Temperature 

(OC) 

Equation r2 d. f. p value 

Meal size and fish weight 8 Y=0.894 -0.000384 X 0.36 12 0.023 

10 Y=0.545 +0.000002 X 0 5 0.995 

12 Y=0.730 -0.000466 X 0.67 5 0.023 

14 Y=0.890 -0.000536 X 0.64 7 0.010 

iergy ingested and fish weight 8 Z= 185 - 0.0772 X 0.34 12 0.031 

10 Zý 112 + 0.0031 X 0.10 5 0.961 

12 Z= 151 - 0.0955 X 0.67 5 0.024 

14 Z= 183 - 0.108 X 0.66 8 0.005 

icre, X is fish weight (g), Y is meal size (% body weight) and Z is energy ingested (J g-' wet weight). 

A plot of ration size (as percentage of body weight) with temperature is 

presented inFig. 4.10. Although the results presented in this figure encompass body 

weights of 315g to 1462g, throughout the studies involving fed fish, there is a clear 

variation in ration size with temperature. Maximum ration size was observed at the 

temperatures of 80C and I OT, followed by 14T. Feed intake at 12T was reduced in 

comparison to the other test temperatures. 
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Fig. 4.10. Effect of temperature on ration size (percentage body weight) in the Atlantic halibut, 
HiPPOglossus hippoglosswv. 
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4.3.4. ffLect of a single meat on posEprandial oxveen consumption rate and 
Specific Dvnamic Action (S. D. A. ) 

Fig. 4.11., 4.12., 4.13. and 4.14. show examples of the post-prandial increase 

in oxygen consumption rate in individual tank trials at 8'C, I O'C, 12'C and WC, and 

the results for all trials are presented in Table 4.6. Oxygen consumption rates 

exhibited an increase above the routine level following the ingestion of a single meal, 

steadily increasing to a single or a double peak over the measurement period, then 

declining in all trials. Double peaks were observed in a total of 19 out of 38 trials, 

comprising one trial at 80C, 7 trials at I O'C, 7 trials at 12*C and 4 trials at 14*C, and 

within individual trials the second peak was smaller than the first peak in 12 of the 19 

double peak trials. 

Although there was considerable variation in the results, generally peak 

oxygen consumption occurred after approximately 18 hours, and oxygen consumption 

rate was then observed to decrease with time. Shorter times to peak oxygen 

consumption rates were observed in the trials conducted at 12T, however the effect 

may be compounded by the fact that there was a reduced feed intake in these trials. 

Unfortunately the logistics associated with carrying out this work restricted the time 

period of data recording, and many trials did not reach peak oxygen consumption 

within the experimental period. Only in a total of 16 of the 38 trials was oxygen 

consumption rate observed to peak, and then to decline to routine levels. 

Extrapolation of the post-prandial oxygen consumption curves in a further 18 trials 

was used to provide values for the length of time taken to decrease to routine rate. 

Such extrapolation is based on the assumption that there is no change in the rate of 

decrease of oxygen consumption over the predictive time period. In two trials (459g 

fish at 120C and 581g fish at 14'C) post-prandial oxygen consumption rate was still 

increasing at the end of the trial period, and extrapolation of these results was not 

possible. The minimum time to regain routine oxygen consumption rate was found to 

be 24 hours. Mean peak oxygen consumption rate expressed as a percentage of the 

routine rate was 67.6 (± 24.5)%. The magnitude of the S. D. A. effect was quantified in 

36 of the 38 trials in which there was an observed or a predicted reduction of oxygen 
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consumption rate to routine levels following feeding. S. D. A. coefficients (energy cost 

of S. D. A. (J)/energy intake (J), expressed as a percentage) were determined following 

recalculation of the values for oxygen consumption as energy equivalents in Joules 

(J). The %. values applied for conversion of the oxygen consumption data were: the 

value of 13.56 J mg-' 02 was applied to starved fish, as the value of Brett and Groves 

(1979) for fish metabolising there own tissues; for fed fish Q,,,, values were determined 

from the composition of feed administered from figures of 13.6 for protein, 13.73 for 

lipid and 14.78 for carbohydrate respectively (Elliott and Davison, 1975). The results 

are summarised in Table 4.7. The relationships between meal size (and energy 

ingested) with S. D. A. magnitude, S. D. A. duration, S. D. A. coefficient, peak oxygen 

consumption value, time to peak oxygen consumption, and the relationships between 

fish weight and peak oxygen consumption and S. D. A. coefficient were explored for 

each test temperature. Figs. 4.15., 4.16., 4.17., 4.18., 4.19., 4.20. and 4.21. represent 

these results graphically, and the regression statistics for these relationships are 

presented in Table 4-8. 

S. D. A. magnitude varied between 193.2 and 1831.6 mg 02 kg-I fish, with the 

higher values observed at the highest test temperature of 140C. No significant 

correlation between meal size and energy ingested with S. D. A. magnitude was 

determined at the test temperatures, although there was a trend for slightly increasing 

S. D. A. magnitude with meal size and energy ingested at the test temperatures of 80C, 

I OOC and 120C (Fig. 4.15. ). The results for 140C show a reversal of this trend, with a 

decrease in S. D. A. magnitude with increasing meal size and quantity of energy 

ingested, although there is a high degree of variability in the results at this 

temperature. Generally the lowest values for S. D. A. magnitude were obtained at 8'C 

and the highest values at 140C. 

The results for S. D. A. duration (Fig. 4.16. ) closely followed the pattern of 

results obtained with magnitude of S. D. A. effect, and again there was no clear 

correlation between this factor and meal size and quantity of energy ingested. 

Temperature did not appear to influence the duration of the S. D. A. effect over the test 

range. The minimum length of time to regain routine oxygen consumption rate was 

oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 93 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



observed to be 24 hours, with the maximum duration of the S. D. A. effect predicted at 
57 hours through extrapolation of the data. 

S. D. A. coefficient decreased with increasing meal size and quantity of energy 
ingested (Fig. 4.17. ), although this relationship was only observed to be significant at 
the p<0.05 level at WC (see Table 4.8. ). S. D. A. coefficient values tended to 

increase with increasing temperature. There was a significant variation in the value of 
the S. D. A. coefficient between 2.1 and 30.0, although the mean value for all 

temperatures was 9.8. 

The results produced at 8'C and I OT provided no evidence for a relationship 
between meal size and energy ingested with peak post-prandial oxygen consumption 

rate. At 12'C and 140C peak post-prandial oxygen consumption rate was found to 

increase with increasing meal size and quantity of energy ingested (Fig. 4.18. ). 

The time to peak oxygen consumption rate following ingestion of a single 

meal showed a high degree of variability in the data points at all temperatures in 

Fig. 4.19. The lowest values were obtained at 12'C, although the significance of these 

results is unclear, since meal size and energy intake in these trials was lower than at 

the other temperatures. 

The value of peak post-prandial oxygen consumption rate was observed to 

decline with increasing fish weight, as shown in Fig. 4.20. This relationship proved 

statistically significant at the p<0.05 level at 12T, and at the p<0.01 level at 8*C 

and 14T, and follows the pattern of routine oxygen consumption rate, with values at 
individual fish weights increasing over the temperature range. 

No significant relationship between S. D. A. coefficient and fish weight was 
determined at any of the test temperatures (Fig. 4.2 1. ). 
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Fig. 4.11. Examples of routine oxygen consumption and post-prandial oxygen consumption in 
tank populations of H. hippoglossus at 8'C. Raw data curves are presented on the left hand side, 
smoothed data on the right hand side. In the fed trials, the fish were fed at I 0.00h, immediately 
following the first reading. Individual trials are: (a) tank population of 9 fish, average weight I 150g, 
meal size 0.47% body weight; (b) tank population of 10 fish, average weight 889g, meal size 0.5 1% 
body weight; (c) tank population of 6 fish, average weight 979g, meal si7e 0.53% body weight; (d) tank 
population of 10 fish, average weight 677g, meal size 0.44% body weight. Vertical black arrows mark 
the point of feeding. 
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Fig. 4.12. Examples of routine oxygen consumption and post-prandial oxygen consumption in 
tank populations of H. hippoglossus at 10T. Raw data curves are presented on the left hand side, 
smoothed data on the right hand side. In the fed trials, the fish were fed at I 0.00h, immediately 
following the first reading. Individual trials are: (a) tank population of II fish, average weight 964g, 
meal size 0.84% body weight; (b) tank population of II fish, average weight 436g, meal size 0.49% 
body weight; (c) tank population of II fish, average weight 700g, meal size 0.63% body weight; (d) 
tank population of II fish, average weight 795g, meal size 0.68% body weight. Vertical black arrows 
mark the point of feeding. 
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Fig. 4.13. Examples of routine oxygen consumption and post-prandial oxygen consumption in 
tank populations of H. hippoglossus at 120C. Raw data curves are presented on the left hand side, 
smoothed data on the right hand side. In the fed trials, the fish were fed at 10.00h, immediately 
following the first reading. Individual trials are: (a) tank population of II fish, average weight 1006g, 
meal size 0.23% body weight; (b) tank population of II fish, average weight 801g, meal size 0.32% 
body weight; (c) tank population of II fish, average weight 775g, meal size 0.46% body weight; (d) 
tank population of II fish, average weight 459g, meal size 0.63% body weight. Vertical black arrows 
mark the point of feeding. 
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Fig. 4.14. Examples of routine oxygen consumption and post-prandial oxygen consumption in 
tank populations of H. kippoglossus at 14T. Raw data curves are presented on the left hand side, 
smoothed data on the right hand side. In the fed trials, the fish were fed at 10.00h, immediately 
following the first reading. Individual trials are: (a) tank population of 10 fish, average weight II 56g, 
meal size 0.32% body weight; (b) tank population of II fish, average weight 797g, meal size 0.34% 
body weight; (c) tank population of II fish, average weight 786g, meal size 0.39% body weight; (d) 
tank population of 6 fish, average weight 476g, meal size 0.83% body weight. Vertical black arrows 
mark the point of feeding. 
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Table 4.6. Analysis of post-prandial oxygen consumption in tank populations of the Atlantic 
halibut, Hippoglossus hippoglossus. 

Temperature Weight n Meal Routine Post-prandial Peak oxygen Time of Time to 
CC) (9) (% body Oxygen peak oxygen cons. (% of peak diminish to 

weight) consumption consumption routine rate) (hours Routine 
(calculated) from meal) Rate (h) 

8 1150 9 0.34 35.5 59.4 97.3 18 24 
8 979 6 0.53 36.5 64.8 77.4 14 26 
8 606 9 0.68 40.8 84.7 107.6 20 36* 
8 889 10 0.51 37.3 72.7 95.3 18 28 
8 752 11 0.62 38.6 72.8 . 88.5 20 25 
8 690 10 0.44 39.5 78.2 98.1 20 25 
8 402 11 0.59 46.5 91.5 96.8 16 24 
8 1150 9 0.47 35.5 66.2 86.5 14 31 
8 979 6 0.60 36.5 46.5 27.2 28 32 
8 606 9 0.85 40.8 72.6 77.8 14 33* 
8 889 10 0.42 37.3 62.8 68.6 12 36* 
8 752 11 0.81 38.6 69.0 78.6 12 40* 
8 690 10 0.75 39.5 68.8 74.5 18 39* 
8 402 11 0.70 46.5 73.4 57.8 16 47* 
10 1380 7 0.42 38.4 58.5 52.3 29 39* 
10 1109 10 0.55 40.6 86.8 113.9 8 57* 
10 700 11 0.63 47.0 77.3 64.4 12 33* 
10 964 11 0.84 42.3 60.7 43.6 24 41* 
10 795 11 0.68 44.9 65.7 46.2 7 32 
10 757 11 0.22 45.7 75.5 65.1 30 34* 
10 436 11 0.49 57.6 73.8 28.1 25 29 
12 1420 7 0.13 42.0 62.8 49.4 4 42* 
12 1150 10 0.18 44.9 60.4 34.6 4 25 
12 722 10 0.21 54.0 71.9 33.2 4 27 
12 1006 11 0.23 47.1 66.2 40.5 4 32 
12 801 11 0.32 51.6 94.6 83.5 26 47* 
12 775 11 0.46 52.3 76.5 46.3 4 39* 
12 459 11 0.63 68.0 95.6 40.7 5 t 

14 1462 7 0.25 45.3 84.3 47.3 29 46* 
14 1156 10 0.32 49.5 90.4 69.1 18 47* 
14 720 11 0.26 61.5 104.1 46.6 18 28 
14 1045 11 0.26 51.6 78.7 60.0 18 31 
14 788 11 0.49 58.8 94.0 83.1 29 44* 
14 797. 11 0.34 58.5 102.2 71.8 10 32 
14 476 11 0.83 77.9 127.4 57.3 20 30 
14 315 14 0.83 102.7 133.0 69.0 4 25 
14 786 6 0.39 58.9 129.7 69.6 18 40* 
14 581 9 0.60 69.2 128.5 75.9 16 t 

Oxygen consumption rates are expressed as mg kg" h". Routine oxygen consumption rate 
values are calculated from the equation in 4.3.1. * denotes trials where the time to diminish to routine 
oxygen consumption rate was predicted from individual post-prandial oxygen consumption curves. 
denotes trials where the point at which post-prandial oxygen consumption rate would diminish to 
routine levels could not be predicted. 
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Table 4.7. Components of S. D. A. in the Atlantic halibut, Hippoglossus hippoglossus, fed a single 
meal of commercial dry pelleted diet. 

Temperature wt. (g) n E ingested E ingested S. D. A. S. D. A. S. D. A. SDA 
CC) (U) (J g-1 body magnitude magnitude magnitude coefficient 

WL) (mg 02 kg-' (ing 0. ) (W) 
fish) 

8 1150 9 742.5 71.74 315.0 3260.6 44.3 6.0 
8 979 6 656.6 111.83 368.4 2162.8 29.4 4.5 
8 606 9 782.8 143.48 827.8 4516.4 61.4 7.8 
8 889 10 956.4 107.61 461.1 4097.9 55.7 5.8 
8 752 11 1081.5 130.82 481.4 3980.0 54.1 5.0 
8 690 10 640.4 92.84 612.9 4227.8 57.5 9.0 
8 402 11 535.2 120.95 700.9 3101.4 42.2 '7.9 

8 1150 9 1018.2 98.38 408.0 4222.5 57.4 5.6 
8 979 6 744.1 126.74 191.9 1126.7 15.3 2.1 
8 606 9 979.0 179.44 601.9 3283.9 44.7 4.6 
8 889 10 783.2 88.12 435.6 3871.7 52.7 6.7 
8 752 11 1409.8 170.54 463.6 3832.2 52.1 3.7 
8 690 10 1096.5 158.96 727.9 5021.0 68.3 6.2 

8 402 11 631.4 142.69 635.1 2810.4 38.2 6.1 

10 1380 7 861.6 89.17 337.6 3261.7 44.4 5.1 
10 1109 10 1292.3 116.49 1540.3 17088.2 232.4 18.0 
10 700 11 1018.2 132.29 623.6 4800.1 65.3 6.4 
10 964 11 1879.8 177.27 446.6 4735.8 64.4 3.4 
10 795 11 1253.2 143.32 498.9 4362.1 59.3 4.7 

10 757 11 391.6 47.03 445.5 3709.4 50.4 12.9 

10 436 11 483.8 100.94 348.7 1671.3 22.7 4.7 

12 1420 7 274.1 27.58 503.9 5008.5 68.1 24.8 

12 1150 10 430.8 37.46 202.7 2331.5 31.7 7.4 

12 722 10 313.3 43.41 193.2 1394.3 19.0 6.1 

12 1006 11 548.3 49.56 292.6 3236.4 44.0 8.0 

12 801 11 587.4 66.68 1007.2 8873.4 120.7 20.5 

12 775 11 822.4 96.42 523.0 4460.9 60.7 7.4 

12 459 11 656.0 129.95 n. d. n. d. n. d. n. d. 

11 1462 7 548.3 53.58 999.2 10224.7 139.1 25.4 
14 1156 10 783.2 67.73 781.7 9039.6 122.9 15.7 

14 720 11 430.8 54.36 826.0 6544.9 89.0 20.7 

14 1045 11 626.6 54.50 508.8 5850.2 79.6 12.7 

14 788 11 900.7 103.96 744.6 6451.0 87.7 9.7 

14 797 11 626.6 71.49 932.6 8174.2 111.2 17.7 

14 476 11 893.8 170.77 1008.3 5277.5 71.8 8.0 

14 315 14 750.3 170.41 330.5 1455.0 19.8 2.6 

14 786 6 391.6 83.08 1831.6 8634.1 117.4 30.0 

14 581 9 665.7 127.27 n. d. n. d. n. d. n. d. 

n. d. not determined 
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Fig. 4.15. Relationship between meal size and Energy ingested with magnitude of S. D. A. effect in 
the Atlantic halibut, Hippoglossus hippoglossus following the ingestion of a single meal. Diet was 
a commercial dry pel leted feed. Temperatures are (a) 8"C, (b) I O"C, (c) 12T and (d) 14"C. Regression 

equations and r2 values are printed on individual graphs in the form Y=a+ bX. 
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Fig. 4.16. Relationship between meal size and Energy ingested with duration of S. D. A. effect in 
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Table 4.8. Regression statistics for equations describing aspects of S. D. A. in the Atlantic halibut, 
Hippoglossus hippoglossus, fed a single meal of dry commercial pelleted diet. 

Relationship Temperature Text r, d. C p 
CC) Figure value 

Meal size and S. D. A. magnitude 8 4.16a, 0.20 12 0.104 
10 4.16b 0.007 5 0.851 
12 4.16c 0.18 4 0.392 
14 4.16d 0.04 7 0.602 

Energy ingested and S. D. A. magnitude 8 4.16a 0.19 12' 0.114- 
10 4.16b 0.01 5 0.837 
12 4.16c 0.18 4 0.397 
14 4.16d 0.04 7 0.621 

Meal size and S. D. A. duration 8 4.17a 0.34 12 0.030 
10 4.17b 0.017 5 0.787 
12 4.17c 0.14 4 0.471 
14 4.17d 0.18 7 0.234 

Energy ingested and S. D. A. duration 8 4.17a 0.32 12 0.035- 
10 4.17b 0.02 5 0.763 
12 4.17c 0.14 4 0.469 
14 4.17d 0.18 7 0.251 

Meal size and S. D. A. coefficient 8 4.18a 0.10 12 0.262 
10 4.18b 0.20 5 0.309 
12 4.18c 0.07 4 0.610 
14 4.18d 0.50 7 0.032 

Energy ingested and S. D. A. coefficient 8 4.18a 0.11 12 0.243 
10 4.18b 0.19 5 0.320 
12 4.18c 0.07 4 0.609 
14 4.18d 0.50 7 0.033 

Meal size and peak 02 consumption rate 8 4.19a 0.05 12 0.424 
10 4.19b 0.07 5 0.564 
12 4.19c 0.61 4 0.038 
14 4.19d 0.59 7 0.010 

Energy ingested and peak 02 consumption rate 8 4.19a 0.04 12 0.463 
10 4.19b 0.07 5 0.558 
12 4.19c 0.61 4 0.039 
14 4.19d 0.59 7 0.009 

Meal size and time to peak 02 consumption rate 8 4.20a 0.008 12 0.757 
10 4.20b 0.25 5 0.252 
12 4.20c 0.004 4 0.890 
14 4.20d 0.14 7 0.284 

Energy ingested and time to peak 02 consumption rate 8 4.20a 0.006 12 0.784 
10 4.20b 0.25 5 0.249 
12 4.20c 0.004 4 0.893 
14 4.20d 0.14 7 0.299 

Fish weight and peak 0,2 consumption rate 8 4.21a 0.53 12 0.003 
10 4.21b 0.10 5 0.482 
12 4.21c 0.62 4 0.035 
14 4.21d 0.67 7 0.003 

Fish weight and S. D. A. coefficient 8 4.22a 0.15 12 0.171 
10 4.22b 0.04 5 0.681 
12 4.22c 0.27 4 0.290 
14 4.22d 0.34 7 0.102 
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4.3.5. Effect of bodv weight and temperature on endozenous Ammonia excretion 

rate. 

The relationship between endogenous ammonia excretion rate with body 

weight and temperature was similar to that observed in routine oxygen consumption 

rate, with the rate per unit weight showing a decrease with increasing size, and 

increasing with temperature. The inverse relationship between loglo body weight and 

loglo endogenous ammonia excretion with temperature is represented in Fig. 4.22. and 

the regression statistics are shown in Table 4.9. Endogenous ammonia excretion 

increased with temperature over the test range 8'C to 12'C. Levels of significance 

were: 80C (r2 = 0.96, p<0.01), IOOC (r2 = 0.64, p=0.031) and 12'C (r2 = 0.50, p= 

0.076). 
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Table 4.9. Regression statistics for the effect of temperature and body weight on endogenous 
ammonia excretion rate in small populations of Hippoglossus hippoglossus L 

Temperature Weight n Regression equation and r' Significance Q10 
(OP range (g) Allometric equation 

8 402-1150 7 Log, OY=4.82-0.693Log, OW 0.96 P<0.01 

Y= 66.29WO. 307 0.79 p<0.01 T 3 87 

10 436-1380 7 Log,, Y=3.94 - 0.346 Loglo W 0.64 p<0.05 1 . 

Y=8.717 W 0.654 0.86 P<0.01 T 4 . 68 

12 456-1420 7 Loglo Y=4.01 - 0.318 Loglo W 0.50 p<0.16-- 
1.66 

Y= 10.3WO-682 0.83 p<0.01 

(210 vajues were caicuiatea rront me enuogenous ammonia excretion vaiues Tor a nallbUt ot 750g body weight. 

The relationship between body weight and endogenous ammonia excretion 

was examined at the three test temperatures, the results of which are also shown in 

Table 4.9. Similar to resting and routine oxygen consumption rates, the relationship 
between body weight and endogenous ammonia excretion was described by the 

allometric equation Y=a Wb, where Y is the endogenous ammonia excretion (gg If 

W is the body weight (g), a is the constant of the equation which is related to the test 

temperature, and b is the weight exponent. Values of b ranged from 0.307 to 0.682 

(mean 0.548). The temperature coefficient (Q10) values were calculated at 3.87 for 8 
to I OT and 5.66 for 10 to 12T, with an overall figure of 4.68 covering the entire test 

temperature range. 

Using multiple regression, an equation was developed describing the 

relationship between endogenous ammonia excretion and body weight with 

temperature over the temperature range 80C to 120C: 

Y= - 114 + 0.475 X+ 145 T 

where, Y= endogenous ammonia excretion (99 If'); X= fish body weight (g); 
T= temperature 
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4.3.6. ULM ofa singLe meat on Ammonia excretion rate. 

Ammonia excretion rates showed an increase above the endogenous excretion 

rate following the ingestion of a single meal in all trials. Examples of this post- 

prandial increase in ammonia excretion rate in tank populations of Atlantic halibut at 

the test temperatures of 80C, I O'C and 12'C are shown in Figs. 4.23., 4.24 and 4.25, 

and the overall results for all trials are presented in Table 4.10. 

All post-prandial trials showed a progressive increase in ammonia excretion 

rate immediately following feeding, steadily increasing to a single peak and then 

decreasing at a regular rate. The mean value for peak ammonia excretion as a 

percentage of the endogenous rate was 556 (±179) %. The length of time to peak 

ammonia excretion was similar for 8C and 12'C at 20-24 hours, however this was 

reduced in the trials at 10*C to approximately 10 hours. Only one trial (586g halibut; 

I OOC; meal size 0.49% body weight) showed a complete return to endogenous 

ammonia excretion rates within the trial period, occurring at 28 hours post feeding. 

Extrapolation of the post-prandial ammonia excretion rate graphs produced in other 

trials was used to provide figures for the duration of elevated ammonia excretion 

above endogenous rate. These results are based on the assumption that there is no 

change in the rate of decrease of ammonia excretion within the area of extrapolation. 

The relationships between meal size (also energy and protein ingested) and peak 

ammonia excretion rate, time to peak, duration, and total ammonia excreted were 

explored at the test temperatures of 8'C, 1.00C and 12'C. Figs. 4.26., 4.27., 4.28. and 

4.29. represent these results graphically. The relationships between fish weight and 

peak post-prandial ammonia excretion, and fish weight and total post-prandial 

ammonia excretion were also explored, and the results of this analysis are presented in 

Figs. 4.30. and 4.3 1. Regression statistics for the equations described by these 

relationships are presented in Table 4.11. 

Peak post-prandial ammonia excretion rate was found to increase with 

increasing meal size, quantity of energy ingested, and quantity of protein ingested, and 
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absolute values increas&d with increasing temperature over the test range (Fig. 4.26. ). 
The steeper curves produced at ITC indicate the possibility of a mass specific 

temperature variation in peak ammonia excretion. 

The time to peak ammonia excretion varied with temperature, with the lowest 

values obtained at the intermediate temperature of I OT (Fig. 4.27. ). The timing of 

peak ammonia excretion was slightly later in halibut at 8'C than at 12T. The curves 

produced at 8'C and I OOC both show a slight increase in time to peak ammonia 

excretion with meal size, energy ingested and protein ingested, although the results for 

120C show little influence of these factors. 

Similar to time to peak ammonia excretion, the results for duration of 

ammonia excretion show the lowest values at 10T, followed by 12T and 80C (Fig. 4. 

28. ). The results at I OOC show an increasing time to peak ammonia excretion with 

increasing meal size, quantity of energy and protein ingested, and this trend is 

continued at 120C although the rate of increase at this temperature is reduced. A wide 

variation in the data points obtained at 8'C makes determination of any relationship at 

this temperature difficult. 

The quantity of ammonia excreted post-prandially was observed to increase 

with meal size, and quantity of energy and protein ingested and over the temperature 

range 8'C to 12'C (Fig. 4.29. ). 

The relationship between fish weight and peak ammonia excretion was 

observed to change with test temperature, although the results did not follow a clear 

pattern (Fig. 4.30. ). At 8'C there appeared to be little change in peak ammonia 

excretion with fish weight, although at I OT increasing fish weight was accompanied 

by an increase in peak ammonia excretion and at 12T increasing fish weight was 

accompanied by a decrease in peak ammonia excretion. In general values for peak 

ammonia excretion rate showed an increase for any specific fish weight over the 

temperature range 8'C to 12T. 
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Graphs produced for fish weight and mass-specific total ammonia excreted 
(Fig. 4.3 1. ) also showed a temperature related difference. At 8'C and 12T, mass 

specific total ammonia excreted was found to decrease with increasing fish weight, 

although at I OT the trend was for an increase with increasing fish weight. 
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Fig. 4.23. Endogenous and post-prandial ammonia excretion in tank populations of Atlantic 
halibut, Hippoglossus hiPP091OSSus at 8'C. Dry commercial pelleted diet. Black vertical arrows 
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meal size 0.47% body weight; (b) tank population of 6 fish, average weight 979g, meal size 0.60% 
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Table 4.10. Analysis of post-prandial ammonia excretion in tank populations of the Atlantic 
halibut, Hippoglossus hippoglossus fed a single meal of commercial dry pelleted diet 

Temperature wt. (g) n Meal E ingested Endogenous Peak NH3-N Peak NH, -N Time to Time to 
(OC) (% wt. ) J g-' body NH3-N excretion excretion as peak (h) return to 

wt. excretion (gg kg-' h-') % of endogenous 
(pg kg"' h-1) endogenous rate (h) 

8 1150 9 0.47 98.4 532.3 3438.5 546 20 47 
8 978 6 0.60 126.7 516.8 3634.5 603 20 35 
8 606 9 0.85 179.4 452.7 4565.1 908 26 38 
8 888 10 0.42 88.1 506.2 3817.9 654 24 43 
8 751 11 0.81 170.5 485.3 4591.8 846 24 40 
8 689 10 0.75 159.0 473.1 5085.3 975 24 48 
8 402 11 0.70 142.7 367.4 2631.9 616 24 59 

10 1380 7 0.42 89.2 849.9 6701.5 688 10 35 
10 1109 10 0.55 116.5 905.8 6954.0 668 10 36 
10 699 11 0.63 132.3 1072.6 6325.0 490 10 42 
10 964 11 0.84 177.3 948.8 6317.7 566 16 46 

10 794 11 0.68 143.3 1018.5 8015.5 687 10 44 
10 757 11 0.22 47.0 1038.4 5050.4 386 10 35 
10 435 11 0.49 100.9 1346.2 4537.9 237 8 26 

12 1420 7 0.13 27.6 1137.9 7479.0 557 20 41 
12 1150 10 0.18 37.5 1259.2 6151.1 388 18 40 
12 721 10 0.21 43.4 1638.0 8725.4 433 20 41 

12 1005 11 0.23 49.6 1350.9 7366.4 445 18 39 

12 800 11 0.32 66.7 1537.5 8844.4 475 20 38 

12 775 11 0.46 96.4 1567.7 8948.7 471 18 42 
12 458 11 0.63 130.0 2220.4 10441.5 370 20 45 

Endogenous ammonia excretions are calculated from the global equation relating ammonia excretion, body weight and 
temperature presented in section 4.3.4. Post prandial ammonia excretion rate diminished to that of endogenous ammonia 

excretion only in one trial (435g halibut, 10*C) after a period of 28 hours. Times to return to endogenous ammonia excretion 

rate were predicted in all other trials through extrapolation of the post-prandial ammonia excretion graphs. 
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Table 4.11. Regression statistics for equations describing aspects of post-prandial ammonia 
excretion in the Atlantic halibut, Hippoglossus hippoglossus, fed a single meal of dry commercial 
pelleted diet. 

Relationship Temperature Text ra p 
(OC) Figure 

Meal size and Peak post-prandial ammonia excretion 8 4.25a 0.25 0.261 
10 4.25b 0.25 0.254 
12 4.25c 0.69 0.019 

Energy ingested and Peak post-prandial ammonia excretion 8 4.25a 0.29 0.363 
10 4.25b 0.26 0.307 
12 4.25c 0.69 0.020 

Protein ingested and Peak post-prandial ammonia excretion 8 4.25a 0.17 0.216 
10 4.25b 0.20 0.238 
12 4.25c 0.69 0.020 

Meal size and time to peak ammonia excretion 8 4.26a 0.36 0.152 
10 4.26b 0.40 0.132 
12 4.26c 0.008 0.835 

Energy ingested and time to peak ammonia excretion 8 4.26a 0.36 0.146 
10 4.26b 0.41 0.155 
12 4.26c 0.006 0.796 

Protein ingested and time to peak ammonia excretion 8 4.26a 0.37 0.157 
10 4.26b 0.36 0.123 
12 4.26c 0.01 0.858 

Meal size and time to return to endogenous rate 8 4.27a 0.006 0.880 
10 4.27b 0.45 0.096 
12 4.27c 0.49 0.082 

Energy ingested and time to return to endogenous rate 8 4.27a 0.01 0.965 
10 4.27b 0.48 0.136 
12 4.27c 0.48 0.067 

Protein ingested and time to return to endogenous rate 8 4.27a 0.004 0.808 
10 4.27b 0.38 0.086 
12 4.27c 0.52 0.087 

Meal size and quantity of post-prandial ammonia excretion 8 4.28a 0.36 0.158 
10 4.28b 0.53 0.061 
12 4.28c 0.79 0.007 

Energy ingested and quantity of post-prandial ammonia excretion 8 4.28a 0.27 0.169 
10 4.28b 0.58 0.089 
12 4.28c 0.79 0.007 

Protein ingested and quantity of post-prandial ammonia excretion 8 4.28a 0.34 0.150 
10 4.28b 0.48 0.053 
12 4.28c 0.79 0.007 

Fish weight and peak ammonia excretion 8 4.29a 0.001 0.995 
10 4.29b 0.28 0.325 
12 4.29c 0.71 0.041 

Fish weight and total ammonia excreted 8 4.30a 0.18 0.334 
10 4.30b 0.23 0.442 
12 4.30c 0.59 0.017 

in all experimental trials, n=7 (d. f = 5). 
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4.4. Discussion 

This study set out to provide information on the energetics of small tank 

populations of Atlantic halibut maintained on a standard husbandry regime, held 

under ambient conditions of temperature and photoperiod. In particular, the energy 

costs associated with feeding and excretion were investigated. The use of tanks as 

open system respirometers ensured that there were no changes in environmental 

parameters for the test animals which had been maintained in these systems for a 

significant period of time, and the results were gathered under conditions 

corresponding closely to those which the fish experienced as daily practice. 

Effect of body weight and temperature on routine oxygen consumption rate 

The increase in routine oxygen consumption per unit weight with a decreasing 

body weight, and with increasing temperature, is similar to that found in the 

determination of resting oxygen consumption in Chapter 3. Similar relationships have 

also been observed in other species such as Mugil cephalus, Liza dumerili and L 

richardsoni (Marais, 1978) and Scophthalmus maximus (Waller, 1982) at routine 

levels. Increasing routine oxygen consumption rate with increasing temperature has 

also been observed in H. hippoglossus under very similar experimental conditions, 

although for much smaller fish of 20g to 90g in weight (HallarAker et al., 1995). In a 

recent study of routine oxygen consumption rate in other members of the 

Pleuronectidae (MacIsaac et al., 1996) a large variation in results was exhibited, with 

two species (Pleuronectesferruginea and P. americanus) showing elevated routine 

oxygen consumption rates at mid-range temperatures, and one species 

(Hippoglossoidesplatessoides) showing decreased values at mid-range temperatures. 

The work of MacIsaac et al. (1996) was carried out at 2'C, I VC and 14*C, thus 

covering a large part of the temperature range of the work in this study. Table 4.12. 

presents comparative routine oxygen consumption rate data produced in other studies 

of routine oxygen consumption rate, together with values obtained in this study. A 

study by Saunders (1963) reports routine oxygen consumption rate values 

corresponding closely to the values produced by this study. These values, together 

with those recorded by Marais (1978) for three species of mullet, are within the range 
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of values for flatfish, and are also comparatively low when the energetic differences 

between flatfish and roundfish are considered. However, the short acclimation time to 

the test temperature from an ambient temperature in excess of 5C' higher, could have 

influenced these results in the Marais (1978) study. Thermal history is important in 

making accurate determinations of oxygen consumption rate, with a sudden decrease 

in temperature generally accompanied by an artificially depressed value (Fry, 1979). 

The values obtained in this study are within the range of values recorded for other 

species of flatfish, over a similar temperature range, although they do appear slightly 

elevated above those of the turbot (Waller, 1982). Other values quoted for the 

Atlantic halibut by Hallardker et al. (1995) are for individuals of 20-90g body weight, 

and a larger mass specific routine oxygen consumption would thus be expected. 

Taking size, and possibly associated differences in spontaneous activity level into 

account, the values of Hallarhker et al. (1995) correspond well with the figures of this 

study. A wide degree of variation is seen in the results of MacIsaac et al. (1996) 

although the origin of this range in values is difficult to determine. Overall, the 

results produced in this table again emphasise the importance of an identical protocol 

for experimental procedure if any comparison of oxygen consumption data is to be 

valid. 

The spontaneous activity component of the total metabolic energy cost in such 

studies cannot be assumed to be equal throughout the temperature range, and thus may 

have a significant effect on the relationship between routine oxygen consumption rate 

and temperature. In this work, the development of an equation describing the 

relationship between routine oxygen consumption rate and body weight with 

temperature does hold good for the system under investigation, and provides a good 

estimate for the energy costs of spontaneous movement within such a system for a 

range of fish weights between 287g and 1774g over the temperature range 80C to 

14T. The applicability of this equation to Atlantic halibut held in other facilities may 

not be pertinent, and caution in such application should thus be emphasised. 

The value of the weight exponent is slightly lower than that produced for 

resting oxygen consumption rate data in Chapter 3., with an overall average of 0.66, 
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and again the value of this factor is sensitive to the influence of the variable activity 

rates observed in routine rate measurements. Given the relatively large size range of 
the test fish there are clearly likely to be size related differences in the 24 hour 

activities of these fish (explored further in Chapter 5. ), which could have a subsequent 
impact on the routine oxygen consumption rate. It may be seen that a higher activity 
in the smaller size class of fish could have the effect of elevating the oxygen 

consumption rate relative to large fish, thus reducing the value of the weight exponent 
b, and this may account for the values produced in this study in comparison to the 

resting rate work in which the movement of all fish was restricted. With this in mind, 
it is of interest to compare the values for routine oxygen consumption rate with values 
for resting oxygen consumption rate determined from the work in Chapter 3, for fish 

of similar body weights at the same temperature. These comparisons may be 

summarised graphically, and are presented in Fig. 4.32. 
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Fig. 4.32. Comparison between resting and routine oxygen consumption rate in the Atlantic 
halibut, HipPoglossus hippoglossus (L). at 80C, 10'C, 12'C and 140C. Values are calculated from 
the equations produced in Chapters 3&4 for resting and routine oxygen consumption rate. 
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The results shown in Fig. 4.32. show a greater divergence between the resting 

and routine oxygen consumption curves with decreasing body weight, indicating that 

there are size related differences in spontaneous activity in the Atlantic halibut. Over 

the temperature range 8*C to 14T these size related differences appear to become 

more pronounced, and the energy allocation to spontaneous activity in I OOg halibut at 

140C is proportionately far greater than that for halibut of I 000g. 

Over the test temperature range in this work, there was a steady increase in 

routine oxygen consumption rate with temperature, and the global equation produced 

would appear to provide a good predictive equation in this instance. The value of 

routine rate measurements in energetic studies decreases as soon as an element of 

unpredictability enters the equation, however here the study of a fish species with a 

relatively sedentary nature may possess an advantage over more active species in 

which there may be more potential for variation in the energetic costs associated with 

activity. Fig. 4.33. shows the overall elevation of oxygen consumption rate due to 

spontaneous activity to be a fraction of resting oxygen consumption rate, with 

calculated values ranging from 3 6% to 81% of resting oxygen consumption rate in 

fish of I OOg to 20% to 24% of resting oxygen consumption -rate in fish of 1 000g, over 

the temperature range 8'C to 14T. Sullivan and Fisher (1947) and Sullivan (1949) (in 

Fry, 1957) observed a similar relationship between spontaneous activity and 

temperature in Salvelinusfontinalis, with maximum spontaneous activity recorded at a 

point near to the preferred temperature. Optimal temperature for growth in the 

Atlantic halibut is known to be size related (Bj6msson and Tryggvad6ttir, 1996), thus 

it may be anticipated that spontaneous activity will follow a similar pattern in this 

species given the likelihood of a close correlation between preferred temperature and 

optimal growth temperature. Although spontaneous activity is maximal at the point of 

the temperature preferendum, and decreases at temperatures above this point, Fry 

(197 1) notes that the curve relating spontaneous activity to temperature is sigmoidal, 

as increasing costs of homeostasis at higher temperatures offset the high costs of 

spontaneous activity. Reviewing experimental data obtained from the goldfish, this 

author also showed that peak routine oxygen consumption rate may vary from a level 
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close to that of the resting rate, to a level as a high as six times that of the resting rate. 

Resting oxygen consumption rates for the goldfish were found to be in the region of 

20 - 30ml 02 kg-' If 1, and routine oxygen consumption rates within the range 40 - 
180ml 02 kg-1 If 1. Comparatively, the percentage increase of the routine oxygen 

consumption rate above the resting oxygen consumption rate is lower in this study, 

and probably reflects the relatively sedentary nature of flatfish. 

Effect ofphotoperiod on routine oxygen consumption rate 

The results of this study were quite distinct, showing a clear trend of increased 

routine oxygen consumption rate in the period of darkness throughout the test period. 

Even though the time period of this study covered a wide range of ambient 

photoperiods, this was pattern was retained throughout. Exceptions were few in 

number, and were generally fish in the small size range. The results of this work 

reinforce the hypothesis that there is a strong nocturnal rhythmicity in this species 

which is strongly related to the nocturnal activity of one of the major prey items, 

Sebastes marinus (Leirn and Scott, 1966; Scott and Scott, 1988). 

An increase in routine oxygen consumption rate in the dark phase over the 

light phase was observed in post hatchling lesser spotted dogfish (Scyliorhinus 

canicula) by Sims et al. (1993), and this pattern of oxygen consumption was strongly 

correlated with activity level. In the sole (Solea solea), a nocturnal rhythmicity has 

been established, manifest as both the period of maximal stomach distension with 

food in wild fish, as well as the period of greatest motor activity of fish held in aquaria 

(Kruuk, 1963). In the plaice (Pleuronectesplatessa) and the flounder (Platichthys 

flesus) an increase in motor activity at night has also been observed in tank held fish, 

although in wild plaice maximum stomach fullness has been recorded in the daytime 

(Verheijen and de Groot, 1967). Edwards et al. (1971) studied feeding pattern in the 

tropical marine flatfish Cynoglossus bilineatus, C brevis, C cynoglossus, and C 

puncticeps, and concluded that the greatest feeding period in these fish is at night- 

time. Sequential sampling of stomach contents throughout a 24 hour period showed 

that stomach fullness, expressed as wet weight of stomach contents divided by wet 
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weight of the fish, was maximum between the period of dusk and dawn. 

Unfortunately the lack of comparative oxygen consumption data taken over a 24 hour 

period for other species of flatfish prohibits the direct comparison of the results of this 

study with other species. On the understanding that there is likely to be a close link 

between daily activity and feeding patterns with daily pattern of oxygen 

consumption, an investigation into the activity pattern of the Atlantic halibut over a 24 

hour period would prove beneficial. A size related difference in daylight/nocturnal 

activity pattern may be expected in the Atlantic halibut, given the change in feeding 

pattern as they increase in size and become more actively piscivorous (Haug, 1990a). 

A pattern of daily activity is the behavioural adaptation of the animal to its 

environment, and is considered to be determined by the probability of location of and 

capture of prey items (Manteifel et al., 1978). All Atlantic halibut production 

currently involves the daylight feeding of fish throughout the life cycle. It would 

appear that a very strong inherent rhythm is operating, with the result that there is no 

clear modification of behaviour such that patterns of routine oxygen consumption rate 

correlate with this daylight feeding. In this work the test fish were routinely fed at 

I 0.00h every day, and had been maintained on this regime throughout the period of 

three years of this study. Although this was the case, no evidence from the routine 

oxygen consumption rate results was produced for a period of anticipatory feeding 

behaviour and enhanced spontaneous activity prior to the daily feeding time. 

Sdnchez-Vdzquez et al. (1996) note the importance of time of food availability as a 

zeitgeber synchronising behaviour rhythms in fish, and showed a strong element of 

anticipation prior to feeding in goldfish held on a scheduled feeding regime. The 

results of this work suggest differences in feeding and activity pattern in the Atlantic 

halibut which merit further attention for the intensive culture of this organism. 
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Effect of body weight on meal size and energy intake 

Temperature and body weight are known to influence ration size in fish 

(Braaten, 1979). The results of this study confirm the existence of an inverse 

relationship between both meal size and energy intake with body weight and 
temperature in the Atlantic halibut. Although the results for the I O'C work are 

variable, it appears that overall feed and energy intakes were higher at the lower 

temperatures of 8'C and I OOC than at 12*C and WC, for the size range of fish 

examined. In general the results are somewhat indeterminate, perhaps reflecting the 

relatively crude experimental procedure. The relationship between ration ingested and 
temperature in fish can usually be described by an asymmetrical bell-shaped. curve in 

which the side corresponding to the upper temperature range has a much steeper 
decline than the incline below the optimum temperature (Jobling, 1994). A reduction 
in ration size at 12'C followed by an increase at WC in this study is difficult to 

explain in this regard, but could be the result of some external factor influencing 

appetite in the experimental fish. A slight reduction in ration size seen at 14*C over 
80C and I O'C may indicate that this temperature is slightly elevated above that for 

maximum ration ingestion in this size of Atlantic halibut. 

The work of Davenport et al. (1990) used the technique of X-radiography to 

determine satiation meal size in the Atlantic halibut. These authors results showed 
that when offered a satiation meal, H. hippoglossus accepted a ration with an average 

of 11.7% of body weight at a standard temperature of I O'C, but could not determine 

any relationship between body weight and meal size in a sample of 13 fish of weight 

range 454g to 2334g. This figure is well in excess of the figures produced in this 

study, although Davenport et al. (1990) offered the fish a moist diet, which is likely to 
be less energy dense than a commercially prepared dry diet as used in this study. 
These authors presented no information on the energy content of the experimental 
diet, but stated that it consisted of finely minced saithe (Pollachius virens), hot water 

and gelatine. Jensen (1979) and Hislop et al. (1991) measured the total energy 

content of whole immature saithe using bomb calorimetry. A seasonal variation in 

saithe energy content was observed and although there was a variation in energy 
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content of this species associated with the liver index, a range of values of 3.94-6.27 

W g-1was recorded. Applying a midrange value of 5.110 g-'to the figures of 

Davenport et al. (1990), an 11.7% body weight meal of fresh, moist saithe for a 1.5kg 

halibut would carry an energy ingestion of 896.80. Using the equation presented 

above, relating ration size with fish weight and temperature a meal of 0.243% body 

weight would be predicted for a 1.5kg halibut at 10'C, possessing an energy intake of 

76.90 as calculated for the test diet. These results may indicate differences in 

palatability between moist and dry diets in the Atlantic halibut, and the reduced 

energy intake observed with the dry diet does give cause for concern in an industry 

which is likely to be based on commercial dry pelleted feed. In a study of feed 

consumption and growth of Atlantic halibut averaging 422g body weight, Tuene and 

Nortvedt (1995) observed a wide range of feed consumption values, from close to zero 

up to a maximum sustainable feed intake of 0.85% body weight d7' at a temperature of 

8-9"C. The global equation produced in this study predicts a meal size of 0.716% 

body weight under equivalent conditions, which is within the range of values 

observed by Tuene and Nortvedt (1995) who also fed a commercial dry pelleted 

flatfish diet. 

A study on wild stocks of the closely related Pacific halibut (Hippoglossus 

stenolepis) by Paul et al. (1994) showed meal sizes ranging from 4.1 (% body weight) 

for 1 OOg fish to 1 -1 (% body weight) for 6-8kg fish, although again these fish were 

also offered a moist diet. An inverse relationship between meal size (% body weight) 

and fish weight was observed by these authors. Given that ration intake is adjusted 

according to the energy requirements of the fish (Phillips, 1972; Steffens, 1989; 

Jobling, 1994), the reason for this disparity in the results of this study in comparison 

to the other relatively high values may be readily accounted for. From a bioenergetic 

perspective, the intake of a less energy dense diet such as a moist fish prepared feed is 

likely to be increased over more energy dense dry feed as the organism tries to 

maintain an energy balance, other factors such as temperature and fish weight being 

equal. Unfortunately, the lack of information on the energy content of the moist diet 

in the Davenport et al. (1990) study does not allow a comparison of energy intakes, 

which would prove of interest since there is an overlap between temperature and fish 
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weight between the two studies. The relatively high ingested energy value calculated 

above from energy values for the saithe are clearly subject to a large source of error, 

since the energy values of this species vary over such a wide range in the wild, and the 

proportions of saithe, gelatine and water in the manufactured test diet are not known. 

The apparent much higher ingestion rate of a moist diet is of interest for culture given 

the applicability of consumption-growth relationships in fish (Brett, 1979). The 

drawback to using moist diets in intensive culture of fish is the possibility of disease 

transmission, however such risks may be lessened to a degree during the preparation 

of diets with the application of new technology such as irradiation. The anatomy of 

the Atlantic halibut is clearly suited to the ingestion of a high-bulk, large meal, and 

the maintenance of this species on a high density dry pelleted diet may not provide 

optimum conditions for growth in this species. Further studies comparing growth 

efficiencies of dry and moist diets would be of interest in determining the optimum 

dietary type in this species, with a view to a viable Atlantic halibut farming industry. 

There is little further reported literature on feed and energy consumption in the 

Atlantic halibut, and it is also interesting to compare the levels of feed ingested in this 

study with the manufacturer's suggested figures for daily feed ration. This 

information is presented in Table 4.13. There are clear differences between the 

figures obtained in this study with the suggested feeding rates provided by the 

manufacturer. Generally at the lower test temperatures all halibut ingested a larger 

ration than suggested as a daily quota, and at the higher temperatures larger halibut 

ingested a smaller ration and smaller halibut a larger ration than the suggested level. 

The intensive fanning of the turbot (Scophthalmus maximus) is a well developed 

industry, and it is likely that any "flatfish" diet is geared towards the culture of that 

species. Clearly, there are factors which may have influenced the feed intake in this 

study, such as time of day of feeding (which was kept standard in this study, but may 

not be optimum), administration of the daily feed quota in one or several meals (one 

in this study), and the development of social hierarchies within such small populations 

of fish, which may have resulted in an unequal distribution of the feed intake among 

individuals within populations. The last point is regarded as significant in studies of 

ration intake by Jobling (1993). These facts aside, there is a general lack of 
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information in the area of feed intake in the Atlantic halibut and the results of this 

study emphasise the necessity of future research in this field. In particular, a more 

dedicated feeding regime tailored to the requirements of this organism will help to 

optimise culture in intensive systems. 

Table 4.13. Comparison of ration size with manufacturer's suggested daily ration. 

Temperature body wt. (g) meal size Manufacturer's 
(OP (% body wt. ) suggested meal size (% 

body wt. ) 
8 1150 0.34 0.3 
8 979 0.53 0.3 
8 606 0.68 0.3 
8 889 0.51 0.3 
8 752 0.62 0.3 
8 690 0.44 0.3 
8 402 0.59 0.4 
8 1150 0.47 0.3 
8 979 0.60 0.3 
8 606 0.85 0.3 
8 889 0.42 0.3 
8 752 0.81 0.3 
8 690 0.75 0.3 
8 402 0.70 0.4 
10 1380 0.42 0.4 
10 1109 0.55 0.4 
10 700 0.63 0.4 
10 964 0.84 0.4 
10 795 0.68 0.4 
10 757 0.22 0.4 
10 436 0.49 0.5 
12 1420 0.13 0.4 
12 1150 0.18 0.4 
12 722 0.21 0.4 
12 1006 0.23 0.4 
12 801 0.32 0.4 
12 775 0.46 0.4 
12 459 0.63 0.5 
14 1462 0.25 0.4 
14 1156 0.32 0.4 
14 720 0.26 0.4 
14 1045 0.26 0.4 
14 788 0.49 0.4 
14 797 0.34 0.4 
14 476 0.83 0.6 
14 315 0.83 0.6 
14 786 0.39 0.4 
14 581 0.60 0.4 
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Effect of a single meal on post-prandial oxygen consumption rate and 
Specific Dynamic Action (S. D. A. ) 

Studies of post-prandial oxygen consumption rates in fish have utilised both 

open (Solomon and Brafield, 1972; Vahl and Davenport, 1979; Jobling and Davies, 
1980; Ross and McKinney, 1988a; Davenport et al., 1990; Chakraborty, 1992; 
Chakraborty et al., 1992c) and closed (Edwards et al., 1969; Furnell, 1986; Sims and 
Davies, 1994) respirometer systems. This study measured post-prandial oxygen 
consumption rates in small populations of Atlantic halibut held in I in' tanks operated 
as open system respirometers, and despite the relatively unsophisticated nature of the 

apparatus, the post-prandial rate was found to be elevated over the routine oxygen 
consumption rate in all trials. The results are therefore consistent with the generally 
held theory of S. D. A. in which an increase in metabolic rate follows the ingestion of a 
meal (Rubner, 1902; Brody, 1945; Winberg, 1956; Kleiber, 1961; Brett and Groves, 
1979; Jobling, 198 1 a, 1983,1994). The pattern of increased oxygen consumption rate 
following feeding was for an increase to a single peak at a point approximately 18 
hours following feeding, and then a general decline towards routine oxygen 

consumption levels. Hamada and Ida (1973) identified two distinct peaks in oxygen 
consumption in the carp following a single meal, and hypothesised that the second 
peak at 5-8 hours post feeding was related to nitrogenous excretion in this species. 
Other authors have shown a single post-prandial peak in oxygen consumption rate 
(Beamish, 1974; Tandler and Beamish, 1979,1980,198 1; Jobling and Davies, 1980; 
Medland and Beamish, 1985; Brown and Cameron, 1991; Ross et al., 1992; 

Chakraborty et al., 1992c; Sims and Davies, 1994) in a variety of fish species, and this 

pattern of S. D. A. in fish now appears to be widely recognised (Jobling, 1994). The 

occurrence of both single and double post-prandial peaks in oxygen consumption 

concurrently in this study is less easy to account for, although the large variation seen 
within individual routine rate trials over a 24 hour period (Fig. 4.4. to 4.7. ) may have 
influenced these results. 

Jobling (19 81 a) identifies three components of S. D. A., namely the peak level, 

the duration of effect, and the magnitude (represented by the S. D. A. coefficient), and 
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it is these parameters which provide opportunity for species, diet, weight and 

temperature comparisons. The development of a good experimental protocol is as 
inherently important for this work as it is for the measurement of resting oxygen 

consumption rate to ensure that such comparisons are valid (see Chapter 3. ). 

The peak level of oxygen consumption rate in this series of trials showed a 

wide variation, averaging an increase of 69.0 (± 20.9)% above the routine oxygen 

consumption rate. This result is similar to that presented by Jobling and Davies 

(1980) for work on S. D. A. in individual plaice held in respirometers, who showed a 

peak oxygen consumption rate ranging from 141.8 to 198.6% of resting oxygen 

consumption levels, with the height of the peak increasing with increasing ration. In 

this study a similar relationship was observed at the temperatures of 12'C and 14"C, 

with the results significant at the p<0.05 level at 14T, although the results at lower 

temperatures were less distinct. A selection of comparative values for peak post- 

prandial oxygen consumption is presented in Table 4.14. A comparison of the results 

of this study with other literature values shows peak oxygen consumption following 

feeding in the Atlantic halibut to be within the range of results obtained in other 

species of fish. The results of this study tend towards the low end of the range of 

published values, although it is interesting to note the similarity of the results 

achieved by Saunders (1963) in work on the cod. 

The relationship between peak post-prandial oxygen consumption rate and fish 

weight is similar to that determined for both resting and routine oxygen consumption 

rate in this study, mass specific oxygen consumption rate decreasing with increasing 

fish size, and increasing over the test temperature range. A similar relationship has 

been determined in other species of flatfish such as the plaice and the flounder by 

Fonds et al. (1992). A study of the oxygen consumption of turbot held on an 

intensive fish farm, with readings timed to coincide with maximal oxygen demand by 

fish biomass, also showed a similar relationship for a fish size range of 4-1000g, over 

the temperature range 70C to 16T. 
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No significant relationship between meal size and energy ingested with S. D. A. 

magnitude was determined in this study at any of the test temperatures (Fig. 4.16. and 

Table 4.8. ). A clear relationship between S. D. A. magnitude and ration size has been 

shown in the plaice (Edwards et al., 1969; Jobling and Davies, 1980), carp (Hamada 

and Ida, 1973; Chakraborty et al., 1992c), largemouth bass (Beamish, 1974; Tandler 

and Beamish, 1980), and the blenny (Vahl and Davenport, 1979). The results of this 

study at 80C, I OOC and 120C show a trend for increasing S. D. A. magnitude with 

increasing meal size, but the data points are well dispersed. Although the trend at 

140C is for a reversal of this pattern it may be seen that removal of the two outlying 

points at the highest ration level will reorient the regression line with a positive slope. 

The time to peak oxygen consumption of approximately 18 hours seen in this 

study is considerably longer than that observed in studies of the feeding energetics of 

other fish species. Various times to peak oxygen consumption rate are recorded in the 

literature: 2-4 hours after feeding in the study of Vahl and Davenport (1979) in 

Blenniuspholis; 2 hours in the largemouth bass (Beamish, 1974; Tandler and 

Beamish, 198 1); 2-6 hours in rainbow trout (Medland and Beamish, 1985); 1-6 hours 

in Sparus aurata (Guinea and Fernandez, 1997); 2.5-6 hours in Cyprinus carpio 

(Chakraborty et al., 1992c); 4-10 hours in Scyliorhinus canicula (Sims and Davies, 

1994); 8 hours in ktalurus punctatus (Randell Brown and Cameron, 199 1 a); 10- 12 

hours in aholehole (Muir and Niimi, 1972). Hamada and Ida (1973) found two post- 

prandial peaks in oxygen consumption rate in work on the common carp, one at 3-4 

hours after feeding and the other at 5-8 hours. In this study only a single peak in 

oxygen consumption rate was observed, and although there is an overlap in timing 

with some of the above studies, overall this appeared at a point somewhat later than 

any of these studies. Time to peak was not found to be influenced by temperature in 

this work, which is similar to the results of Jobling and Davies (1980) in work on the 

plaice. The relatively large size of the Atlantic halibut stomach (classified by de 

Groot (197 1) as a "Type I" pleuronectid possessing a large oesophagus and stomach, a 

simple intestinal loop, and large gill rakers - all characteristic of piscivorous fish), 

does suggest a long digestion time for a single meal, since a larger bolus of food 

present in the stomach of the Atlantic halibut will have a proportionately longer 
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digestion time than a bolus of food in the much smaller stomachs of fish such as carp, 
trout and salmon. A longer digestion time would lead to both a "smoothing out' ' of 
the S. D. A. curve, as well as an increase in the length of time to peak oxygen 

consumption rate following a meal. Although the values for ration ingested in this 

study are relatively low, there is the very real possibility that not every fish in the 

population consumed food, which would lead to a situation where the S. D. A. curve 

produced was a result from a few fish within a population consuming relatively larger 

meals. Clearly this could have an influence on the positioning of the peak value, the 

quantity of the peak value and the S. D. A. coefficient, since there may be differences 

in individual food consumption rates between trials, and comparisons are therefore 
less meaningful. 

This possible inter-individual difference in food consumed may have 

accounted for the results of the S. D. A. coefficient in this study, which showed a 
degree of variability between trials. Although only 16 out of the 36 trials showed a 
decline to pre-feeding routine oxygen consumption rate levels, extrapolation of results 

produced figures for S. D. A. in a further 18 trials. As already stated, there are several 

assumptions associated with such data manipulation, although the mean S. D. A. 

coefficient value of 9.8% is well within the range of values produced by other 

workers. A range of values for the S. D. A. coefficient have been determined for a 

variety of fish species, and some representative figures are presented in Table 4.15. 

The results produced in this study cover a broad range, which may be linked to the 

assumption that the rate of decrease in extrapolated post-prandial oxygen consumption 

curves remains the same over the predicted time period, influencing the value for 

S. D. A. magnitude and hence S. D. A. coefficient. However, the mean value 

corresponds well with the values obtained in studies on other fish species, and is 

within the 5 to 20% range reported for estimates of S. D. A. coefficients by Priede 

(1985), although is below the range of 12 to 16% quoted by Brett and Groves (1979). 

The value of the S. D. A. coefficient decreased with ration size in this study, although 

the relationship was only significant at the p<0.05 level at WC (Fig. 4.18 and Table 

4.8. ). In the study of Chakraborty et al. (1992c), S. D. A. coefficient was not found to 
be related to ration level in the carp, although was significantly correlated with protein 
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content of diet. Jobling and Davies (1980) also found protein content of diet to be an 

important factor in determining the value of S. D. A. coefficient, diets with a higher 

percentage protein influencing the magnitude of the S. D. A. effect and the value of the 

S. D. A. coefficient in the plaice. These authors also noted that to a lesser extent, the 

magnitude of the S. D. A. was linked to the energy content of the dietary constituents. 

No significant relationship between S. D. A. coefficient and fish weight was 

determined in the results of this study, similar to the study on largemouth bass by 

Beamish (1974) and the study on carp of Chakraborty et al. (1992c). 

Overall this series of trials is characterised by a high degree of variation in 

results which is most likely to stem from observations on populations of fish rather 

than individuals. Although successful studies of S. D. A. have been achieved in fish 

community studies (Medland and Beamish, 1985), generally much of this work has 

been undertaken on single fish in individual respirometers (Vahl and Davenport, 

1979; Jobling and Davies, 1980; Ross and McKinney, 1988c; Chakraborty et al., 

1992c). However, although a similar technique was attempted in this study utilising 

the respirometers described in Chapter 3., Atlantic halibut could not be trained to feed 

in the system, and the work was therefore carried out on small stock populations of 

halibut in tanks. The most obvious possibility for variation in results stems from 

using routine rate measurements as baseline for such work. Calculated values for 

routine oxygen consumption rate were used as baseline prefeeding levels of oxygen 

consumption rate, however this draws on the assumption that routine levels are similar 

throughout. Routine rate measurements may differ between pre- and post-feeding, 

thus affecting the calculation of the S. D. A. coefficient. A higher incidence of 

aggression was generally observed in starved populations which would also increase 

any discrepancy between starved and fed fish. Aggressive social interactions and the 

development of hierarchies could have influenced feed intake, and also affected 

routine oxygen consumption rates. Clearly future studies should centre around S. D. A. 

in individually held Atlantic halibut, once the production ofjuvenile fish has reached 

the stage at which the supply of a standard size of fish allows interpretation of S. D. A. 

in response to diet type (varying energy level and protein content) and water 

temperature. The respirometer system used for the determination of resting oxygen 
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consumption rate in this study proved successful in this regard, although the halibut 

could not be trained to feed when held individually within respirometers. Atlantic 

halibut are considered to be visual feeders (Leim and Scott, 1966), and observations 

on feeding individuals held in tanks showed that there is a forwards "lunge" of 0.5-1.0 

body lengths immediately prior to the ingestion of a feed pellet. Halibut were 

allocated to respirometers according to size in order that movement was restricted and 

true "resting" oxygen consumption values were obtained, and restriction of this sort 

may be counterproductive in terms of getting the organism to feed voluntarily. Some 

design modification may enhance the success of feeding individual halibut in 

respirometers, although it is important to note that any increase in respirometer space 

to accommodate feeding lunges may also allow a level of spontaneous activity which 

will influence oxygen consumption rate. 

It is interesting to compare the values and pattern of post-prandial oxygen 

consumption rate produced in this study with other species which possess anatomical 

and life history similarities. Obvious comparisons may be drawn with the cod, Gadus 

morhua, which occupies a similar ecological niche in temperate marine ecosystems, 

and also possesses a relatively low resting oxygen consumption rate (see Chapter 3. ) 

and a large stomach. Moreover, there is a wide overlap in temperature preferenda for 

these species, and the cod is also regarded as showing potential for culture in 

temperate regions (Tilseth, 1990). In his study, Saunders (1963) found oxygen 

consumption of cod to remain elevated for a considerable length of time (7 days at 

I O'C; 4-5 days at 15'C) when fed large meals of herring, with peak values obtained at 

a point between 12 and 24 hours post feeding. In another study on the cod, Soofiani 

and Hawkins (1982) determined the energetic costs of feeding over a range of 

temperatures between 7'C and 18'C at five different feeding levels. These authors 

found that peak oxygen consumption rate increased with size of ration, and that this 

relationship was statistically significant for all test temperatures. Overall the increase 

in post-prandial oxygen consumption rate was slow, with the decline dependent on 

temperature and ration size, and these authors hypothesised that there is a slow rate of 

assimilation in this species with the associated energetic costs having a wide temporal 

distribution. A comparison of fed metabolic rate with active metabolic rate (values 
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produced from cod exercised in swim-system respirometers) produced very similar 

values, indicating that in fed cod a large portion of the metabolic scope is involved in 

assimilation of a meal, consequently limiting the scope for activity. The cod appears 

to be unusual in this respect, with values for MF approaching and sometimes 

exceeding those of MA. This phenomenon has been explored flifther, and is discussed 

byPriede(1985). More recently, the results of Schurmann and Steffensen (1997) on 

active metabolic rate suggest that the metabolic scope in the cod may be slightly 

higher than was first hypothesised, and these authors concluded that the cod possesses 

a similar respiratory physiology to other species of fish, contrary to earlier reports. 

From a bioenergetic perspective the cod is of interest, not least because in sharing a 

similar natural life history pattern to the Atlantic halibut it provides good comparative 

information on the partitioning of metabolic energy, and also shows potential as 

another marine species for culture in temperate regions. An investigation into the 

swimming energetics of the halibut would prove of considerable interest as a 

comparison with the cod, since it is unlikely that the MA component is large given the 

results of other studies into flatfish activity (Priede and Holliday, 1980; Duthie, 1982), 

and therefore metabolic scope in this species may also be limited. 

Effect of body weight and temperature on endogenous Ammonia excretion rate. 

An inverse relationship between endogenous ammonia excretion rate and body 

weight in the Atlantic halibut was determined from the results of this work. The rate 

of endogenous ammonia excretion was observed to increase with increasing 

temperature over the test range of 8'C to 12T. This is a similar pattern to that 

observed with routine oxygen consumption rate, body weight and temperature. The 

mean weight exponent of 0.548 determined in this study agrees with the figure of 0.54 

of Gerking (195 5) who determined a similar weight dependent relationship for 

endogenous nitrogen excretion in the bluegill sunfish. Endogenous ammonia 

excretion did not exhibit any degree of rhythmicity over a 24 hour period. 

Endogenous ammonia excretion arises from the catabolism of proteins and 

represents a loss of energy to the organism (Pandian, 1987). The condition factor of 
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the fish is of importance in such studies, since there may be preferential metabolism of 

fat in well conditioned fish, followed by a proportional increase in metabolism of 

somatic protein as the fish progressively loses condition over the starvation period. In 

this study, starvation periods were maintained constant, with fish only having just 

entered the postabsorptive phase. In the absence of any nutritional stressor, trends in 

level of metabolic rate are likely to be reflected in nitrogenous excretion rates as 

protein are used as a primary source of energy in fish (Jobling, 1994). 

A similar relationship was observed by Jobling (19 81 b) in the plaice, who 

found total ammonia nitrogen to account for 75-85% of the nitrogenous excretion in 

juvenile fish. A weight exponent of 0.67 was determined for the allometric equation 

describing endogenous ammonia excretion. In this study the level of significance of 

the relationship was reduced at 10T, although a single value produced at the small 

end of the size range could clearly have influenced this result. Discounting the results 

for I OOC, the common weight exponent for endogenous ammonia excretion in the 

Atlantic halibut is 0.62, a figure close to that produced for plaice by Jobling (198 lb). 

A summary of values for endogenous ammonia excretion rate in a variety of 

fish species is presented in Table 4.16. The results of this study are towards the low 

end of the range of values produced for other species, but there is close agreement 

with the results of Davenport et al. (1990) for Atlantic halibut, Jobling (1981b) for 

the plaice, and Gaumet et al. (1994) for the turbot. Davenport et al. (1990) measured 

the excretion rate of total ammonia nitrogen in Atlantic halibut placed in shallow 

vessels by the sequential extraction of water samples over a period of 6 hours. No 

relationship between fish weight and endogenous ammonia excretion rate was 

determined. Using the equation relating endogenous ammonia excretion, body weight 

and temperature produced in this study, a value of 0.85 mg kg-I If ' is provided for a 

13 83g fish at I O'C, which is clearly somewhat lower than the figure of Davenport et 

al. (1990). Possible reasons for this discrepancy centre around the difference in 

protocol between the two studies, with this study providing information from open 

system respirometers and Davenport et al. 0 990) utilising what were effectively 

closed system respirometers, and again emphasise the importance of a common 
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protocol in fish energetic work. Particularly the elements of stress, and the effect of 

increasing levels of metabolites in closed system respirometry are areas which may 

influence results. This study produced values from Atlantic halibut held under 

conditions which were very close to the daily regime. 

Jobling (19 81 b) produces a regression equation for the endogenous excretion of total 

ammonia at IOT in the plaice. For a body weight of 1383g this equation predicts an 

endogenous; ammonia excretion rate of 0.78 mg kg-'If'. This is inclose agreement 

with the work of this study, however the extrapolation of Jobling's (198 1 b) equation 

to this body weight may not be valid since it was conducted on fish of a much smaller 

size range. 

Clearly the values produced in this work for the Atlantic halibut are relatively 

low when compared to other species, although there is little data allowing 

comparisons of closely related species at a similar body weight and temperature. 

Further studies on halibut held individually in respirometers will provide more exact 

data on endogenous; ammonia excretion in this species, and further elucidate the 

relationship with body weight and temperature. 

Effect of a single meal on Ammonia excretion rate. 

Ammonia is the predominant compound of nitrogenous excretion in teleosts, 

although urea and trimethylamine oxide may also contribute to this process in marine 

species (Brett and Groves, 1979). In freshwater species ammonia is considered to 

comprise 80-98% of nitrogenous excretion (Brett, 1962; Forster and Goldstein, 1969; 

Solomon and Brafield, 1972), and in marine species 75-85% (Jobling, 1981 a). Only 

ammonia was examined in this study, however both the endogenous and exogenous 

fractions of ammonia excretion were examined, which provides useful information in 

the determination of an energy budget. 

The trend observed in this study was for ammonia excretion to rise steadily to 

a single peak following feeding, and then decline over a longer period of time. This 
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pattern of post-prandial ammonia excretion has also been observed in other fish 

species such as the cod (Ramnarine et al., 1987), the plaice (Jobling, 198 1 b), the 

turbot (Gaumet et al., 1994), sockeye salmon (Brett and Zala, 1975), eel (Heinsbroek 

et al., 1993), and carp (Kaushik, 1980; Chakraborty et al., 1992b; Heinsbroek et al., 

199 1). The time taken for post-prandial ammonia excretion rate to decline to pre- 

feeding levels has been determined by some authors, and some of these values are 

compared in Table 4.17. The response closely followed the pattern of S. D. A., and 

examples of time series curves for the temperatures 8'C, 1 OOC and 12'C are presented 

in Fig. 4.34. Peaks in oxygen consumption rate preceded ammonia excretion peaks by 

between 3 and 15 hours. 

A wide range of values is reported for the duration of elevated ammonia 

excretion following feeding, with the complexities of temperature, fish size, feed type 

and ration size drawing caution over any direct species comparisons without full 

knowledge of the experimental conditions. The results of this work provide 

information on post-prandial ammonia excretion in the Atlantic halibut which is of 

interest in determining the energy cost of the U component of the bioenergetic 

equation, and also for predicting the effects of feeding on tank environment water 

quality in intensive culture. These figures are of particular interest for recirculation 

technology, in which ammonia excretion rate is a limiting factor in the effective 

operation of enclosed systems. 

In this study, relationships between meal size, quantity of energy and protein 

ingested, with value of peak post-prandial ammonia excretion, time to peak ammonia 

excretion, time to return to endogenous ammonia excretion rate, and quantity of post- 

prandial ammonia excretion were determined at varying levels of significance for the 

temperatures 8*C, I O'C and 120C. In addition, relationships between fish weight and 

value of peak ammonia excretion rate, and fish weight and quantity of ammonia 

excreted were also determined for these temperatures. Similar to the S. D. A. results, 

the value of the correlation coefficient, r, showed a wide variation between 

temperatures within the same determinations (Table 4.10. ), although the significance 

of this variability is unclear. 
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Fig. 4.34. Pattern of post-prandial oxygen consumption and ammonia excretion in tank 
populations of Atlantic halibut, indicating timing of peaks. Temperatures are (a) 8'C, (b) I OT and 
(c) 12T. Tank populations are: (a 1) 6 fish, 979g average weight, meal size 0.60% body weight; (a2) 1o 
fish, 889g average weight, meal size 0.42% body weight; (bl) II fish, 795g average weight, meal size 
0.68% body weight; (W) 11 fish, 964g average weight, meal size 0.68% body weight; (c 1) 10 fish, 
II 50g average weight, meal size 0.18% body weight; (c2) 7 fish, 1420g average weight, meal size 
0.13% body weight. Black vertical arrows indicate time of feeding. 

in the study of Chakraborty et al. (I 992b), ammonia excretion was observed to 

increase with dietary protein content, and the results of this study are similar with both 

peak ammonia excretion rate (Fig. 4.25. ) and quantity of post-prandial ammonia 

excretion increasing with increasing meal size, and quantity of energy and protein 
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ingested at the test temperatures of 8'C, I OT and 12T. Increasing temperature over 

the test range increased both the peak ammonia excretion rate, and the magnitude of 

ammonia excretion for a given meal size. In a study ofjuvenile turbot, Burel et aL 
(1996) found increasing average daily total ammonia excretion over the temperature 

range 8'C to 20T, but hypothesised that this was solely the result of an increasing 

meal size. 

The time to peak ammonia excretion, and the duration of exogenous ammonia 

excretion varied little with meal size and energy and protein ingested (Figs. 4.26, 

4.27. ). Generally, longest times to peak ammonia excretion were seen at 8'C, 

followed by 12T, with the shortest times recorded at I O'C, and duration of exogenous 

ammonia excretion followed a similar pattern. The effect of temperature on the 

dynamics of exogenous ammonia excretion is little studied in comparison to the effect 

of meal size, protein and nitrogen intake, however such a temperature response may 

be associated with the thermal preferendurn for optimum growth in this species. The 

listing of thermal growth optima by Bj 6rnsson and Tryggvad6ttir (1996) cover the 

size ranges I OOg to 500g (I IXQ and 3kg to Skg (9.7'C). The fish in this study are 

intermediate in size between these two classes, and thus are likely to have an optimum 

temperature for growth between 9.7 and 11.4'C, i. e. within the region for reduced 

duration and shorter time to peak for ammonia excretion. Although fractional rates of 

protein synthesis, and protein retention efficiencies are highest at maximal growth 

rates, an anabolic increase in proteolysis with growth rate has been recognised in 

mammals, and is considered to be true for fish (Houlihan, 1991). An increased rate of 

protein turnover could have the effect of reducing the time to peak ammonia 

excretion, and the overall duration of response, and the temperature differences 

observed in this study may be linked to this phenomenon. 

A comparison of literature values for post-prandial ammonia excretion in a 

variety of fish species is presented in Table 4.17. The results of these experiments fall 

within the values of other researchers working with a variety of roundfish and flatfish 

species, and it is of interest to note the similarity of the results of Ramnarine et al. 
(1987) for work on the cod, with those of this study. The peak excretion rate observed 
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in turbot (Gaumet et al., 1994) also falls within the range of this study, and provides 

an interesting comparison with another cultured flatflsh species. The only comparative 

data for Atlantic halibut is produced by Davenport et al. (1990), who determined a 

figure of 5.08 ing kg-' W ammonia nitrogen excreted in halibut fed a single moist diet 

meal at I OOC. These authors results for fed Atlantic halibut utilised a similar method 

to that which they used for the measurement of endogenous ammonia excretion, and 

the fish were sampled only at a point 24 hours after feeding. The results of this study 

show the location of peak ammonia excretion rate to be between 8 and 26 hours post 
feeding, and although there is an overlap with the time of sampling, there remains the 

possibility that the ammonia excretion rate had declined by the point of measurement 

by Davenport et al. (1990). Meal size also showed a considerable variation in the 

study, ranging between 3.63 and 16.98% body weight for a moist diet. With this 

study confirming a significant relationship between meal size and peak ammonia 

excretion rate, there is a clear possibility that the published results were influenced by 

these parameters, leading to the production of such a low value. 

In contrast to the results for the S. D. A. study, no significant relationship 

between fish weight and peak ammonia excretion rate could be determined (Fig. 4.3 1, 

Table 4.11. ). This result is surprising given the relationships between fish weight and 

endogenous ammonia excretion rate, and fish weight and meal size determined earlier 
in this chapter. Houlihan (199 1) also notes that liver protein synthesis rates show an 
increase associated with the increased oxygen consumption rate due to S. D. A., and 

any related deamination of proteins would be likely to result in a parallel increased 

ammonia excretion. 

The results for post-prandial ammonia excretion observed in this study, and 

figures produced for other species such as cod, plaice and turbot would appear 

somewhat analagous to the pattern of post-prandial oxygen consumption in the cod 
hypothesised by Soofiani and Hawkins (1982) to relate to slow digestion rates. It is 

not altogether surprising that the pattern of ammonia excretion should mimic that of 

oxygen consumption following feeding, given the relationship to protein metabolism 

and the production of energy and growth in fish. The similarities between the Atlantic 
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halibut and the cod are of great interest, given the potential of both these species for 

temperate marine aquaculture (Tilseth, 1990). The results of this study have direct 

application in the intensive farm production of Atlantic halibut, allowing the 

prediction of oxygen consumption and ammonia excretion rates in culture situations. 

This is particularly pertinent for recirculation systems in which the precise calculation 

of oxygen uptake and ammonia loading within the system is of importance in 

maintaining the functioning of the system and the health of the organisms. 

Energy Budget Cakulation 

The results of Chapters 3 and 4 in this thesis provide information on the 

energy costs associated with resting metabolic rate, spontaneous activity and S. D. A., 

as well as exogenous and endogenous ammonia excretion in the Atlantic halibut. This 

knowledge provides a base for the generation of a predictive energetic model, taking 

into account the partitioning of energy within the Mm, MA, MF and U components of 

the energy budget equation. Drawing on the equations predicting resting and routine 

oxygen consumption rate, the application of the oxycalorific coefficient 13.5 6J mg-1 02 

(Brett and Groves, 1979) supplies an energy equivalent for the Mm andMA 

components. Using the mean S. D. A. coefficient of 9.8, and the predictive meal size 

and energy intake equations, a value for theMFcomponent may also be identified. 

This assumes the daily intake of a single meal of the quantity determined in this study. 

An energetic equivalent of 0.62 cal mg-'(= 13.73J mg-'NH3-N) for carnivorous 

ammoneotelic fish is provided by Elliott and Davison (1975), and this factor may also 

be used to predict the energy costs associated with the U component, in association 

with the equations predicting endogenous ammonia excretion and post-prandial 

magnitude with body weight. Berge and Storebakken (1991) and Berge etal. (1991) 

carried out digestibility determination on captive Atlantic halibut fed moist diets, and 

found the apparent digestibility of lipid to be within the range 85-95%, and protein 

84-86%. Digestibility of carbohydrate was not determined in these studies. There is a 

lack of information on the digestibilities of dry diets in this species, and faecal energy 

loss was not determined in this study. By applying values for lipid digestibility of 

90% and protein digestibility of 85%, an approximate value for digestible energy may 
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be determined. These values are also identical to the proportions of these nutrients in 

turbot faeces in animals fed a semi-moist diet predicted by Niihof (1994), who also 

gave a value of 65% digestibility of carbohydrate in that flatfish. Assuming that these 

digestibilities are applicable to Atlantic halibut fed a dry pelleted diet, and by applying 

energy equivalents for protein, lipid and carbohydrate, a figure of 16.444 U g-1 

digestible energy is produced. This value is 77.93% of gross energy, and predicts an 

energy loss of 22.07% in the F component. Drawing from this information, the 

predicted percentage daily energetic requirements for I 00g, 500g, I OOOg and 15OOg 

Atlantic halibut at a temperature of I O'C may be calculated. These values are 

tabulated in Table 4.18. and are presented schematically in Fig. 4.35. 

Table 4.18. Percentage daily energy allocation to energy budget components in tank held 

populations of the Atlantic halibut fed a commercial dry pelleted diet at 10"C. 

Fish size (g) 

Energy Budget component 100 500 1000 1500 

E ingested W fish' d-' 16.88 67.52 92.84 75.96 

mm 10.4 9.5 12.0 20.4 

MA 15.1 12.1 14.5 23.7 
MF 9.8 9.8 9.8 9.8 

U endogenous 0.3 0.2 0.3 0.5 

U exogenous 0.9 1.0 1.2 1.8 

F 22.1 22.1 22.1 22.1 

P 41.4 45.4 40.1 21.8 

Energy budget component values are expressed as daily energy allocation to the component as a percentage of the daily 
ingested value. The MA component relates to spontaneous activity within aI ml tank. 
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Fig. 4.35. Schematic representation of percentage daily energy allocation within energy budget 
components in tank held populations of Atlantic halibut fed a dry commercial pelleted diet, for 
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spontaneous activity within aI rn 2 tank. 

When expressed in the form of the energy budget equation, R=F+U+M 

P, the following balanced equations are produced: 

100ghalibut R(100%)=F(22.1%)+U(I. 2%)+M(35.3%)+P(41.4%) 

500ghalibut R(100%)=F(22.1%)+U(I. 2%)+M(31.4%)+P(45.4%) 

loooghalibut R(100%)=F(22.1%)+U(I. 5%)+M(36.3%)+P(40.1%) 

15OOg halibut R (100%) =F (22.1%) +U (2.3%) +M (53.9%) +P (21.8%) 
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Brett and Groves (1979) computed the generalised balanced energy budget equation 

for camivorous fish: 

R (100%) =M (44 ± 7%) +P (29 ± 6%) +E (27 ± 3%) 

(E =F+U components) 

In general the results of this experimental work compare favourably with the 

generalised equation of Brett and Groves (1979), although the energy allocated to the 

growth component (P) is slightly larger in halibut of the I OOg to I OOOg size range. 

The value for the M component in the IS OOg halibut is also relatively large, and is not 

consistent with the proportion of energy allocated to this component in the smaller 

fish. When the diagrams of Fig. 4.35. are considered, theMAcomponent appears 

large in comparison to those produced for the smaller halibut, and may reflect a poor 

response of halibut of such a large size to confinement in small tanks with a 

corresponding increase in motor activity. 

The equation of Brett and Groves is generated from data collated from a 

number of studies including those of Solomon and Brafield (1972) on perch, Elliott 

(1976) on brown trout, and Edwards et al. (1972) on Atlantic cod. None of the data 

includes data on flatfish, and the differences between the equations summarising the 

work of this study and the equation of Brett and Groves (1979) may reflect this. It is 

of note that the values for the M component in this study for I OOg to I OOOg halibut are 

at the extreme lower end of the range of values in the generalised carnivorous fish 

energy budget. This may illustrate comparative energetic savings in metabolism in 

flatfish relative to differences in physiology, morphology and behaviour over 

roundfish species. Any reduction of the energetic costs allocated to the M component 

allows the contribution of a greater proportion of metabolisable energy towards 

growth. In a relatively sedentary flatfish species this is likely to be advantageous in 

the natural environment, where a greater premium will be placed on growth and the 

attainment of a large size, rather than on scope for activity. 
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Chapter 5. 

Diurnal Pattern of Activity in the Atlantic halibut (Hippoglossus hippoglossus L. ). 

5.1. Introduction 

Intensive aquaculture systems are ideally positioned to benefit from the 

development of bioenergetic models, with the practical application of such models 

facilitating optimal production of cultured species (Knights, 1985; Ross et al., 1988c). 

Essentially the use of bioenergetic models allows the prediction of growth under a 

variety of conditions through detailed knowledge of the physiological energetics of 

the cultured species, principally resulting in a more efficient utilisation of feed inputs 

to the system. Whilst a great deal of research effort has been devoted to resting 

metabolism and specific dynamic action within bioenergetic models for cultured 

species, the MA component has received relatively little attention, although it is likely 

to comprise a significant portion of the energy budget. Rowan and Rasmussen (1996) 

estimate that the metabolic costs of activity in wild fish may be as large as 40% of 

consumption, with considerable variation between populations of fish. Laboratory 

studies of swimming energetics in fish are relatively few in number in comparison to 

studies of resting metabolism and S. D. A. Brett's studies on the energetic costs of 

swimming activity in the sockeye salmon (Brett, 1964; 1965; Brett and Glass, 1973) 

are of great historical importance in this field, and the techniques employed by this 

author have provided the basis for much later work covering a range of fish species. 

Locomotion through the aquatic medium is energetically costly, and Jobling (1993) 

states that as a general cross-species guide, active metabolic rate in fish forced to 

swim for prolonged periods shows an elevation of between four and seven times the 

resting metabolic rate. 

Studies on the MA component in energy budgets of fish have generally 

involved the measurement of active oxygen consumption rate when a fish has been 

forced to swim against a water current of known velocity (Brett, 1964,1965; Kutty, 

1968; Farmer and Beamish, 1969; Webb, 1971; Brett, 1972; Brett and Glass, 1973; 
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Priede and Holliday, 1980; Duthie, 1982; Bushnell et al., 1994). When conducted 

over a range of flow velocities, these studies provide information on the metabolic 

requirements of individual fish swimming at known speeds, and if knowledge on 

resting metabolism has been acquired estimates of the "metabolic scope" may be 

predicted (Priede, 1985). The concept of metabolic scope was conceived by Brody 

(1945) for application to the production of homeotherms, and it has been defined by 

Fry (1947) for fish studies as the difference between resting metabolism, and "active" 

metabolism (calculated as the maximum aerobic metabolic rate), and is the metabolic 

range within which the animal's metabolic processes must be regulated in order that it 

may function. The maximum aerobic metabolic rate is regarded as that level of 

activity which may be sustained by the fish for a period of one hour (Braaten, 1979), 

although Brett (1964) quotes a time duration in excess of 200 minutes for such studies 

of sustained performance. This level of swimming activity is known as " maximum 

sustained swimming" (Brett, 1964). Similarly to the situation regarding 

measurements of resting metabolic rate, it is clear that a well defined protocol must be 

adhered to in activity studies in order that species comparisons may be made without 

undue influence of uncontrolled variables. 

In a review of the metabolic scope in fish, Priede (1985) drew an analogy with 

industrial machines which must operate components and power levels well below 

maximum levels to ensure reliability in day to day use. This author states that within 

fish a positive energy balance must be maintained, with the rate of energy flow within 

the system defined by the metabolic scope. Enforced activity above or below the 

limits of the metabolic scope implies the certain death of the organism (Priede, 1977). 

The prediction of the energy costs associated with activity has posed a 

problem in studies of both cultured and wild fish. The technique of radio-telemetry 

has been successfully applied to field studies involving fish in the natural environment 

(Holliday et al., 1974; Priede and Tytler, 1977; Priede and Young, 1977; Stewart et 

al., 1983), and useful bioenergetic models for fish living under such conditions have 

been developed from information gathered by this method (Priede, 1985). More 

recently, video activity monitoring systems have been utilised to provide information 
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on fish activity levels in both wild and tank held populations (Koch and Wieser, 1983; 

Sims et al., 1993; Trudel and Boisclair, 1996; Ross and de Rooi, unpublished results), 

making it possible to monitor activity of groups of fish, or individuals within groups, 

and assess daily activity. Kaufmann (1983) notes that the separation of the Mm and 

MA components within the energy budget is a complex issue, and this author 

developed a video activity monitoring processor which allowed long term monitoring 

of small populations of fish. Such long term monitoring reduces the possibility of 

sample bias linked to single point sampling, giving a clearer view of daily activity 

patterns. Three important points for the study of fish activity were emphasised by 

Kaufmann (1983), namely that the movement of several objects be simultaneously 

recorded; that the system is suitable for animals of different shapes and sizes; and that 

minimal disturbance to the animals under investigation is achieved. 

The energetic costs of the activity of fish held in culture conditions are likely 

to be influenced by the social interactions of individuals within a single population. 

The work of Feldmeth (1983) on the species Cyprinodon nevadensis amargosae, C 

pecosensis and Oncorhynchus mykiss (Walbaum) produced estimates for metabolic 

costs of social interactions by combining data for field and laboratory studies, 

although the results of this study suggest that such interactions are not as energetically 

costly as may be predicted. The application of physiological data produced from fish 

swimming under conditions of forced activity to general energy budgets where the 

activity is spontaneous, has been brought into question by Boisclair and Tang (1993). 

These authors examined published data on oxygen consumption rate of spontaneously 

active fish, and fish forced to swim at speed from a total of thirteen studies carried out 

between 1964 and 1990. Energetic costs of between 1.6 to 9.4 times greater than 

forced swimming experiments were estimated for conditions of spontaneous activity, 

in ten roundfish species of similar size and at similar swimming speeds. However, 

these authors conceded that currently there is little alternative but to apply forced 

swimming data to field studies given the lack of data on spontaneous activity energy 

costs governing a range of fish weights and swim speeds. These studies imply an 

element of caution in the cross-application of data produced under different 

experimental conditions. 
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In a critique of observational studies of behaviour, Altmann (1974) identifies 

seven different types of sampling method and the recommended use for each category. 
This author notes the importance of ensuring that there is no element of bias within 

the sample, either inherently associated with sample timing or generated through the 

sampling process. Concurrent multiple sampling achieved through monitoring of a 

whole social group of animals, and subsequent analysis of the behaviour into several 

categories, is viewed as the most efficient method of research into group behaviour. 

This type of work has a clear application in studies of the bioenergetics of cultured 
fish, in which the daily estimates of motor activity energy costs may be assessed and 

accounted for within the energy budget. 

Studies into the existence of behavioural rhythms in fish activity patterns are a 

relatively recent phenomenon, although the application of the results of such'studies 

have clear implications for aquaculture. Eriksson (1978), who notes that the study of 

circadian rhythms in fish increased substantially from 1960 onwards, states that light 

is the main envirorunental variable affecting such rhythms, although the results of 

many studies are indistinct. Collating data from a series of trials, Eriksson (1978) 

provided evidence for a diurnal rhythm, a nocturnal rhythm, and dualistic behaviour in 

the brown trout (Salmo trutta), under varying conditions of photoperiod. He 

concluded that this species possesses a "dual phasing capacity" in diel locomotor 

activity, with the phasing of the activity pattern considered to be modified through the 

light regime. It was argued that this confers an adaptive advantage for an 

opportunistic species within the ecological niche. 

Many fish species exhibit diumal variations in activity with a related 

rhythmicity in oxygen consumption rates, and a bimodal crepuscular rhythm has been 

shown in rainbow trout (Kausch, 1972 in Hepher, 19 8 8). In a study on juvenile 

Atlantic salmon, Hirata (1973) observed diurnal peaks of oxygen consumption, 

feeding and activity in fish held under ambient, 6L: 6D and 12L: 12D photoperiods. 

Under conditions of constant light, or constant dark, no rhythmicity was evident. The 

silver hake (Merluccius bilinearis) occupies a principal predatory role in the north- 
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west Atlantic, a role similar to that of the Atlantic halibut, and has been found to feed 

at night mostly between the hours of dusk and midnight (Bowman and Bowman, 

1980). 

An investigation into the daily feeding rhythm of sea caged Atlantic salmon by 

Kadri et al. (1991) showed an increase in fish activity in the early morning and early 

evening, with a strong correlation between fish activity and feeding response. Such 

work is directly applicable to the farming of any species, where feed presentation 

may be timed according to the inherent rhythm of the organism. Work by SAnchez- 

V, izquez et al., (1995a, b) on cultured sea bass (Dicentrarchus labrax), demonstrates 

dualism in a species of fish which is routinely maintained on a diurnal husbandry 

regime. The locomotor activity in rainbow trout showed a phase adjusted vertical 

distribution in tanks, with activity closer to the water surface in the scotophase, 

although demand-feeding activity was confined to the photophase (SAnchez-Vdzquez 

and Tabata, 1998). Clearly diumal patterns of activity are species specific, and an 

opportunity therefore exists to maximise the efficiency of culture systems once 

patterns of activity have been identified in any cultured species. A strong photoperiod 

and seasonality component appears to be linked to circadian activity rhythms in fish, 

with the stage of the life history a further factor adding complexity to the situation. 

Greater emphasis on the optimisation of contemporary aquaculture units from a 

financial and environmental perspective necessitates further work in this area to 

elucidate rhythmicity in other cultured species under different photoperiods, and a 

variety of other environmental conditions. 

The importance of flatfish species such as the plaice to the wild fisheries of 

temperate countries has directed some research to patterns of rhythmicity in these fish, 

generally in order to maximise catch techniques. Much of this work suggests 

rhythmic activity linked to tidal phases (Gibson, 1973; Greer Walker et al., 1978; 

Weihs, 1978; Harden Jones, 1979,1980; Ansell and Gibson, 1990), although there is 

evidence to support increased nocturnal activity pattems in Solea solea (Kruuk, 1963) 

and for Pleuronectesplatessa and Platichthysfiesus (Verheijen and de Groot, 1967) 

held in tanks. Nocturnal activity patterns were also observed by Edwards et al. 
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(197 1), who found evidence for a diel feeding rhythm in some tropical flatfish 

species. Generally however, there is little documentation on activity and feeding 

rhythmicity in species of flatfish in the wild or in culture. H. hippoglossus is 

considered to be a mid-water piscivore in the Atlantic (Nelson, 1984), and one of the 

halibut's main prey items, Sebastes marinus, (Leirn and Scott, 1966) shows increased 

open water activity at night, suggesting that wild halibut may share the nocturnal 

patterns of behaviour which have been observed in other flatfish species. 

The energy costs associated with locomotion in various species of flatfish have 

been determined under conditions of forced swimming (Priede and Holliday, 1980; 

Duthie, 1982) and in comparison to roundfish these appear relatively large, with 

optimum swimming speeds close to critical swimming speeds, and consequently close 

to the limits of the metabolic scope. This has been argued by Priede (1985) to reflect 

the life history strategies of these species, with an "all or nothing" swimming strategy 

advantageous in fish species which have opportunities to rest for long periods on the 

ocean floor recouping any oxygen debt incurred. 

The anatomical closeness of the Atlantic halibut to other members of the 

Pleuronectidde suggests a commonality with the energetics of these species. 

Consequently, it may be hypothesised that the energy costs associated with 
locomotion are likely to be relatively high in the Atlantic halibut, and metabolic scope 

may be relatively small in comparison to more active roundfish species. Although 

flatfish species may make energetic "savings" in terms of a reduced resting metabolic 

rate (see Chapter 3. ), a relatively small metabolic scope will impose some restrictions 

on energy expenditure. This may be manifest as a low level of motor activity, since 

theMAcomponent may be more readily regulated by the organism than the Mm 

component which is fixed, and theMFcomponent which will depend on food 

availability. 

One study of adult Atlantic halibut in a cage system utilising an underwater 

camera system to monitor behaviour (Martinez-Cordero et al., 1994), does provide 

data on the activity of this large flatfish when held in commercial cage systems. 
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These authors found that significantly more fish were observed on the cage bottom 

than within the water column, although a few curious individuals would swim to the 

surface of the cage when approached by husbandry staff The water column between 

the cage floor and the surface was relatively unused by the halibut. Overall it was 

concluded that this species adapted well to such a rearing environment, although on 

the occasions when rough weather affected the stability of the cage floor the 

behaviour of the halibut altered with significantly fewer fish observed resting on the 

cage floor. 

The aim of this work was to examine activity patterns in small populations of 

Atlantic halibut over a 24 hour period using a video monitoring technique, in order to 

determine the occurrence of a diurnal/noctumal pattern, which may be correlated to 

the nocturnal peaks in oxygen consumption rate observed in many of the trials with 

individual fish and tank populations (see Chapters 3 and 4). The possible influence of 

stocking density in determining levels of activity through social interactions was also 

examined. Where stock densities were sufficiently high to allow operation of the 

equipment, routine rate respirometry was also undertaken with the aim to correlate 

oxygen consumption rate peaks with peaks in flsh activity. 
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5.2. Materials and Methods 

5.2.1. Fish 

Atlantic halibut of the 1994 and 1995 year classes were acclimated to the 

experimental conditions in the test tank for 4 weeks prior to the commencement of 

trials. General husbandry was as described in Chapter 2., except during trial periods. 

Experiments were carried out on fish in the postabsorptive phase (starvation periods 

as described in Chapter 2 were applied). 

5.2.2. Facilities 

The video unit was a modified I m' tank, and a diagrammatic representation of 

this facility is shown in Fig. 5.1. The unit was shrouded in light-proof black polythene 

sheet and illumination was provided by a single I 00w bulb, controlled by timer 

providing a 12L: 12D photoperiod (on at 08.00h). A single 40w red bulb attached to a 

dimmer switch operated continuously providing just sufficient light to film in the 

scotophase. Light levels within the unit were 150 lux for the photophase, and 2-3 lux 

for the scotophase. A single 90 x 130cm mirror was fixed at a 45' angle at a height of 

Im above the water surface. A Sony CCD-V700E video camera recorder supported 

on a tripod and positioned to one side of the tank received the image of the tank floor 

and the halibut from this mirror. Disturbance was minimised through the arrangement 

of black plastic sheeting around the camera. Water temperature was not controlled, 

and experimental work was timed to coincide with ambient mid range temperatures 

within the range 8'C to 12T. 
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mirror 

Video camera 

observation tank 

Fig. 5.1. Diagrammatic representation of the activity monitoring unit. 

5.2.3. Trial Protocol 

In total, twelve activity trials were conducted between 26 April 1997 and 9 

November 1997. Nine trials were conducted on 1995 year class halibut, comprising 

triplicate trials at 3 stocking densities (n = 18, n=9 and n= 5). The average weight 

of fish in these trials was 290g, 312g and 332g respectively . The remaining three 

trials were triplicates of one stocking density for 1994 year class halibut (n = 5, 

average weight 1774g). Recording was conducted for a6 minute period in every hour 

throughout a 24 hour period, commencing at 08.30h. 

Routine oxygen consumption experiments were carried out in association with 

the highest stock density 1995 year class and the 1994 year class trials following the 

protocol as described in Chapter 3. 

5.2.4. Video Ta e Analysis 

Preliminary analysis of video tape from a 24 hour trial revealed various 

consistently identifiable classes of halibut activity. These categories, which are 

summarised in Table 5.1., then provided the basis for the subsequent analysis of the 

activitY levels for the various social groups. 
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Table 5.1. Categories of Atlantic halibut activity as assessed in the analysis of video tapes. 

Score Activity Category Description Activity level 

0 Complete rest 
1 Slow movement around central axis (to 180*) LOW 

2 "Digging" response and "Posture" effect 

3 Lateral movement (<2 body widths move) 
4 Search for new position of rest (0-1 body length s-') asing 
5 Head held clear of water - active 

6 Steady swimming (1+ body length s-') 

7 Aggression/Response to aggression HIGH 

5.2.5. Data AnaLysis 

Video tapes from individual trials were analysed, and the activity level of the 

total fish population in each experimental period assessed. Each 6 minute time period 

was split into 10 second intervals, and activity within this period was categorised 

according to the levels shown in Table 5.1. for each individual fish within a trial 

population. The categorised activity of individual fish within ten second assessment 

periods was assumed a duration of ten seconds, and this assumption is central to the 

ultimate calculation of the energy allocation to activity over a 24 hour period. The 

validity of this assumption was checked through a more detailed analysis of two six 

minute time periods (one large fish trial and one small fish trial with n= 5) where the 

activity of individual fish was assessed for each category and time spent in each 

category timed exactly. When compared with the extrapolated data for the entire 

populations, this more detailed analysis showed a close correlation in the length of 

time allocated to each individual activity category, and these results are shown in 

Table 5.2. As a percentage, total actual time allocated to activity category was 2.5- 

30% lower for each activity category than the time extrapolated from assumed 

duration figures. Overall, accurate timing showed a slightly reduced allocation of 

time to activity of 6.4% in comparison to the assumed figures from extrapolation of 

the ten second interval results. 
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Table 5.2. Comparison between individually assessed activity duration and population estimates 
in tank populations of 5 small and 5 large Atlantic halibut, within one 6 minute measurement 
period. 

Activity category 

234567 

Small 070 29 312 00 

0 10 0 30 330 

Large 96 76 214 39 22 00 

110 80 220 40 30 

Values are times allocated to activity category (s), with the upper values for each size the sum of actual timed values for 
individuals within the population, and the lower values the extrapolated values assuming a 10s duration for each recorded 
activity within the time period. 

Raw data was entered into spreadsheets (Microsoft EXCEL 7.0) for ftirther 

analysis of the timing and pattern of activity categories. Activity frequency was 

represented as activities fish-. This facilitated comparison between trials of different 

stocking density, and different size of fish. Oxygen consumption data was analysed 

according to the protocol of Chapter'4. Activity levels were assigned oxygen 

consumption rates relative to values previously published for swimming flatfish 

(Priede and Holliday, 1980; Duthie, 1982). Recorded and estimated (from activity 

levels) oxygen consumption rate values were converted to energy equivalents (using 

the value of 13.56 Jmg" 02 as calculated by Brett and Groves (1979) for a fish 

respiring its own tissues) and compared over 24 hour experimental periods for 

similarity in pattern. Calculations of the total activity generated by an individual fish 

within a 24 hour period were determined from the mean values for activity category 

frequency in replicates of all stock density and fish size trials. 
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5.3. Results 

5.3.1. Diurnal Pattern of Activily 

The categories of activity used in this work may be regarded as episodes in the 

social behaviour and interactions of a group of Atlantic halibut operating under 

conditions where spontaneous activity is not restricted. The analysis and 

interpretation of the results in this way may introduce an element of error into the 

study, since overall the interactions are dynamic with no clear break between 

categories. This fact was recognised by Altmann (1975) who suggested that over the 

course of a study the true pattern of behaviour will emerge regardless of these 

difficulties in analysis. The validity of the results of this work and the interpretation 

of the data so obtained, are based on this assumption. 

The results for the analysis of daily activity pattern in all stock density trials 

are represented graphically in Fig. 5.2. (small fish, 100% stock density), Fig. 5.3. 

(small fish, 50% stock density), Fig. 5.4. (small fish, 25% stock density) and Fig. 5.5. 

(large fish). These graphs show frequencies of individual activity categories 

(represented as activities fislf ') within trial populations throughout the 24 hour trial 

periods. 

The primary aim of this work was to investigate the daily pattern of activity in 

the Atlantic halibut, correlating changing activity levels with the change in oxygen 

consumption rate in the dark phase which had previously been observed in resting and 

routine rate experiments (see Chapters 3 and 4). No significant phase location of 

activity patterns is indicated in Figs. 5.2. -5.5., with the halibut observed to be active in 

both the light and dark phases. Overall, it would appear that there is a slight decrease 

in motor activity in the dark phase for all sizes and all stock densities examined, 

though the significance of this effect is difficult to determine solely on the results of 

this work. The results suggest an element of dualism operating in the daily activity 

patterns of these Atlantic halibut, at stocking densities equivalent to commercial 

production. 
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5.3.2. Effect of stocking densfty on activily 

Stock density was observed to have an effect on motor activity in the small 

fish trials, with total activity increasing as stock density decreased (Fig. 5.2. to 5.4. ). 

Aggressive episodes between individuals were observed only in the small fish 50% 

stock density trials (Fig. 5.3. ). The proportional increased frequency of activity 

observed by small fish in the 25% stock density trials was characterised by fish 

swimming at or near the water surface with the body held vertically (activity category 

5). (Large peaks observed in the daylight phase in the 100% smalls trials coincided 

with extreme levels of ambient noise, and their relevance to this work is thus difficult 

to ascertain. ) Correspondingly much less time was spent at the water/air interface by 

the large fish (Fig. 5.5. ), in comparison to the small fish, when trials of the same 

number of animals are compared. No aggression was noted between individuals in 

any of the large fish trials. A comparison of the results for large halibut with the 

equivalent numbers of individuals in the small fish trial (Figs. 5.4. and 5.5. ) indicates 

that the large fish were more active at the lower activity category levels, with much of 

the small fish activity located in activity category 5. 

5.3.3. Diurnal activi1y and associated energetic costs in individual halibut held in 

tank populations. 

The results of the calculations for 24 hour individual activities of halibut in the 

trial populations are presented in Table 5.3., and are also shown graphically in Fig. 

5.6. The results clearly show that a considerable portion of time within any 24 hour 

period is spent at rest, with values of 75.8 - 94.0% of total time spent in this manner. 

In the small fish trials, as fish number decreased less time was spent at rest and motor 

energy expenditure increased, with much of the increased activity observed in the 

lower stock density trials located in activity category 5- "head held clear of water - 

active". This increase in activity was very marked when compared with higher stock 

densities in the small fish trials. The large fish spent less time at complete rest than 

the two higher stock density trials with small fish, and the activity of these fish was 
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located evenly around the lower activity categories 1-5. In contrast, category 5 tended 

to predominate in small fish activity, with less time observed between complete rest 

and this level of activity. 

Table 5.3. Time allocated to the various categories of activity in a 24 hour period, by an 
individual Atlantic halibut held within the trial populations. 

Activity Category 

Trial Rest 1234567 

Smalls 100% 1354.0 25.5 13.6 11.1 12.4 20.8 2.5 0.0 

density (94.0) (1.8) (0.9) (0.8) (0.9) (1.4) (0.2) (0.0) 

Smalls 50% density 1321.5 18.4 4.0 12.9 20.2 61.4 1.3 0.2 

(91.8) (1.3) (0.3) (0.9) (1.4) (4.3) (0.1) (0.02) 

Smalls 25% density 1091.0 18.1 12.2 24.6 29.6 262.6 2.0 0.0 

(75.8) (1.3) (0.8) (1.7) (2.1) (18.2) (0.1) (0.0) 

Large 100% density 1242.3 36.4 36.2 57.3 30.9 36.8 0.0 0.0 

(86.3) (2.5) (2.5) (4.0) (2.1) (2.6) (0.0) (0.0) 
Values are duration, expressed as minutes allocated to each activity category within a 24 hour period. Percentage time allocated 
to each activity category is given in brackets. 
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Fig. 5.6. Percentage of time allocated to activity categories within a 24 hour period in tank 
populations of Atlantic halibut. 
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The values for duration of activity within a 24 hour period may be used to 

calculate the energetic costs associated with the observed level of spontaneous activity 

in the tank system. In Chapter 3 an equation relating oxygen consumption rate with 

body size and temperature in resting Atlantic halibut was derived. The value for the 

energetic cost at rest may thus be calculated and incorporated into an energy budget 

determining spontaneous activity in the Atlantic halibut held in tank systems. There 

is little information on the energy costs of locomotion in flatfish, although Priede and 

Holliday (198 0) described the relationship between specific swimming speed and 

oxygen consumption in plaice of similar body weight to the small halibut in this study 

by the equation: 
logjOR = 0.3318V+ loglo (2.45T+ 26.52) 

where, R is oxygen consumption (mg kg-1 If '), V is swimming speed (body 

lengths s-) and T is temperature. Conversion of the activity categories into 

approximate swimming speeds and the application of the above equation, enable the 

determination of oxygen consumption rate values for the small size class of halibut, 

and these are presented in Table 5.4. Oxygen consumption rate values for each 

activity category in the large fish were calculated assuming an identical proportional 

increase over the resting oxygen consumption rate. These values are also presented in 

Table 5.4. 

Table 5.4. Activity categories, approximate swim speeds and calculated oxygen consumption rate 
values. 

Activity Category 

0 1 2 34 5 6 7 

App rox. swim speed 

(body lengths sý) 

0 0.1 0.2 0.3 0.6 0.8 1.2 2.0 

0. consumption 

(mg kg" h-1) 

311g halibut 

55.5 60.36 65.15 70.33 88.44 103.04 139.87 257.7 

02 consumption 1.7 34.5 37.2 40.2 50.6 58.9 80.0 147.3 

(mg kg" hl 

1774g halibut 

swimming energy expenditure calculations are derived from the equation of Priede and Holliday (1980) for swimming plaice. 
The work of these authors was carried out on plaice of 288g to 330g body weight, corresponding closely to the weights of the 

small size class halibut in this study. The resting oxygen consumption rate values (activity category zero) are derived from the 

equation of Chapter 3., for fish of 31 Og and 1774g body weight at 120C. Swimming oxygen consumption rates for a 1774g fish 

are calculated assuming an identical proportional increase with activity category to the 311 g halibut. 
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Through application of the Brett and Groves (1979) oxycalorific coefficient 

value of 13.56 J mg-'02for fasting fish to the values produced in Table 5.3. and 
incorporating the times spent within each activity category presented in Table 5.2., the 

mean daily energy expenditure within each activity category, and the total daily 

energy expenditure associated with spontaneous motor activity may be calculated for 

the fish in this study. The lack of information on the energetic cost of swimming 

activity in large flatfish means that estimates of daily motor energy expenditure are 

more difficult to obtain for the large halibut in this study, and it cannot be assumed 

that the energetic costs of locomotion are similar throughout the size range. However, 

utilising the values produced for routine oxygen consumption rate in Chapter 4., the 

energetic cost of total motor activity may be estimated as the difference between this 

value and the resting oxygen consumption rate value produced from the equation in 

Chapter 3. This figure may then be used to calculate a value for total oxygen 

consumed by the population on a daily basis, over and above that of resting rate 

metabolism and attributable to motor activity. Again, use of the oxycalorific 

coefficient produces a value for the energy allocated to motor activity in a small 

population of large fish on a daily basis. The results are presented in Table 5.5. 

Table 5.5. Total daily energy expenditure in spontaneous activity, and mean energy expenditure 
by activity category in tank populations of Atlantic halibut. 

mean daily energy expenditure by activity category (J kg-' d') Total daily moti 

energy expenditi 
(J kg-1) 

01234567 

16983 .1 14 5 200 177 247 485 80 0 1538 

111(9) 16575 251 59 206 405 1429 41 14 2405 

ill (5) 13684 247 ISO 390 591 6114 63 0 7585 

ge (5) 8909 261 260 411 222 264 00 1417 (1765*) 

*Dail (motor energy expenditure in the large fish calculated from the equations describing routine and resting oxygen 
consumption rate produced in Chapters 3&4, for halibut of 1774g at 120C. 

Daily motor energy expenditure increased with decreasing stock density in the 

small fish trials, and this increase was especially large in the trials involving the 

fewest number of fish. The energy expenditure of large fish in daily motor activity 

was lower than that of small fish at any stock density. 
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Through application of the Brett and Groves (1979) oxycalorific coefficient 

value of 13.56 J mg-1 02 for fasting fish to the values produced in Table 5.3. and 
incorporating the times spent within each activity category presented in Table 5.2., the 

mean daily energy expenditure within each activity category, and the total daily 

energy expenditure associated with spontaneous motor activity may be calculated for 

the fish in this study. The lack of information on the energetic cost of swimming 

activity in large flatfish means that estimates of daily motor energy expenditure are 

more difficult to obtain for the large halibut in this study, and it cannot be assumed 

that the energetic costs of locomotion are similar throughout the size range. However, 

utilising the values produced for routine oxygen consumption rate in Chapter 4., the 

energetic cost of total motor activity may be estimated as the difference between this 

value and the resting oxygen consumption rate value produced from the equation in 

Chapter 3. This figure may then be used to calculate a value for total oxygen 

consumed by the population on a daily basis, over and above that of resting rate 

metabolism and attributable to motor activity. Again, use of the oxycalorific 

coefficient produces a value for the energy allocated to motor activity in a small 

population of large fish on a daily basis. The results are presented in Table 5.5. 

Table 5.5. Total daily energy expenditure in spontaneous activity, and mean energy expenditure 
by activity category in tank populations of Atlantic halibut. 

Iviewi daily energy expenditure by activity category (J kg-' d-1) Total daily motor 

energy expenditure 
(J kg-) 

4 5 6 7 

small (9) 16575 251 59 206 405 1429 41 14 2405 

small (5) 13684 247 180 390 591 6114 63 0 7585 

Larize (5) 8909 261 260 411 222 264 1417 (1765*) 

-*L)ailymotor energy expenditure in the large fish calculated from the equations describing routine and resting oxygen 

c4)nsumption rate produced in Chapters 3&4, for halibut of 1774g at 120C. 

Daily motor energy expenditure increased with decreasing stock density in the 

small fish trials, and this increase was especially large in the trials involving the 

fewest number of fish. The energy expenditure of large fish in daily motor activity 

was lower than that of small fish at any stock density. 
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5.3.4., Diurnal activi! y pattern and routine o2iyeen consumption rate 

The small fish 100% stock density and the large fish trials involved the 

simultaneous recording of routine oxygen consumption rate, as well as the assessment 

of activity. Through application of the oxygen consumption rate equivalents related 

to swimming speed shown in Table 5.4. to the activity results for each hour within a 

24 hour period, oxygen consumption rate values were calculated for the replicates of 

both trials. Routine oxygen consumption rate data was further converted to energy 

equivalents, expressed as J fish If', and the results of this work are presented in Figs. 

5.7 and 5.8. In both the small and large fish trials, there is less hourly variation in the 

energy consumption estimated from activity than that calculated from routine oxygen 

consumption rate data. In all three small fish trials, the estimated energy consumption 

from activity is consistently higher by approximately 50-75 J fish If' over the 24 hour 

period. In the large fish trials there is better agreement between the estimated and 

calculated energy consumption values over the 24 hour period, although the greater 

degree of variability in oxygen consumption rate observed in these trials is not 

matched by variability in activity level, and thus estimated energy consumption. 

Overall there is no clear correlation in pattern between energy consumption estimated 

from activity levels, and energy consumption calculated from routine oxygen 

consumption rate. 
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It is important to recognise that several assumptions have been made in this 

study. First, the activity scores represented the movements of individuals within the 

tank populations as a whole, and the extrapolation from these scores to the value for 

individual activities within the population assumes that all fish are equally active, i. e. 

that no trial was biased due to the presence of one or more particularly active fish. 

Second, swimming data from the plaice was applied to the halibut in this study, and 

this has been assumed to be relevant to this species. Third, glide strategies may be of 

significance in flatfish locomotion (Priede and Holliday, 1980), although the 

practicalities of measurement meant that any time spent in "glide" locomotion was 

categorised with swimming activities in activity categories 4 and 6 depending on 

speed, which would be likely to lead to a slight overestimate of the daily motor 

activity energy allocation. Fourth, since this information will be further applied to an 

energy budget to produce values for the daily allocation of energy to spontaneous 

activity, it is assumed that the spontaneous activity levels are similar in fasted and fed 

fish. Fifth, fish at rest within the trial populations have been assumed to have a daily 

metabolic energy expenditure close to the values produced for the resting rate study of 

Chapter 3., although there may be a "population effect" on metabolic expenditure of 

individuals when held in communities. Sixth, it was assumed that the experimental 

conditions had no influence on the spontaneous activity of the halibut in this study, 

and the application of this data to tank populations of Atlantic halibut is therefore 

relevant. 
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5.4. Discussion 

This study set out to determine the presence of any circadian periodicity in the 

activity pattern of the Atlantic halibut (H. hippoglossus) held in tank populations. No 

evidence for a diurnal, crepuscular or nocturnal activity pattern was obtained, and 

although the frequency of diurnal activity appeared to be slightly elevated over 

nocturnal activity there was no distinct pattern observed in these trials. Under the trial 

conditions, halibut appeared to be exhibiting a dualistic pattern of activity. 

A dualistic pattern of activity has been observed in some species of fish such 
as the brown trout (Eriksson, 1978), the goldfish (Sdnchez-Vdzquez et al., 1996) and 

the sea bass (Sdnchez-Vdzquez et al., 1995) which is considered to reflect an adaptive 
behavioural response produced by an opportunistic feeder. Work on the brown trout 

by Heggenes et al. (1993) and on the Atlantic salmon by Gries et al. (1997) indicates 

the ability of these species to modify circadian activity rhythms according to season, 

with nocturnal patterns of activity seen in the winter in the brown trout in two streams 

of south-central Norway, and nocturnal activity patterns observed in 1+ salmon parr in 

rivers of eastern USA in late summer when ambient water temperature exceeded 

13T. Understanding of the reasons behind such behaviour remains relatively poorly 

understood, although Eriksson (1978) regards dualism as conferring an adaptive 

advantage on semi-opportunistic fish species, allowing flexibility in the "fulfilment of 

ecological needs. " Feeding and motor activity in wild populations of the silver hake, 

another important predator of the north-west Atlantic, has been shown to be located 

nocturnally and may be linked to prey location or predator evasion (Bowman and 

Bowman, 1980). It is clear that the existence of such flexibility in life history strategy 

would be beneficial to a large open ocean piscivore such as the Atlantic halibut, the 

modification of any internal rhythm allowing the exploitation of mobile stocks of prey 

species to take place as and when the opportunity presents itself. The anatomical 

existence of a large stomach in the Atlantic halibut (see Chapter 1 -) would also be an 

advantage in this respect, allowing the ingestion of very large meals at a time which 

are digested over a relatively long period as the fish remains on the ocean floor. 
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There are clear implications for the results of this work, and the above 

discussion on the potential of dualism, for both the ecology of wild Atlantic halibut 

and for the culture of this species in intensive systems. Locomotor rhythms in some 

species of fish have been found to exhibit daily cycles which may become entrained 

by the timing of feed presentation (Sinchez-Vazquez et al., 1997). The test fish used 

in this study are among the first generation of farmed Atlantic halibut stock, and even 

with the diurnal presentation of food throughout the life of these fish, there is a clear 

indication that behavioural rhythms are not confined to this period. The results 

therefore suggest that daily activity pattern in the Atlantic halibut is not directly 

modified by a food-entrainable rhythm. Consequently, a synchronisation of the 

feeding pattern with any inherent activity rhythm may be the best way to optimise the 

intake of food in this species. This requires fin-ther research to clarify such activity 

patterns in terms of water temperature, photoperiod and size of fish. Particularly, it 

may be of benefit to monitor activity in this species over longer periods of time than 

the 24 hour period undertaken in this study. The large stomach of the halibut, the 

consumption of meals of relatively large size, and the long period for gut evacuation 

(Davenport et al., 1990) suggest that feeding and activity rhythms in this species 

under natural conditions may be governed by a cycle with a periodicity greater than 

24 hours. The metabolic cost of SDA is likely to restrict activity following the 

ingestion of a meal, as a significant portion of energy within the metabolic scope of 

the organism is allocated towards the MF component. A suggestion has also been 

made for a link between SDA and the return of appetite in fish (Sims and Davies, 

1994). 

Kadri et al. (199 1) studied feeding rhythms in the Atlantic salmon through the 

provision of a video monitoring system in commercial sea cages. These authors 

monitored feed response every two hours, and swimming speed every hour, and found 

a strong correlation between diurnal rhythms in swimming speed and feeding 

response, with peaks between 06.00h and 08.00h and troughs between 14.00h and 

16.00h. Timing of feed presentation to this peak is likely to be beneficial in achieving 

greater efficiency of feed utilisation, and indicates how the elucidation of an inherent 
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feeding rhythm may be examined, evaluated, and the results applied to the successful 

production of this species. 

The work of Sanchez-Vazquez et al. (1995ab) on the sea bass approaches 

research into feeding rhythms of another intensively cultured fish species in a similar 

way. Fish feeding rhythms were recorded by the use of a demand feeding system in 

sea bass under experimental conditions where photoperiod was controlled. Sea bass 

were observed to feed in both the light and the dark phase, and the authors postulated 

the existence of dualism in the diel feeding pattern of this species. The results 

suggested that the timing of feed presentation itself is one of several zeitgebers in the 

sea bass, adding further complexity to the determination of rhythmicity in this species. 

Clearly there is much to be achieved with the Atlantic halibut, a species only 

very recently introduced to intensive culture conditions. A full examination of the 

behavioural patterns operating in the halibut will allow the accurate simultaneous 

phasing of feeding with the natural rhythm, and is likely to optimise food intake in 

this species, having a beneficial effect on the production in intensive systems. 

Importantly, the timing of feeding of this organism in tanks is likely to be relevant in 

terms of maximising feed ingestion and utilisation, and the optimum routine may 

differ significantly from the current pattern of feeding once or twice a day between the 

hours of 09.00h and 18.00h. If time of feed presentation provides an entrainable 

rhythm in this species, this may overlap an inherent nocturnal rhythm, given the 

offering of feed to these animals only in periods of daylight in culture systems. 

Certainly the results for resting and routine oxygen consumption rate in Chapters 3 

and 4 showed nocturnal peaks in many of the trials, which does raise questions over 

the presentation of feed only in daylight. 

There is some documentary evidence suggesting that flatfish species in general 

show an increased level of activity nocturnally (Kruuk, 1963; VerheiJen and de Groot, 

1967; Edwards et al., 1971). A circadian pattem of activity has also been identified 

in the plaice, with pattern of activity linked to tidal movements (Gibson, 1973). Any 

influence of tidal movements on the Atlantic halibut is likely to be found in juveniles 
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which tend to inhabit shallow nursery areas in the wild, as opposed to the adults 

which live at much greater depth. However, tidal effects were not investigated in this 

study and the influence of such an effect on the activity of tank held populations of 
fish is unclear. There is no documentation on the periodicity of Atlantic halibut 

activity or feeding patterns, although anecdotal evidence suggests that there may be a 

strong nocturnal component to activity rhythms in this species associated with the 

activity pattern of one of the major prey species, Sebastes marinus. It is clear that a 

nocturnal or a dualistic pattern of activity would benefit this species in the wild, 

corresponding to the movements and exploitation of prey species, and also as a 

strategy for predator evasion with the main predator of the Atlantic halibut being the 

seal (Scott and Scott, 1988), a visual hunter generally operating in the hours of 

daylight. 

Although this study did not show the presence of any nocturnal rhythm, the 

results do indicate a dualistic rhythmicity which is of genuine interest for culture. The 

results are not distinct, and as noted by Eriksson (1978) data produced in fish 

behavioural studies seldom shows well defined patterns, however two important 

reasons may have modified the behaviour of the fish in this study: 1. These fish are 

the first generation of farmed Atlantic halibut stock, and have been presented with 

feed only in daylight throughout their rearing period. 2. The technique in this study 

involved the use of video under conditions of red light, which although at an 

extremely low intensity may not provide a true picture of nocturnal activity patterns. 

The second point may be remedied through the application of an infrared camera, 

unfortunately outwith the scope of this study. The first point demands further 

investigation into feeding patterns in this species, similar to the work which has been 

achieved with sea bass by S6nchez-Vdzquez et al. (1995) in order that a more accurate 

picture of activity patterns in this species may be obtained and timing of feeding 

adjusted accordingly. 

Since the Atlantic halibut is a species of fish which is found at high latitudes 

in the wild (see Chapter I for distribution), it is likely that the influence of 

photoperiod length on any activity pattern in this fish will be significant. The results 
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produced in this study, with activity observed both diurnally and nocturnally, may 

also be a reflection of an intermediate photoperiod at 12L: 12D. Mfiller (1978) 

emphasises the importance of photoperiod as the dominant factor affecting the activity 

phase of organisms at high latitudes. The possibility therefore exists that any 

behavioural rhythm in the Atlantic halibut may be modified relative to the length of 

the daylight period, similar to that which has been observed in the brown trout 

(Eriksson, 1978; Heggenes, 1993). Length of photoperiod is therefore of great 

importance in future studies on activity pattern in the Atlantic halibut. 

Studies on the activity of wild Atlantic halibut could also provide more 

relevant information into the activity rhythm of this species, with the possibility that 

the activity of reared fish is biased in some manner according to the history of timing 

of feed presentation. The technique of telemetry has been used successfully to 

monitor activity in many species of fish (Holliday et al., 1974; Priede and Tytler, 

1977; Priede and Young, 1977; Diana, 1980; Stewart et al., 1983), and the Atlantic 

halibut would appear to be an ideal candidate for such a study, being large and very 

robust. Energy budgets have been calculated for fish species under natural conditions 

using the data produced from such studies (Priede, 1985), and with the potential for 

the Atlantic halibut to cover great distances, such work could prove to be illuminating 

in determining both the capacity for movement and timing of activity in this species 

under unrestricted conditions, providing information which will contribute to the 

determination of an energy budget for this species in the wild. The results of such a 

study would give an insight into the bioenergetics of this species under natural 

conditions and is a valuable tool in fisheries management (Lucas, 1996), and this 

information is also likely to be extremely relevant to the intensive culture of the 

Atlantic halibut. 

The activity patterns of the Atlantic halibut as observed in this study showed 

periods of movement of short duration combined with much longer periods where 

there was no activity. A similar swimming activity pattern has been observed in other 

flatfish species, with short periods of movement interspersed with periods of rest 

(Priede and Holliday 1980; Duthie, 1982). These authors also noted the significance 
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of a "glide" strategy in flatfish locomotion. In a study of the relationship between 

body shapes and mode of locomotion in fish, Webb (1984) places a species of flatfish, 

the flounder, immediately below the pike as an acceleration specialist. The body 

shape of the Atlantic halibut shows a greater degree of streamlining than the flounder, 

and is likely to occupy a space intermediate between the flounder and the pike in the 

scheme of Webb (1984), with a mode of locomotion classified by Wootton (1990) as 

"body, caudal fin, (BCF) transient propulsion. " Fish showing BCF transient 

propulsion have a variety of body shapes, and Wootton (1990) includes the sculpin 

(Cottus) and the pike (Esox lucius) in this group, listing the sculpin as a "thrust 

maximiser" and the pike as a "drag minimser" in their adaptation to this form of 

locomotion. 

Elements of the various body pattern plans observed in fish showing BCF 

transient patterns of locomotion appear to be achieved in the Atlantic halibut, 

including minimised drag through relatively small non-muscle mass, and a shallow 

head silhouette. The anatomy of the Atlantic halibut appears closer to that of a "drag 

minimiser" than that of a "thrust maximiser". BCF transient propulsion is 

characteristic of ambush predators, typically occupying structurally complex habitats 

which afford cover, and where the local populations of prey species are reasonably 

numerous and the predator does not have to travel large distances to feed. As with 

many members of the Pleuronectidae, the upper surfacd'of the Atlantic halibut 

confers an excellent camouflage ability which is likely to be associated with the 

capture of prey, as well as predator evasion in the wild. The patterns of locomotion 

identified in this study for the Atlantic halibut appear to be characteristic of a fish 

showing BCF transient propulsion. 

The energy costs associated with locomotion in flatfish species have been 

recognised as being relatively high in comparison to roundfish species (Priede and 

Holliday, 1980; Duthie, 1982). This fact is reflected in the life history strategies of 

wild flatfish, where the fish swim close to their critical limit, taking opportunities to 

rest on the ocean floor as they occur. There is also some literature on the plaice 

relating to the use of tidal streams for movement over wide areas, a method for 
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reducing the costs of locomotion during migrations (Greer Walker et al., 1978; Weihs, 

1978; Harden Jones, 1979,1980). Such life history strategies reflect the response of 

a highly evolved and well adapted group of species to their environment. However, 

any reduced capacity for work in terms of activity may reflect a relatively limited 

metabolic scope in flatfish species, another fact which will have implications for the 

culture of this species. 

Historically, the metabolic scope of many species of fish has been defined 

through experiments on maximum aerobic capacity during sustained swimming 

experiments with the maximal costs of locomotion setting the upper limit (Brett and 

Groves, 1979). The metabolic scope sets the upper and lower limits within which the 

organism must regulate its activities if it is to survive, the lower limit set according to 

the energy costs associated with homeostasis (see Chapter 1. ). Such an approach still 

has universal application in fish studies, with the index for metabolic scope (known as 

the metabolic power index) ranging from 0 to I (Lucas, 1996). A review of metabolic 

scope in fish by'Priede (19 85) notes the exception of the cod to this rule, where the 

maximum aerobic capacity is observed after the ingestion of a meal, a level in excess 

of the power output during swimming. 

The lack of information on both the MA and MF components of metabolism in 

the Atlantic halibut means that little direct information on the metabolic scope in this 

species is available. However, interpretations of life history patterns, anatomy, and 

the results generated in this thesis suggest that it is likely that the metabolic scope of 

the Atlantic halibut may be similar to that observed in other flatfish species, and is 

relatively limited. (The possibility of a close similarity with metabolic scope in the 

cod also exists - see Chapter 4. for discussion). With this in mind, there are clear 

implications for the culture of this species, and husbandry practices involving the 

physical handling of Atlantic halibut are areas where an element of caution appears 

justified. The above discussion suggests that flatfish may exceed the levels of their 

metabolic scope with little difficulty, leading to conditions of anaerobiosis and the 

associated occurrence of an oxygen debt. This means that the normal routine 

husbandry practices associated with weighing and grading of stocks may exert a 
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serious metabolic cost in this species, associated with struggling when the population 
is crowded and struggling in nets. This metabolic cost is likely to be manifest as a 

large relative increase in oxygen consumption rate during and also following handling 

as any oxygen debt incurred is repaid. Precautionary measures to ensure that all stock 

are adequately starved before handling will reduce the impact of this stressor on 

stocks, through reduction of the energy allocation to the MF component thus allowing 

the metabolic scope to be diverted to the MA component. The importance of asserting 

that the stock is starved prior to such work so that the metabolic scope is maximised, 

should not be underestimated. 

In this study an increased level of fish activity and associated increase in 

metabolic expenditure, was observed with decreasing stocking density in the small 

fish trials. This is in direct contrast to the work of Ross and DeRooi (unpublished 

results) who showed that motor activity in the tilapia, Oreochromis niloticus, 

increased with increasing stock density. An increase in daily motor energy 

expenditure with decreasing stock density could be due to the development of 

hierarchies within the test population. Aggression between individuals was only 

recorded in the medium density small fish trials, however a greater time was spent by 

halibut at the water/air interface in activity category 5 in the low density trial. 

Hierarchies are known to develop at low stock densities, and to be associated 

with an increase in the level of aggressive behaviour as individuals defend a resource, 

with strong effects often observed in small populations numbering between five and 

ten individuals (Alanara, 1997). In a study of the European eel (Anguilla anguilla), 

Knights (19 87) found dominant larger eels to spend less time swimming high in the 

water column, and to be less active than eels positioned lower in the social hierarchy 

in tank populations. Carter et al. (1996) observed feeding hierarchies in the 

greenback flounder (Rhombosolea tapirina) with inter-individual variation in feed 

consumption from 0% to 22% of the available food, suggesting that members of the 

Pleuronectidae may conform to generally held views on fish social behaviour. 
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A high level of activity close to the water surface as seen in the lowest 

stocking density in this work, may be the response of highly stressed subordinates 

within the population, and it would appear that some degree of hierarchy was present 

at least in the low density populations of halibut in this study. Clearly such activity 
involves a significant increase in metabolic expenditure, and with a greater portion of 

the available energy allocated in this way the effect is likely to be manifest as a 

reduction in growth in any individual, as less energy is available to this component in 

the energy budget. The behavioural results of this study are of general interest, but 

since stocking densities are likely to be maintained at a level close to or above the 

maximum achieved in this study, such behaviour is unlikely to be significant in 

culture. 

In a comparison of the energetics of nmning, swimming and flying 

homeotherms, swimming poikilotherms, and running poikilotherms, Peters (1983) 

regards swimming as a slow but relatively metabolically inexpensive mode of 

locomotion. Specific energetic costs in terms of distance and time are reduced with 

increasing size of animal, a factor which is likely to be of relevance to an organism 

like the halibut where body size in adults covers a wide range. A mass specific 

reduction in the costs of locomotion has been observed in the sockeye salmon (Brett, 

1965), although the relationship is complex with the weight exponent found to vary 

with activity level. Brett and Groves (1979) noted that the effect of size on the active 

metabolic rate is an area which has received little attention, and the same appears true 

at this point. A mass specific reduction in the costs of locomotion may be of 

evolutionary significance for an open ocean predator like the Atlantic halibut which 

appears to cover large distances in the natural environment, driving the importance of 

large body size in this species and influencing the intermediate place of this fish along 

the r-K strategy continuum (Chapter 1. details movements and life history patterns). 

Rowan and Rasmussen (1996) observed the activities of mature fish to be 

significantly higher than those of immature conspeciflcs, which could be a reflection 

of these reduced costs of locomotion in larger fish, or they could also be linked to an 

increase in aggression in mature fish associated with sexual behaviour. It is 

interesting to note that in this study the total time at rest for the large fish was less 
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than for the small fish at the two higher stock densities, and that the calculated 

energetic costs of motor activity in the large fish were reasonably low and close to 

those of the small fish at the highest stock density. However, experimental conditions 

make such comparisons unclear, and a more valid comparison may be made when 

large fish are held in a proportionately larger tank, and stock densities (expressed as 

kg ff2 ) are at the same level. 

A study of the activity pattern of the pike (Esox lucius) in the natural 

environment by Diana (1980) showed that this piscivore was inactive for 

approximately 80% of the total time of study. The above discussion draws 

similarities between the anatomy and swimming characteristics of the pike and the 

Atlantic halibut, and although comparisons between activities of tank held fish and 

fish in the wild are clearly subject to environmental influences, the value of Diana 

(1980) is within the range of results produced in this study for the Atlantic halibut. 

There is a time lag effect in open system respirometry which is a consequence 

of the volume and flow rate of the respirometer used. As the fish respiration rate 

changes there is an effect on local dissolved oxygen levels in the immediate 

environment within the respirometer, and it will take some amount of time for this to 

register as a change in recorded dissolved oxygen levels in the effluent, depending on 

flow rate and respirometer volume. Taking a possible time lag into account, the 

results show reasonable agreement between routine oxygen consumption rate and 

activity levels in this study. These results are similar to those of Sims et al. (1993) for 

work on routine oxygen consumption rate and activity rhythms in the lesser spotted 

dogfish (Scyliorhinus canicula), a study which also involved the use of video 

recording to assess activity levels. In this work, routine oxygen consumption rate did 

not show the marked nocturnal increase observed in many of the community tank 

trials in Chapter 4 and individual respirometry trials in Chapter 3. This does raise 

questions over the applicability of the experimental conditions, and the employment 

of red light for filming, in particular. Sims et al. (1993) achieved results with a 

similar arrangement using red light to film in the "dark7phase, however there could 

be species differences in response to light of this wavelength. 
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One further point which may be of relevance to the culture of all species of 
flatfish in tanks is the nature of the material from which the tank is constructed. With 

the fish spending such long periods in close proximity to the tank floor, as have been 

identified in this study, it is important that the correct environment is provided. A 

smooth fibreglass sheet is easy to clean and provides a highly manageable system for 

the intensive culture of roundfish species such as salmonids, however such surfaces 

may not be ideally suited to flatfish culture. Tbroughout the course of the work for 

this thesis, halibut were observed daily in tanks of various sizes. General observations 

indicated that halibut had a tendency to slide on smooth tank floors, and fish were 

observed to readjust position in response to these movements. Occasionally fish 

exhibited epidermal lesions on the surface in contact with the tank floor, indicating a 

possible impact on fish health. Clearly such readjustment activity results in an 

energetic cost, and if daily motor activity could be reduced through the development 

of a more suitable system, there may be beneficial effects on the culture of this species 

in intensive systems. 

At this juncture no approach to providing an intensive tank system solely 

adapted to the culture of flatfish has been developed in this country, however some 

halibut farms in Iceland operating at commercial densities utilise netting stretched 

over tank bottoms to provide a stabilising medium for the fish (E. Jonsson, pers. 

comm. ). Such a system has trade-offs, and tank hygiene may be slightly 

compromised since any medium will allow the concentration of detritus, faeces and 

uneaten feed. However epidermal lesions and stress levels could be reduced in 

populations of halibut maintained in such systems. It appears that an opportunity 

exists for the development of tank systems targeted precisely at the culture of Atlantic 

halibut, given the unique characteristics of this species. 

In summary, this work produced evidence for dualistic patterns of activity in 

the Atlantic halibut under the test conditions of a 12L: 12D photoperiod. This activity 

correlated with routine oxygen consumption rate, although the results of this part of 

the work were relatively crude, reflecting the unsophisticated nature of the technique. 

Decreasing stocking densities produced increasing activity levels and daily motor 

oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L): Implications for culture. 189 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



activity costs in the smaller sizes of fish examined, with aggressive episodes observed 

only in small fish at intermediate stocking densities. Large halibut were relatively 

less active at the more energetically costly levels of activity. Development and 

interpretation of the results allowed the determination of the time allocated to motor 

activity in tank held populations of Atlantic halibut and the energy costs associated 

with such activity, and this is valuable information which may be incorporated into an 

energy budget for this species in culture. A large percentage of time was spent at rest 

in the observation tank in the halibut under study, however the provision of a 

stabilising medium may increase the time at rest further, to the possible benefit of 

growth rate. This work provides an insight into activity patterns in the Atlantic 

halibut, and suggests that there are strong implications of such patterns for the 

intensive culture of this species, although ftu-ther work is required to clarify activity 

patterns in the Atlantic halibut under conditions of varying photoperiod length, 

temperature, season and fish size. 
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Chapter 6 

A bioenergetics study of juvenile Atlantic halibut (Hippoglossus hippoglossus L. ). 

6.1 Introduction 

Component values in energy budget equations are generally expressed as 

joules (J) per unit time, and with the duration of experiments varying considerably 

(Lucas, 1996) it is important to note the experimental time scale involved in any 

research work. Experimental studies aim to quantify the individual components of the 

energy budget equation to provide information on the physiological transformations 

and energy allocation within the fish (Jobling, 1994). In a study of the energetics of 

the perch, Percafluviatilis, Solomon and Brafield (1972) identified several important 

points in the undertaking of such work, namely that all energetic pathways should be 

measured concurrently; that metabolic measurements should be long term to reduce 

any effects of stress, and cover the full 24 hour period to include any diurnal 

fluctuations; that measurements should be recorded over a period when the fish are 

growing continuously and a significant change in weight is recorded. 

The energy available to an organism for metabolism, growth, locomotion and 

reproduction, is determined by the quantity consumed, the nutrient content, and the 

proportion assimilated of the ingested food. The relationship governing energy 

allocation and food intake in fish is a complex interaction of a variety of biotic and 

abiotic factors including temperature, photoperiod, salinity, fish size, activity, 

behaviour, appetite, feeding regime amongst others (Talbot, 1985). These interactions 

all operate on the energy budget equation, influencing the allocation of energy within 

the various component parts. Laboratory experiments allowing direct observation of 

consumption evacuation and absorption of food are fimdamental to an understanding 

of the interactions of these factors. In aquaculture, knowledge on the interactions of 

environmental factors and the effect on energy partitioning in a species will benefit 

production when optimal conditions for growth (the factor "P" in the energy budget) 

are identified, and such conditions may then be maintained in a culture system. 

oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 191 
Ph. D. thesis, Neil Auchterlonie, Institute ofAquaculture, University ofStirling. 



The quantification of the F component permits the calculation of the 

digestibilities of the nutrient classes, and in particular the Digestible energy (DE), 

which is the value of energy entering the system (the gross energy of food - energy 

lost in the faeces). Further subtraction of the energy associated with nitrogenous 

excretion in the U component from the digestible energy value produces the 

metabolisable energy (ME) fraction. Differentiation of the energy available to the 

organism for work and growth involves the subtraction of the MA component and the 

energy costs associated with S. D. A. from the ME fraction, producing a value known 

as the net energy (NE) (Brody, 1945). A diagrammatic representation of the 

partitioning of energy within the fish is presented in Fig. 6.1. 

Energy of food consumed (R) 

Energy of ingested food 

I Digestihie Energy (DE) I 

U 

I Metabolisable Energy (ME)l 

MNI 

MF 
PS I 

Fig. 6.1. Diagram illustrating the partitioning of energy within the fish. Components are 
as identified in the text. Net energy is the energy available to the Mm, MA and P components. 
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Braaten (1979) reviews the many methodologies that have been employed in 

research into fish bioenergetics by a large number of authors. Many of the difficulties 

in measuring the metabolic components Mm, MAandMF, have already been discussed 

in Chapters 3., 4. and 5. Measurements of the other components of the energy budget 

equation also pose similar problems. 

In experimental studies, the R component of the energy budget is relatively 

easily measured as the total amount of feed consumed, and a variety of techniques 

have been successfully employed for the determination of this factor including direct 

observation of feeding activity, examination of gut contents through serial slaughter 

and sampling of live fish, radiography, and demand feeders (Talbot, 1985). Processes 

such as regurgitation of a meal by fish, and the leaching of nutrients from pellets, as 

well as the more obvious lack of ingestion of an offered meal by test fish provide an 

opportunity for the overestimation of the amount of ingested energy (Brafield, 1985). 

The measurement of the energy loss in faeces, the F component, is inherently 

more difficult than the measurement of the R component, and techniques involving 

either total recapture of faeces utilising such systems as purpose built sump collectors 

and mechanical rotating screens, or calculation from the proportions of an indigestible 

marker have been applied (Pandian, 1987). Capture and analysis of faecal matter is a 

potential source of error in bioenergetic studies. If all the voided faecal matter is not 

accounted for, underestimates of the energy losses in the F component will ensue. 

Additionally, faecal samples may also contain digestive enzymes, bile components, 

gut microflora and cells sloughed from the walls of the alimentary tract (Jobling, 

1993). Cho et al. (1976) list a series of seven faecal collection methods, and argue 

that the use of a settling column is advantageous in such studies, allowing the fish to 

be maintained under a normal regime. These authors are also critical of this method 

in allowing the potential for leaching of the nutrients from the faecal matter when 

deposited in a settling column, although subsequent trials did not show significant 

differences between this method and other methods such as anal suction and 

dissection. Brett and Groves (1979) quote a 20% loss of ingested energy to faecal 

matter as a general figure for carnivorous fish. 
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The U component (termed nonfaecal loss or urinary energy by Braaten 

(1979)), involves the measurement of nitrogenous excretion through serial sampling 

of respirometer or tank effluent. Relative to energy losses in metabolism, loss of 

energy to this component is low although it is an important factor in aquaculture 

systems since elevated ammonia concentrations may affect metabolism, production 

and survival (Knights, 1985). The daily cyclical production of exogenous nitrogen 

excretion in fish held under intensive conditions (Brett and Zala, 1975; Kaushik, 

1980) is an important factor in this regard, since ambient ammonia concentrations are 

likely to be constantly changing, and should be monitored over a 24 hour period if 

fish health and production are considerations. The loss of energy to the organism in 

the form of nitrogenous excretion is known to increase with temperature, fish size and 

ration size (Elliott, 1979; Jobling, 198 1 b). A figure of 4-15% of ingested energy was 

postulated by Jobling (1994) to account for energy losses to nitrogenous excretion, 

depending on test conditions, dietary constituents and feeding regime. 

At its most simple calculation, the P component may be measured as the 

change in wet weight over a period long enough to record significant changes in 

weight (Braaten, 1979). Exponential transformations have been applied to determine 

specific growth rates, and are expressed according to the equation: 

Inw, - Inwo 
SGR x 100 (Braaten, 1979) 

ti - to 

The calculation of specific growth rates using wet weight changes assumes that 

moisture contents remain unchanged throughout the measurement period, and this is 

an assumption which may not necessarily always prove valid. Carcass moisture 

content was found to vary directly with lipid content in intensively reared Atlantic 

salmon by Aursand et al. (1994), while during smoltification moisture content has 

been found to vary inversely with lipid content in Atlantic salmon and steelhead trout 

(Fessler and Wagner, 1969; Fanner et al., 1977). Wet weight change does also not 

take into account the costs of production of body tissues with a high energetic content, 
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such as gonadal tissue (Ursin, 1979), and the majority of fish bioenergetic studies are 

undertaken on sexually immature fish to avoid error due to this factor. Since lipid and 

protein deposition rates are known to vary with fish size and activity level (Jobling, 

1993), it is also of great importance to ensure that growth studies are performed on 

fish within a tight size range under the same conditions of activity. Growth rate may 

also be predicted if the level of feed intake is known, and this technique has been used 

to provide estimates of growth rate in Atlantic salmon and rainbow trout (Austreng et 

al., 1987), and successfully to predict growth in the Atlantic halibut (Tuene and 

Nortvedt, 1995). 

Bioenergetic studies related to aquaculture set out to identify optimal feeding 

regimes where consumption, absorption and production efficiencies may be 

maximised (Knights, 1985). The most important factors affecting the utilisation of 

feed by fish are temperature, salinity and ambient oxygen concentration (Kaushik, 

1986). Temperature is considered to be the most important factor, affecting enzyme 

kinetics and thus a range of physiological processes such as maintenance 

requirements, metabolic rate, growth, food intake and maturation. Conducting 

bioenergetics trials as close to the optimum temperature for any given species and fish 

size, will help to fulfil one of Solomon and Brafield's (1975) criteria for such work - 

namely that there is a significant growth of fish recorded over the test period. 

Thermal growth optima in the Atlantic halibut have been determined by Bj6rnsson 

and Tryggvad6ttir (1996) for the size ranges I Og to 60g (I 4'C), I OOg to 5 OOg (I 1.4*C) 

and 3kg to 5kg (9.7'C) in growth experiments lasting between 99 and 216 days, for 

fish fed both dry and moist diets. 

A wide range of literature is devoted to the effect on growth and body 

composition of differing ratios and sources of the major nutrient classes in feedstuffs, 

much of this work dedicated to finding the optimum ratio of protein to lipid in the 

diet. The efficiency of protein utilisation decreases above an optimum, with 

incredsing ration in fish (Cho and Kaushik, 1985), and the aim of many of these 

studies is to replace the protein above the requirement for protein deposition, with 

lipid and carbohydrate which may be used preferentially as an energy source by the 
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fish - the so-called "protein-sparing" effect (Payne, 1979). Dietary protein in 

temperate marine aquaculture comes predominantly from a fishmeal source. High 

quality fish meal is extremely expensive, and feed costs may account for 40-60% of 

capital costs in intensive systems (Tacon and Jackson, 1985). There is therefore 

economic pressure to optimise protein levels in diets in response to growth rate, 

although only relatively recently have studies on some species of flatfish such as the 

turbot (Andersen and Alsted, 1991; Danielsen and Hjertnes, 1991; Nijhof, 1991) and 

the Atlantic halibut (Berge and Storebakken, 199 1; Hjetrnes et al., 199 1) been 

conducted with this aim. Such work is a reflection of the perceived importance of the 

culture of flatfish to the fish farming industry in temperate regions. 

Historically there have been several important studies which have set out to 

determine energy budgets for a variety of fish species including the perch (Solomon 

and Brafield, 1972), the largemouth bass (Micropterus salmoides) (Niimi and 

Beamish, 1974), the brown trout (Elliott, 1976), the rainbow trout (Cho et al., 1976; 

Staples and Nomura, 1976), the minnow (Phoxinusphoxinus) (Cui and Wootton, 

1988a, b) the grass carp (Ctenopharyngodon idella) (Carter and Brafield, 1991) and 

the common carp (Ivlev, 1939; Chakraborty et al., 1995). The information gathered 

by these studies is significant both from an ecological and aquacultural perspective, 

enabling a more elaborate understanding of the ecological energetics for these species 
in their natural environment, and a greater knowledge of the requirements and 

production in culture systems. 

The application of a bioenergetic approach to aquaculture principally allows 

for the prediction of growth (P component) through elucidation of the interactions 

involved in the energy budget equation. The prediction of growth in an aquaculture 

system is fundamental to the construction of aquaculture models, which in turn are 

necessary to ensure an element of economic stability. Schuur (1991) notes the 

economic importance of the interactions between management of culture space, feed, 

oxygen, water and thermal resources, in the development of a bioenergetic model for 

operation with intensive culture systems. The development of such predictive 

measures are of great importance in the highly intensive fish farming systems of 
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temperate region mariculture, where a balanced calculation of production targets may 

offset the high capital investment which generally characterises such systems. It is 

likely that the culture of the Atlantic halibut will fall into this category, and the 

evaluation of an energy budget for this species is thus of great importance. 

Following on from the work in previous chapters, the aim of this study was to 

conduct an experiment within which energy transference through all the energy 

pathways could be measured in small populations of Atlantic halibut. In order to do 

this, specifically designed apparatus was employed, allowing the measurement of feed 

intake, growth, faecal production, oxygen consumption and nitrogen excretion of 

small populations of Atlantic halibut held within metabolic chambers. In addition, 

proximate analysis of fish was undertaken in order to investigate energy accumulation 

within individual halibut in trial populations, and to assess energy flow through the 

entire system. 
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6.2 Materials and Methods 

6.2.1 Fish 

1996 year class Atlantic halibut of Mannin Sea Farms (Isle of Man) stock, and 
55 fish of 70g average weight were provided by the British Halibut Association in 

May 1997. These fish were of similar genetic composition to the Ardtoe stock, 
having derived from the original captive wild broodstock Atlantic halibut caught in 

Icelandic waters in the late 1980s. As a precautionary measure, the fish were 

monitored for signs of ill health or abnormal behaviour for some weeks after they had 

arrived on site. During this time they were routinely fed at 2% body weight d-' with 
B. O. C. M. Paul's flatfish diet, and the stock tank was flushed daily and brushed 

weekly. No mortalities were observed over this period, and all stock responded well 

to feed and appeared healthy. At the commencement of the trial, the fish weighed 
136.8g (± 28-4). 

6.2.2. System Components 

The metabolism unit was housed in the old lifeboat station at the Marine 

Environmental Research Laboratory, University of Stirling, Machrihanish. This area 
is quiet, and was considered to provide an undisturbed environment for the 

experiment. 

6.2.2.1 Water Supply, Water Qualily and Temperature Control 

The sea water supply to the metabolic chambers was conditioned to remove 

suspended solids and maintain a constant temperature in the region of 120C. This 

temperature is close to the temperature for optimum growth for Atlantic halibut of 
I Oog to 5OOg body weight, as defined by Bj6rnsson and Tryggvad6ttir (1996). 
Chilling of the ambient supply was required in order that this temperature could be 

maintained over the trial period. The system was arranged in such a manner that 

ambient water was received into a 400 litre sump tank from the site header tank. 
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Attached to the sump tank was a closed loop system with an "Acry-Tec" (San Diego, 

California) refrigerated cooler through which sea water continuously circulated. The 

sump tank also contained two 15cm diameter airstones linked to an electrical air pump 

which was operated continuously, and this provided vigorous aeration and mixing in 

the sump. 

Sea water was continually pumped to a 277 litre header tank through a sand 

filter (LaCron Ltd., England) and 3 in-line "By-Pass" cartridge filters in series, which 

provided a gravity feed to the metabolic chambers. All pipes connecting these 

components were 1.5" diameter PVC tubing. Water from the header tank 

continuously overflowed back to the sump, thus allowing constant turnover and 

exchange within the unit. A representation of this system is shown in Fig. 6.2. 
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Fig. 6.2. Schematic representation for the water conditioning unit supply to the metabolic 
chambers. Water flow direction is indicated by blue arrows. 

Although the sea water Supply to the metabolic chambers was single pass, tile 

water conditioning unit was a partial recirculation system, allowing the reduction of 
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ambient temperature, and an effective dampening of the variations in the temperature 

of the ambient site supply. Fig. 6.3 indicates the temperature profile of sea water, 
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Fig. 6.3. Temperature profile as recorded within the control metabolic chamber 14 July 1997 to 
17 August 1997. 

compiled from 4-daily readings taken from within one of the metabolic chambers, the 

control tank, tank 4. Additionally, periodic checks on dissolved oxygen and ammonia 

were undertaken to ensure that there was no significant deterioration of environmental 

parameters which could have affected fish health and behaviour. 

6.2.2.2. Metabolic Chambers 

Each metabolism chamber was constructed from an 80 litre cylindrical black 

polyethylene container with a solid conical bottom (Paxton Ltd., U. K. ). Normally 

used as Atlantic halibut egg and yolk sac larval holding facilities, these containers 

were modified through the introduction of 5mm slotted stainless steel screens situated 

horizontally above the conical base, and held in position by silicon glue. The screens 

were strong enough to provide an adequate base on which tile fish could rest within 

the tanks, having the ability to support the fish weight without moving or distorting in 

shape. In principle the screens would allow the passage of faecal material to the lower 

()xygen Consumption and Bioenergetics ofthe Atlantic halibut (Hippoglossus hily; oglossus L): Implications Im- culture 200 
Ph. D. thesis, Neil Auchterlonie, Institute ofAquaculture, University of'Stirling. 



level of each tank, with feed pellets retained within the upper portion of the chamber. 

Six metabolic chambers were set up in the unit for the trial, with each individual 

chamber receiving sea water through a separate inlet. All fittings were 15mm. 

polyethylene "Speedfif' pipes and connectors. 

Water exited the chamber through the bottom cone, and entered the faecal 

collection pipework. Contact of the effluent water with the external atmosphere was 

avoided using this arrangement, which is a necessary prerequisite to collecting oxygen 

consumption data. Although the metabolic chambers were open to the external 

atmosphere at the water surface, the interchange between water and air was assumed 

to have a negligible influence on dissolved oxygen levels in the metabolic chambers, 

and the subsequent calculation of oxygen consumption rates. 

The faecal collection pipes were also manufactured from "Speedfit" 

polyethylene. In essence, a short piece of 15mm pipe exited the chamber vertically 

for 5cm., entered a 90' bend, from whence it ran the radius of the chamber to the 

vertical faecal collection pipe. The faecal collection pipe was constructed from 22min 

"Speedfif ' pipework, which would allow the reduction in flow rate of effluent water, 

and a consequent deposition of faecal matter in a lower container tube. Below the 

container tube, a system of 2 valves in parallel allowed collection of faeces with a 

minimum quantity of water, similar to the system employed by Cho et al. (1976). The 

vertical collection pipe rose to the water level externally to the chamber, and then 

through a series of reducers into 10mm elastic polyethylene tubing, which fed the 

metabolic measurements unit. In order that fish escapes could be avoided, a fitted 

panel of black I Omm netting was stretched tightly and held in place by elastic over the 

top of each chamber. Each individual chamber also contained an airstone as a 

precautionary measure. A representation of a metabolic chamber is shown in Fig. 6.4. 

The 6 metabolic chambers were arranged in a parallel series of 3 pairs, all supported 

on a framework stand which allowed easy access to the faecal collectors. Individual 

chambers were identified by number, and chamber 4 was chosen arbitrarily for the 

control. 

oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus MPPOglossus L. ): Implications for culture- 201 
Ph. D. thesis, Neil Auchterlonic, Institute ofAquaculture, University ofStirling. 



to ineasuri 
ctivette/et] 
manifold 
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Following the quarantine period, and once it was established that general 

behaviour and activity was normal, 30 fish were chosen at random from the 

population, and divided between 5 metabolic chambers within the bioenergetic unit on 

15 July 1997. A settlement period of 4 days within the system was allowed, during 

which halibut in all chambers were offered feed at 2% body weight d-'. On 19.11.11Y 

1997 (taken as Day 0), all fish were wet weighed Linder 2-plienoxy cthanol 

anaesthesia, giving a start point for growth data. Additionally, one fish from each 

population was sacrificed (termination by 2-phenoxy ethanol overdose), dried at 

I 050C, re-weighed, and then frozen for later proximate analysis. Fish in one tank 

were starved for the full 28 day period (tank 3), with the remaining 4 tanks forming 2 
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pairs of tanks: at feeding rates of 0.5% body weight d' (metabolism chambers 5& 6), 

and 1.0% body weight d-' (metabolism chambers I& 2) respectively. The diet for the 

trial was the same which had been offered to the fish since affiving on site, namely 

B. O. C. M. Paul's flatfish diet. Pellet size was 8mm, and the fish were fed once daily. 

From Day 1 (20/7/97) until Day 28 (16/8/97) the daily routine included 

feeding at 12.00h, and faecal collection at 18.00h. Initially faecal collection was 

undertaken twice daily at 08.00h and 18.00h. In practice the faecal material collected 

at 08.00h was negligible, and thereafter faecal collection was restricted to once daily 

at 18.00h. Uneaten pellets were removed (and counted) from metabolic chambers at 

14.00h. After 14.00h the necessary back-flushing of the sand filter, and cleaning of 

the "By-pass" filters were carried out. Daily temperature readings were taken from 

the inside of the control tank at 08.00h, 12-00h, 18.00h, and 22.00h. The unit was 

checked at regular intervals over the 24 hour period to ensure adequate working of 

pumps, chiller and filters. Salinity was recorded daily, and did not fluctuate from 

34%o. 

On Day 29, all fish were terminated through 2-phenoxy ethanol anaesthetic 

overdose, and wet weights recorded. The fish were then dried for 24 hours at 105T, 

and dry weights recorded. All halibut were kept separate throughout, and through the 

provision of identification numbers, individual chamber populations and fish within 

those populations, could be identified. After drying, all fish were stored at -20'C for 

later proximate analysis. 

6.2.4. Fee 
. 

Although the diet used in this trial was a commercial 8mm flatfish feed, the 

pellets often varied in size and morphology. Pellets were assessed by eye daily prior 

to weighing the allocation of feed to ensure that only pellets of a regular size were 

eaten by fish. (This was necessary in order that pellets small enough to squeeze 

through the slots in the internal screens were not offered to fish). Counting of pellets, 
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and recording of weights ensured that the weight of eaten feed could be calculated by 

the deduction of uneaten pellets from the offered weight. 

6.2.5. Faeces 

Faecal matter was collected daily at 18.00h. A quantity of approximately 

500ml of seawater and faeces was obtained through the double valve system at the 

base of the recovery tubes, into 600ml glass beakers. The resulting matter was filtered 

on previously dried and weighed papers (Whatman GF/C), and then dried for 3-4 

hours at 105T. The dry weight was recorded at the end of this time, and the papers 

were then stored at -20T. The resulting dry matter was pooled for each individual 

metabolic chamber, and kept for subsequent proximate analysis. No facces were 

collected from tank I 

6.2.6. Metabolic Measurements 

All I Omm flexible tubing exiting the metabolic chambers was directed through 

a 3-way valve system, allowing the switching of chamber effluent between a manifold 

running to waste or a measuring cuvette housing a YSI 5739 oxygen probe. The 

cuvette was situated on top of a magnetic stirrer, and water passing through the system 

exited through a flow meter before running to waste, also through the manifold 

system. (The manifold system comprised a series of holes of equal size cut in a 

frame, which allowed the accurate horizontal location of effluent tubes at identical 

heights. ) 

Calculations of oxygen consumption and ammonia excretion rates were carried 

out from data generated by a 24 hour sampling regime on days 12,16,19,22 and 26. 

A series of recordings of dissolved oxygen, temperature and flow rate were made for 

each individual chamber on a2 hourly basis over the sample period. Water samples 

were obtained from the chamber effluent by collection in 250ml B. O. D. bottles from 

the tubing exiting the flow meter, as each chamber was connected through the 

measuring cuvette in turn. These were immediately filtered (Whatman GF/C papers), 
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and frozen at -20'C, for subsequent analysis of ammonia levels (see Chapter 2 for 

method of ammonia analysis and calculation of oxygen consumption and ammonia 

excretion rates). 

6.2.7. Growth 

Growth was measured as the change in wet weight over the study period. 
initial weights and final weights were recorded for all fish on day 0 and day 29, and 

the growth rate determined according to the equation: 
InW, - InWo 

SGR = x 100 (Braaten, 1979) 
ti - to 

where W, = final weight of fish; WO = initial weight of fish; t, = day 29; tý = day 0. 

Feed conversion ratios were determined according to the formula: 

FCR = (R x t) / (W, - Wo) 

where R= total food intake 

Protein efficiency ratio (PER) was detem-dned according to the fonnula: 

PER = (W1-Wo)/P 

where P= crude protein ingested (g) 

6.2.8. Energy Determination and Proximate Analysis 

Individual fish and feed samples were homogenised by coffee grinder. 

Faecal samples were prepared by physical removal from filter paper, taking care not to 

include filter paper fibre, and homogenisation with mortar and pestle. Proximate 

analysis was carried out in triplicate for all materials except where stated otherwise. 

6.2.8.1. Ash 

Ash samples were determined through combustion of I gram of sample in a 
porcelain crucible at 600'C in a muffle furnace for 12 hours, and recording the 
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difference between weights. Only one analysis of faccal, ash was determined due to 

the reduced quantity of this material. 

6.2.8.2. Crude Protein 

Samples were analysed by the micro-Kjeldahl method (Tecator, Kjeltec 

system, 1003 Distilling unit; Digestion system 40,1016 Digestor) to determine the 

total nitrogen content, which was converted to percentage protein by applying the 

empirical factor 6.25 (Kjeldahl factor for animal protein). Faecal crude protein values 

were determined through the values for nitrogen produced from the CHN analyser. 

6.2.8.3. Crude Lipid 

Fish and feed samples were analysed using the Soxhlet apparatus (Tecator, 

Soxtec system HT, 1043 Extraction Unit). Crude lipid from a known quantity of 

sample is extracted with analytical grade petroleum ether (B. P. 40-60'C), and the final 

weight of extracted lipid is obtained after drying of residue at 105"C for one hour. 

The small quantity of faecal matter collected precluded crude lipid analysis according 

to this technique, and these samples were analysed using the Folch-Lees method 

(modified Bligh and Dyer, 1959). 

6.2.8.4. Bomb Calorimetry 

Gross energy content of fish feed and fish carcass samples was determined by 

the method of bomb calorimetry, using a Gallenkamp Autobomb Adiabatic Bomb 

Calorimeter. Samples were analysed in triplicate. A dried homogenised sample was 

pelleted with a known quantity of analytical grade benzoic acid. (The known energy 

content of the benzoic acid is 26.45kJ g-' and is subtracted from the final result). The 

weight of this pellet provided the weight of sample (between 0.4g and 0.6g) for 

calorimetry. The pellet was then combusted within the bomb calorimeter in the 

presence of oxygen at approximately 30 bar, and the rise in temperature following 

combustion recorded by the temperature difference in the water jacket surrounding the 
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bomb before and after firing. The energy content was calculated according to the 

formula: 

ENERGY CONTENT (kJ g7) = [(Final temp. - Initial temp. ) x 10.821 - 0.0896 

sample weight (g) 

(The figure 0.0896 is the combined energy value of the nickel wire (- 0.014g x 1.4 ki 

g-', = 0.0196) and the cotton (- 0.004g x 12.5 W g-', = 0.0700, which are used to 

support the pellet within the bomb calorimeter). 

6.2.8.5. CHN Analysis 

Recovered faecal matter provided extremely small quantities for analysis, 

which necessitated a micro analytical procedure. A Perkin Elmer Series 112400 

CHNOIS analyser was used to determine total carbon and total nitrogen in ashed and 

non-ashed faecal samples. The organic carbon content was used to determine gross 

energy (multiplication by the experimental coefficient 42.515 U g-I organic carbon), 

and the total nitrogen content to determine crude protein (multiplication of total 

nitrogen value by 6.25). All carcass and feed samples were also processed through the 

CHN analyser, providing a verification of crude protein and energy content results. 

6.2.9. Data Analysis 

All oxygen consumption and ammonia excretion rate data were analysed 

according to the equations and protocols of Chapters 2., 3. and 4. Oxygen 

consumption and ammonia excretion rate differences between individual metabolism 

chambers were analysed through two-way Analysis of Variance, and proximate 

analysis of carcass samples were compared by one-way Analysis of Variance (Zar, 

1984). Regression analysis was used to compare ration size with peak and mean 

oxygen consumption rate; ration size and peak and mean ammonia excretion rate; 

quantity of energy ingested and change in wet weight; quantity of energy ingested and 

change in dry weight. 
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6.3. Results 

6.3.1. Ingested Energy, (Energy budget component "CII). 

The quantity of food (percentage body weight) and the value of energy 
ingested (W d-) by each individual fish group over the experimental period is shown 

in Table 6.1. The results show a high variability in feed intake over the course of the 

study for fish groups 1,2,5 and 6. As a percentage body weight, mean feed intakes of 

0.3 8 (±0.15), 0.45 (±0.22), 0.28 (±0.14) and 0.27 (±0.14) were recorded for fish 

groups 1,2 5 and 6 respectively. The greatest feed intake variation was recorded in 

metabolism chamber 2, and varied between 0 and 0.94% body weight ingested in a 

day. 

6.3.2. Metabolism (Energy budget component I'M"). 

All fish groups, including the unfed group, showed a daily cyclical variation in 

oxygen consumption rate, with peaks generally occurring in the hours of darkness, 

coinciding with a point approximately 12 hours after feeding. Generally, oxygen 

consumption rate reached a level close to that recorded prior to feeding within the 24 

hour period of measurement. Raw and smoothed oxygen consumption curves for fish 

groups 1,2,3,5 and 6 over the five individual 24 hour periods of measurement, are 

presented in Figs. 6.5., 6.6., 6.7., 6.8. and 6.9. There was no significant relationship 

between peak post-prandial oxygen consumption rate and daily quantity of feed 

ingested (percentage body weight) in the fed metabolism chambers (Fig. 6.10. ). 

Mean oxygen consumption rate and the calculated energy cost of metabolism in the 

chambers 1,2,3,5 and 6, is summarised in Table 6.2. One-way analysis of variance 

showed that oxygen consumption rate was significantly increased in fed chambers 

relative to the starved chamber (F,,,, = 5.91; p 0.018). Mean oxygen consumption 

rate increased significantly with ration size (r' 0.35, d. f. = 18; p=0.002), and this 

relationship is shown in Fig. 6.11. 
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Table 6.1. Food consumption and quantity of energy ingested by small populations of 
Hippoglossus hippoglossus held in metabolism chambers, over the experimental period. 

Food ingested (% body weight) by Food energy ingested (kJ d-' ) by 
fish group fish group 

Day 1 2 3 4 5 1 2 3 4 5 
1 0.23 0 0 0.15 0.05 31.59 0 0 17.31 6.06 
2 0.09 0.22 0 0.05 0.14 12.60 31.18 0 5.63 18.36 
3 0.24 0.35 0 0.24 0.50 32.27 49.82 0 29.11 66.90 
4 0.28 0.45 0 0.21 0.33 38.52 63.02 0 25.20 44.02 
5 0.19 0.27 0 0.11 0.28 25.34 37.65 0 12.91 37.41 
6 0.23 0.35 0 0.27 0.19 31.84 50.27 0 32.10 25.27 
7 0.41 0.53 0 0.25 0.34 57.17 75.61 0 30.13 45.48 
8 0.50 0.27 0 0.21 0.33 69.68 38.27 0 25.13 45.12 
9 0.43 0.45 0 0.38 0.15 59.79 65.49 0 46.26 20.03 
10 0.13 0.41 0 0.22 0.25 18-90 59.94 0 26.57 33.64 
11 0.33 0.45 0 0 0.10 46.50 65.40 0 0 13.15 
12 0.38 0.32 0 0.16 0.34 53.83 46.44 0 20.13 46.38 
13 0.28 0.23 0 0.16 0.15 39.75 33.17 0 20.13 19.88 
14 0.54 0.68 0 0.43 0.19 76.27 100.54 0 53.42 26.50 
15 0.09 0.14 0 0.17 0.10 13.46 20.24 0 20.60 13.46 
16 0.24 0.19 0 0.43 0.24 33.47 27.53 0 53.83 33.00 
17 0.52 0.64 0 0.42 0.44 74.96 94.64 0 52.73 60.86 
18 0.51 0.60 0 0.32 0.40 72.88 89.14 0 39.55 54.72 
19 0.46 0.55 0 0.16 0.10 66.26 81.67 0 19-88 13.47 
20 0.52 0.32 0 0.38 0.15 75.52 47.40 0 47.70 20.34 
21 0.50 0.75 0 0.48 0.39 72.88 113.80 0 73.07 53.28 
22 0.36 0.53 0 0.32 0.24 52.73 80.33 0 39.65 33.64 
23 0.48 0.70 0 0.49 0.35 70.25 106.83 0 74.96 48.06 
24 0.50 0.52 0 0.45 0.15 73.07 79.92 0 69.34 20.65 
25 0.54 0.78 0 0.43 0.49 79.48 119.26 0 80.42 68.40 
26 0.54 0.30 0 0.16 0.34 80.04 46.68 0 19.92 46.74 
27 0.53 0.94 0 0.43 0.57 77.59 144.45 0 68.11 80.02 
28 0.54 0.55 0 0.42 0.39 79.48 85.36 0 79.10 54.44 

Mean 5.38 0.45 0 0.28 0.27 54.15 66.22 0 38.67 37.48 
s. d. 0.15 0.22 0.14 0.14 22.37 33.36 23.27 19.31 

xygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossushippoglossus L. ): Implications for culture- 209 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



(a) 
- ilu 

150 

0 
E 

110 
o 

9 _E go 

70 

50 
0600 12,00 1800 0000 0600 1200 

T,. 

(b) 
170 

150 
c 01 t 

:ý 130 
E 

gg 
110 

o 

90 

0 70 

0600 1200 " 00 Tul ."" 
0600 12 00 

50 

170 

150 

Eý 130 
E 

10 

go 

0 70 

50 
0600 1200 11") Ocl 00 12( 

(d) 
170 

150 

0 
E140 
E 

'110 

go 

0' 70 

50 
0600 12 00 1800 Ti_ 0000 0600 

(e) 
170 

150 

.2 a ý130 E 
, -6.110 

0 
90 

0 70 

so 
0600 1200 1800 T. - 0000 0600 

150 

2 
S-130 
E 

ý110 

E 90 

0 70 

50 
0600 1200 1800 000 0 0600 1200 

Time 

150 

ý130 

go 

0 70 

50 
0 0600 1200 " 0' T Of, 00 1200 

170 

150 

:2 
s ý130 E 

. 110 
o 

90 

0 70 

50 
0600 1200 18 00 T-, C() 00 0600 1200 

170 

150 

.2 S ý130 E 
110 

o 
E 90 

0 70 

50 11 
00 0600 1200 l8oo Time 0"0' 06 Oo 1200 

170 

150 
I 0 
Eý 130 
E 

ý110 

E go 

0 70 

50 

00 0600 1200 1800 Time Oh 00 1200 

Fig. 6.5. Diurnal pattern of oxygen consumption in Ilippoglossus hippoglossus in fish group 1, fed 

at I% body weight d-'. Trial dates are (a) 31 July 1997; (b) 4 August 1997; (c) 7 August 1997ý (d) 10 

August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. b 
Photoperiod is represented by black bar. Raw data curves are shown oil tile left hand side, smoothed 

data curves on the right hand side. Quantity of feed ingested was: (a) 0.38; (b) 0.24; (c) 0.46, (d) 0.36; 

(c) 0.54 (% body weight). 
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Fig. 6.6. Diurnal pattern of oxygen consumption in Ilippoglossus hij)poglossus in fish group 2, fed 

at I 'Yo body weight d-'. Trial dates are (a) 31 July 1997; (b) 4 August 1997, (c) 7 August 1997ý (d) 10 

August 1997; (e) 14 August 1997. Point offeeding is represented by vertical black arrow. 

Photoperiod is represented by black bar. Raw data curves are shown on the left hand side, smoothed 
data curves on the right hand side. Quantity of feed ingested was: (a) 0.32; (b) 0.19; (c) 0.55 ý (d) 0.53; 

(e) 0.30 (% body weight). 
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Fig. 6.7. Diurnal pattern of oxygen consumption in Hippoglossus hippoglossus in fish group 3, 

starved fish. Trial dates are (a) 31 July 1997; (b) 4 August 1997-, (c) 7 August 1997; (d) 10 August 

1997; (e) 14 August 1997. Fish were not fed over the experimental period. Photoperiod is represented 

by black bar. Raw data curves are shown on the left hand side, smoothed data curves on the right [land 

side. 
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Fig. 6.8. Diurnal pattern of oxygen consumption in Hippoglossus hippoglossus in fish group 15, fed 

at 0.5% body weight d-'. Trial dates are (a) 31 July 1997; (b) 4 August 1997; (c) 7 August 1997; (d) 
10 August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. 
Photoperiod is represented by black bar. Raw data curves are shown on the left hand side, smoothed 
data curves on the right hand side. Quantity of feed ingested was: (a) 0.16-, (b) 0.43 ý (c) 0.16, (d) 0.32; 
(e) 0.16 (% body weight). 
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Fig. 6.9. Diurnal pattern of oxygen consumption in Ilippoglossus hippoglossus in fish group 6, fed 

at 0.5% body weight d-'. Trial dates are (a) 31 July 1997; (b) 4 August 1997; (c) 7 August 1997ý (d) 
10 August 1 997ý (e) 14 August 1997. Point offeeding is represented by vertical black arrow. 
Photoperiod is represented by black bar. Raw data curves are shown on the left hand side, smoothed 
data curves on the right hand side. QUantity of feed ingested was: (a) 034ý (b) 0.24-, (c) 0.10, (d) 0.24ý 
(e) 0.34 (% body weight). 
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Fig. 6.10. Relationship between ration size (% body weight) and peak post-prandial oxygen 

consumption rate in small populations of Hippoglossus hippoglossus held in metabolism 

chambers. Regression equation is presented on the chart in the form Y-a+ bX, 

Table 6.2. Mean oxygen consumption rate of small populations of 11jppogj()sNu. v hipp,, gjfs,, vuS Iled 

in metabolism chambers, in five 24 hour periods of measurement. 

Fish group 
2 3 5 6 

Date mg 0, Energy rng 0, Energy Mg 02 Energy mg 0, Energy mg 0, Energy 
kg-1 h-1 (kJ kg-' h-' (kJ kg-' h-' (kJ kg-' h-' (kJ kg-1 It-' (kJ 

d-') d-) d-') d-') d-') 

31/07/97 - --- - 115.98 -28.24 117.06 29.58 92.31 20.86 101.29 21.50 94.52 22.33 

04/08/97 104.05 25.67 94.03 24.12 88.79 19.89 89.57 19.23 83.70 19.90 

07/08/97 92.45 23.03 115.72 30.01 71.73 15.97 82.95 17.96 80.45 19.22 

10/08/97 113.26 28.49 92.89 24.36 84.04 18.60 87.09 19.02 90.85 21.81 

14/08/97 115.56 29.45 108.70 28.94 81.31 17.85 81.45 18.00 79.25 19.15 

108 26 26.98 105.68 27.40 83.64 18.63 88.47 19.14 85.75 20.48 
Mean 
±s. d. 

. 
10.07 2.61 11.60 2.91 7.90 1.89 7.86 1.44 6.66 1.49 

1--nergy values for 
' 

the fed fish (metabolism chambers 1,2,5 and 6) were calculated from the oxyc alorific coell'icients of' 14 76, 

3.72 and 13.36 13.56 J nig"O 1 , for c,, irbohydrate. protein and lipid metabolism (Brafield and Llewellyn, 1982) 
. 

Fliergelic 

values for the unt'e d t-ish onetabolism cliamber 3) were c alculated from the oxycal orific equivalen t of' 13.56 JI ng"O, tor lis h 

respi ring their own tissue (Bre tt and Groves, 1979). 
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Fig. 6.1 1. Relationship between Ration size and mean Oxygen consumption rate in small 
populations of Hippoglossus hippoglossus held in metabolism chambers. Regression equation is 

presented on the chart in the form Y=a+ bX 

6.3.3. Ammonia Excretion (Energy Budget component 44till) 

In common with the results for the oxygen consumption trials, daily pattern of 

ammonia excretion exhibited a cyclical nature in the fed fish groups, although peak 

ammonia excretion rate generally preceded peak oxygen consumption rate. Raw and 

smoothed data ammonia excretion curves for fish groups 1.2,3,5 and 6 over the five 

individual 24 hour periods of measurement, are presented in Figs. 6.12., 6.13., 6.14., 

6.15. and 6.16. Peak ammonia excretion rate was recorded at a point between three 

and twelve hours after feeding. Some daily variation in endogenous arnmonia 

excretion in the starved fish in fish group 3 was also observed, although levels of' 

excretion in these fish were much reduced over fed fish. 
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Fig. 6.12. Diurnal pattern of ammonia excretion in HiPP0910ss"S hippoglossus in fish group 1, fed 

at I% body weight d-'. Trial dates are (a) 31 July 1997; (b) 4 August 1997, (c) 7 August 1997-, (d) 10 

August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. Raw data 

curves are shown on the left hand side, smoothed data curves on the right hand side. Quantity of feed 

ingested was: (a) 0.38; (b) 0.24; (c) 0.46; (d) 0.36; (e) 0.54 (% body weight). 
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Fig. 6.13. Diurnal pattern of ammonia excretion in Hippoglossus hippoglossuN in fish group 2, fed 

at I O/o body weight d-'. Trial dates are (a) 31 July 1997ý (b) 4 ALIIIILISt 1997ý (c) 7 Aumist 1997ý (d) I I 
August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. Raw data 

curves are shown on the left hand side, smoothed data curves on the right hand side. Quantity off'ced 
ingested was: (a) 0.32; (b) 0.19; (c) 0.55, (d) 0.53; (e) 0.30 (% body weight). 
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Fig. 6.115. Diurnal pattern of ammonia excretion in Ilippoglosmis hippoglossus in fish group 5, fed 

at 0.5%) body weight d-'. Trial dates are (a) 31 July 1997, (b) 4 August 1997ý (c) 7 August 1997, (d) 

10 August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. Raw 

data curves are shown on tile left hand side, smoothed data curves on the right hand side. Quantity of' 
feed ingested was: (a) 0.16; (b) 0.43; (c) 0.16; (d) 0.32, (e) 0.16 (% body weight). 
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Fig. 6.16. Diurnal pattern of ammonia excretion in Hippoglossus hippoglossus in fish group 6, fed 

at O. A-; % body weight d-'. Trial dates are (a) 31 July 1997-, (b) 4 August 1997, (c) 7 August 1997ý (d) 

10 August 1997; (e) 14 August 1997. Point of feeding is represented by vertical black arrow. Raw 

data curves are shown on the left hand side, smoothed data curves on the right hand side. Quantity of' 

feed ingested was: (a) 0.34; (b) 0.24; (c) 0.10; (d) 0.24; (e) 0.34 (% body weight). 
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Peak post-prandial ammonia excretion rate increased with the daily quantity of 

feed ingested (percentage body weight) in the fed fish groups (Fig. 6.17. ), although 

the relationship was not strong (r 2=0.10, d. f. = 18, p=0.164). Mean daily ammonia 

excretion rate and the calculated energy cost in the fish groups 1,2,3,5 and 6, is 

summarised in Table 6.3. Ammonia excretion rate differed significantly by fish 

group, with fed ammonia excretion rate elevated over starved (F, 59= 37.32; p= 

0.000). Mean ammonia excretion rate increased with ration size (r 2=0.42, d. f. = 18; 

p=0.000), and this relationship is represented by Fig. 6.18. 
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Fig. 6.17. Relationship between peak post-prandial ammonia excretion rate and ration size in 

small populations of Hippoglossus hippoglossus held in metabolism chambers. 
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Fig. 6.18. Relationship between mean post-prandial ammonia excretion rate and ration size in 

small populations of Hippoglossus hippoglossus held in metabolism chambers. 

Table 6.3. Mean ammonia excretion rate of small populations Of Hippoglossus hippoglossils held 
in metabol ism chambers, in five 24 hour periods of measurement. 

Fish group 

2 3 5 6 

Date mg Energy Ing Energy ing Energy Ing Energy Ing Encrgy 
NH, -N (kJ NH, -N (kJ NH, -N (kJ NH, -N (W NI1, -N (kJ 
kg-' h-' d-') kg-' h-' d-') kg-' h-' d-') kg-' V d-1) kg-1 h-' d-') 

'T-1 /07/97 3.02 0.74 3.57 0.91 1.42 0.32 1.89 0.40 1.96 0.47 

04/08/97 5.69 1.42 5.96 1.54 2.12 0.48 5.17 1.12 4.28 1.03 

07/08/97 5.61 1.41 6.70 1.75 1.53 0.34 3.18 0.70 3.24 0.78 

10/08/97 2.97 0.75 5.25 1.39 1.09 0.24 2.62 0.58 2.27 0.55 

14/08/97 4.17 1.07 5.08 1.37 2.30 0.51 3.75 0.84 3.38 0.82 

Mean 4.29 1.08 5.31 1.39 1.69 0.38 3.32 0.73 3.03 0.73 
±s. d. 1.33 0.33 1.17 0.31 0.51 0.11 1.24 0.27 0.93 0.22 

Fnergy values were calculated front the energetic equivale nt of'O. 62 cal nig-I (= 13-73J ing' NI1, -N) lor carnivorous 
ammoneotelic f-isli provided by Flliott an d Davison (1975). 
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The location of daily peak oxygen consumption rate and ammonia excretion 

rate was examined using the data recorded from all fish groups in which the fish were 
fed. Mean values recorded over the five 24 hour periods of measurement show peak 

ammonia excretion rate to precede peak oxygen consumption rate by approximately 

six hours (Fig. 6.19. ) at a temperature of 12.7 (±0.6) T. Mean peak ammonia 

excretion rate occurred at a point approximately 8 hours after feeding, and mean peak 

oxygen consumption rate occurred approximately 14 hours after feeding and 

coincided with the nocturnal mid-phase. 
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Fig. 6.19. Location of peak post-prandial oxygen consumption and ammonia excretion rates in 
small populations of Hippoglossus hippoglossus maintained in metabolism chambers at a mean 
temperature of 12.70C. Average weight of fish was predicted at 148g from growth data, at the time of 
the experimental period. Values are means from data collected in a total of twenty 24 hour periods. 
Bars represent standard error measurements. Photoperiod is represented by the horizontal black bar, 
and feeding time is represented by the vertical black arrow. 

6.3.4. Growth (Energy Budget Comonent "P"). 

A summary of the growth performance of halibut within the metabolism chambers is 

presented in Table 6.4. The results clearly show an increase in biomass wet weight in 

the fed fish groups 1,2,5 and 6, over the 28 day experimental period. Specific 

growth rates of 0.16 to 0.37 % body weight d-1 are calculated from the change in wet 

weight. The unfed fish group, chamber 3, showed a decrease in wet weight, 
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with a specific growth rate of -0.2 1% body weight d-'. However, wet weight 

comparisons in this instance are subject to a degree of variability in moisture content 

of the experimental halibut, which increased over the 28 day period from 70.4% in the 

initial sample to 72.9-74.9% in the halibut held in the fed metabolism chambers at the 

end of the study. 

If the change in dry weight is considered, the results presented in Table 6.4. 

present a different scenario to that observed with change in wet weight. An increase 

in dry weight of the group was only recorded in the halibut maintained in metabolism 

chamber 2, with an overall increase in dry weight of 3.22g over the experimental 

period. All other fish groups showed a decrease in dry weight over the experimental 

period, With the largest change in dry weight recorded for the biomass of the unfed 

fish group in metabolism chamber 3. 

The mean daily quantity of energy ingested (kJ d') varied by fish group in the 

fed chambers 1,2,5 and 6. Regression analysis showed that change in both wet and 

dry weight over the experimental period increased with the quantity of ingested 

energy per day per metabolism chamber (Figs. 6.20. and 6.2 1. ). These relationships 

were highly significant for both wet weight (r2 = 0.96, d. f. = 3, p=0.003 for energy 

ingested as W d-'; r2 = 0.98, d. f. 3, p=0.000 for energy ingested as W kg-' d-') and 
dry weight (r' = 0.98, d. f. = 3, p 0.00 1 for energy ingested as U d-1; r2 = 0.98, d. f . 
3, p=0.001 for energy ingested as U kg-' d-'). In addition, carcass energy content 

(expressed as U g-') showed a variation with metabolism chamber, the highest value 

of 20.05 U g-' recorded in the initial sample, and the lowest value of 17.56 W g-1 

recorded in halibut from the unfed metabolism chamber 3. Halibut from the fed 

metabolism chambers showed carcass energy values intermediate between these 

figures. 

The regression equation in Fig. 6.21 allows the calculation of a maintenance ration for 

Atlantic halibut of approximately 150g at IYC at 51.200 d-1. 
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Fig. 6.20. Relationship between Energy ingested (kJ d-' and U kg-' d-') and change in wet weight 
for small populations of Ilippoglossus hippoglossus maintained in metabolism chambers over a 28 
day period. 
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Fig. 6.21. Relationship between Energy ingested (k. 1 d' and U kg-' (1-') and change in dry weight 
for small populations of Ilippoglo. vvits hippoglossus maintained in metabolism chambers over a 28 
day period. 

Calculated feed conversion ratios (FCR) and protein efficlency ratios (PFIR) 

based on change in wet weight, arc presented in Table 6.5. No significant relationship 

between either FCR or PER with feed rate (% body weight d-') was determined. 
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Table 6.5. Feed conversion ratio (FCR) and protein efficiency ratio (PER) calculated for small 
populations of Atlantic halibut maintained in metabolism chambers. 

Metabolism chamber 

Parameter 234 

Feed consumed (g) 80.51 98.45 0 57.51 55.74 

Protein consumed (g) 47-29 57.83 0.00 33.78 32.74 

wet weight gain (g) 71 85 -41 55 34 

FCR 1.13 1.16 n/a 1.05 1.64 

PER 1.50 1.47 n/a 1.63 1.04 

6.3.5. Faeces (Energy Budget Component IT"). 

A summary of faccal production by metabolism chamber is presented in Table 

6.6. On collection, halibut faecal matter possessed an extremely high water content, 

and was very fluid in nature. The energy lost as faeces, calculated as a percentage of 

the ingested energy, showed very low values of between 1.44 and 2.46%. No 

relationship was determined between the quantity of ingested energy and faecal 

energy loss. These results suggest that faecal collection was only partially successful 

in retrieving all voided matter. 

From the manufacturer's figures of 16.8 1 MJ kg-' digestible energy in the 
flatfish diet (P. Morris, pers. comm. ), a value for faecal energy loss may be calculated. 

This figure is based on faecal recovery experiments with Atlantic salmon, and so the 

assumption that a similar figure is realistic for Atlantic halibut must be made. 

Application of this figure to the manufacturer's feed energy value of 20.4 W g-I feed 

provides an estimated faecal energy loss value of 17.6%, indicating that the actual 

quantity of collected halibut faecal matter was only in the region of 12% of that 

voided. Clearly the lack of success in faecal recovery in this experiment is associated 

with the specific characteristics of halibut faeces, i. e. the very high water content. The 

use of faecal trap systems such as have been previously applied to salmonid faecal 

recovery do not appear to be applicable to the Atlantic halibut. 
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6.3.6. Proximate composition 

The proximate composition of halibut carcasses, feed and faecal matter is 

presented in Table 6.7. 

The percentage moisture content of the initial carcass samples was lower at 

70.4% than the values obtained for metabolism chamber fish carcass samples at the 

end of the experiment (FI, 2g = 13.72; p=0.001). The mean moisture content of the 

carcass samples in the unfed fish group 3 was slightly higher at 75.3% than that of the 

carcass samples in the fed fish groups 1,2,5 and 6, although the statistical 

significance of this difference was low (F,, 23 = 2.24; p=0.148). The moisture content 

of carcass samples from the fed fish groups showed a low degree of variation between 

metabolic chamber (F3, '16 = 1.12; p=0.370). A 5.6% moisture content was recorded 

for the feed. 

Crude protein, lipid, ash and total energy levels recorded for the initial carcass 

samples also differed in comparison to the results for analysis of halibut carcasses at 

the end of the experimental period. Initial carcass samples showed a reduced 

percentage crude protein (F1,88 = 22.33; p=0.000), percentage lipid (171'sg = 16.18; p 

0.000) and percentage ash (F,,,, = 23.22; p=0.000) as percentage dry matter, in 

comparison to the carcass samples of halibut removed from metabolism chambers at 

the end of the trial. Carcass analysis of halibut from the unfed chamber 3 showed a 

reduced percentage lipid (F1,73 = 16.45; p=0.000) and an increased percentage crude 

protein (F1,73 = 21.39; p=0.000) and percentage ash (F,. 73 = 42.33; p=0.000) as 

percentage dry matter, over the fed fish groups. Within the fed fish groups some 

variability was observed in percentage crude protein content (F3,, 6 = 2.35; p=0.082), 

percentage crude lipid content (173,56 = 2.94; p=0.041) and percentage ash content 

(F3,56 = 2.46; p=0.072) as percentage dry matter, although at a much lower level than 

observed between the fed chambers and the unfed chamber. A significant relationship 

between ration level and carcass percentage crude protein (r' = 0.98; d. f. = 3; p 

0.001) was observed, with percentage carcass crude protein decreasing with 
increasing ration size (Fig. 6.22. ). A similar relationship between ration level and 
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carcass percentage ash was observed (r 2=0.98; d. f. = 3; p=0.001), (Fig. 6.23. ). In 

contrast to percentage crude protein and ash, carcass percentage lipid was observed to 

increase with increasing ration size (r 2=0.96; d. f. = 3; p=0.003)), and this 

relationship is presented in Fig. 6.24. 
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Fig. 6.22. Relationship between ration size and carcass percentage crude protein level for small 
populations of 11. hippoglossus maintained in metabolism chambers. 
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populations of H. hippoglossus maintained in metabolism chambers. 

Proximate analysis of faecal matter indicated several differences between the 

fish groups 1,2,5 and 6. Results for faecal percentage crude protein (F,,, = 3.58; p= 

0.125), faecal percentage crude lipid (F3,7= 4.26; p=0.045), faecal percentage ash and 

faecal energy values (F3,7 = 14.85; p=0.0 12), all showed a variation between fish 

group, although no distinct pattern was established. 

Proximate analysis offood showed results corresponding closely to those oI' 

the manufacturer (see Chapter 2. ). 

6.3.7. Encra Budget Analysis. 

The preceding calculation ofthe energy costs associated with the R, F, I J, M 

and P components ofthe energy budget allow the construction of an energy budget 

applicable to Atlantic halibut ofapproximately 150g at 13"C', oil daily energy intakes 

of 0 and 37.48 to 66.22 U d-'. Table 6.8. surnmarises the partitioning ofenergy 

within the energy budget components as recorded in this study. 

The calculated loss ofdry weight (negativc value f'or the 11 component) im 

threc ofthc four tcd fish groups is unexpectcd, and adds a degrce ol'complcxity to the 
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results. It appears that the halibut in these metabolism chambers were utilising their 

own body tissues as an energy source to a degree. The level to which tissue was 

utilised as an energy source (as expressed by the negative value of P) increased with 

decreasing size of ration. As expected, by far the largest contribution of energy from 

body tissue was observed in the unfed fish group. It is less easy to account for the 

calculated loss in dry weight of the fed fish groups, however these results suggest that 

the halibut were ingesting energy at a level below that of maintenance requirements. 

Overall the results allow the prediction of maintenance energy requirements, which 

can be deduced from the regression analysis presented in Fig. 6.21- The equation Y 

0.6231X -37.013 predicts the change in dry weight in a fish group (1) according to 

the energy value of the feed ingested (X). From this equation, in order that body 

weight (as dry weight) is maintained, a gross feed energy value of 59.40 d7l is 

required for a fish group, equivalent to approximately 79.92W kg"' d-. For a 150g 

Atlantic halibut this is approximately 0.6g feed d-, equivalent to a feeding rate of 

0.4% body weight d-'. 

Faecal energy values recorded in this study were extremely low at 1.5 3 -2.6 1 

of ingested energy, raising doubts over the efficacy of the faecal traps employed in the 

metabolism chambers. An estimated figure of 17.6% of ingested energy was 

calculated for faecal energy loss (see above). Energy allocated to excretion (as 

measured by ammonia excretion) was within the range 1.89-2.10% of the ingested 

energy in the fed fish groups, and 1.67% of utilised energy in halibut respiring their 

own tissues (chamber 3). The greatest allocation of energy was to the metabolism 

component M, with calculated values in the range 41.38-54.64% of ingested energy. 

In the starved fish, a figure of 82.07% of utilised energy was calculated. 

overall, the calculated energy allocation to the F, U, M and P components 

falls short of the total energy ingested for the five fish groups, and the balance is less 

than 100%. The highest energy balance percentage was recorded in the starved fish 

group at 83.7% of utilised energy, and this figure probably indicates the potential 

source of error associated with feeding and faecal collection. Prior to the application 

of the cstimated figure for faecal energy loss, balance figures in the fed metabolism 
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chambers were in the range 48.7-57.7%, with the corrected values in the range 66.3- 

75.3%. 

Potential sources of error in the calculation of these energy budgets which 

could have contributed to these low values are summarised below: 

1. Faecal collection was incomplete possibly owing to the physical nature of 

the faeces and incompatibility with the faecal trap arrangement. 

2. Energy loss to the "U" component was calculated from ammonia excretion 

rates, although excretion of both trimethylamine oxide and urea may also 

have contributed to this component. 

3. These energy balances are based on the premise that all feed offered to the 

fish and unaccounted for during retrieval was fully ingested and 

metabolised. In practice fish were occasionally observed to masticate 

pellets, providing an opportunity for partial loss of feed from the mouth, 

and subsequent overestimation of the ingested energy value. Aside from 

this fact, regurgitation may also contribute to an overestimation of ingested 

energy, and the necessary maintenance of the fish populations on screens 

precluded any direct observation of feed particles within the chambers 

leading to the assumption that any feed unaccounted for was ingested and 

utilised by the fish. 

4. Overall, feed intake values were extremely low, showing a great deal of 
daily variation with the test feed ration very infrequently ingested (or never 

in the case of the 1% body weight d). Unfortunately this resulted in the 

ingestion of a sub-maintenance ration in three of the four fed metabolism 

chambers. 

5. The metabolism chambers each contained 5 halibut, and feed ingestion was 

assumed to be evenly distributed throughout the members of each trial 

population. Chambers containing small quantities of fish were chosen for 

this work following the lack of success in training individuals to feed in 

respirometers (see Chapter 4). Possible inter-individual differences in feed 

intake, with the potential presence of one or more dominant fish in a small 

group, are likely to affect the proximate composition of such individuals 
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relative to others within the group, and thus affect the overall energy 

calculation for the group as a whole. 
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6.4 Discussion 

This bioenergetic study of the Atlantic halibut provides some of the first 

information on energy partitioning in this species. In addition, it is among the very 

few studies of flatfish which attempt to elucidate the total energy allocation within the 

organism, and as such also provides interesting comparative data with the energetics 

of roundfish species. 

Ingested Energy ("C". ' component) 

One of the characteristics of this study is the large variation in daily feed 

intake by the test fish, as represented in Table 6.1. Occasionally the halibut in 

metabolic chambers entirely refused food, and a zero intake was recorded. In addition 

to such obvious daily variation, the total daily quantity of feed ingested (here 

represented as percentage body weight) falls short of the two target test feed rates of 

0.5 and 1.0% body weight by a good margin, with mean daily feed intakes of only 

0.27-0.45% body weight d-'. The test feed rates are based on the figures of 0.5-0.6% 

body weight d' most recently provided by the manufacturer for halibut of 40g to 500g 

body weight at 12 to 15*C, and industry feed rates commonly of 2-3% body weight d-1 

for this size of fish. Specifically the feed rates of 0.5 and 1.0% body weight d-1 were 

chosen to reflect the partitioning of energy at an intermediate and a high energy 

intake, in order that the experimental design may elucidate any differences between 

such intakes. As far as this aspect of the study is concerned the results are 

disappointing, however there is much relevant information on energy allocation in this 

species to be gleaned from the results. Importantly, this study provides an energy 

value for a maintenance diet for Atlantic halibut of approximately 150g at IYC of 

79.920 kg"' d7l. 

Atlantic halibut were fed at the rate of 5% body weight d-(commercial dry 

pelleted diet) in a growth study of fish from 20g to 90g in weight by HallarRer et al. 

(1995), although there is no reference to the actual feed ingestion rate by individual 

fish. BjC)msson and Tryggvad6ttir (1996) fed groups of 140g Atlantic halibut once 
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per day on a dry marine diet in a study on optimal growth temperature, although 

unfortunately the feed rate is not presented by these authors. In a study of protein 

synthesis in Atlantic halibut of a mean body weight of 77g, Fraser et al. (1998) 

measured feed consumption using a diet prepared with Ballotini glass beads and 

subsequent X-radiography of the fish after a meal. A mean feed consumption of 

41.21 g kg-1 wet weight of fish d-' was recorded, although a wide vbriation in the 

proportion of ingested meal within the population was observed, between 2.85% and 

12.01%. For a 77g halibut, this equates to a feed intake of 4.12% body weight d-'. A 

gross energy value of 23.240 g-' dry weight is presented for the test diet by Fraser et 

al. (1998), equating to an energy intake of 73.73kJ fish-'d-'or 957.5 W kg-'d-1. The 

results of this study show values ranging from 37.48 to 66.220 ingested by each 

population of 5 halibut each day (approximately 50.4-89. W kg-' d-'), considerably 

lower than the values of Fraser et al. (1998). The temperature ranges of the two 

studies are similar, and even allowing for size differences between the experimental 

animals, it is clear that the halibut in this study had a reduced feed and energy intake 

over what may be regarded as normal in this species. These results raise questions 

over the applicability of the Atlantic halibut to confinement in studies where optimal 
feed ingestion and growth are to be examined. 

Questions also remain over the quality of the test fish as discussed in Chapter 

2. It is unclear whether the early crops of first generation cultured Atlantic halibut are 

entirely representative of this species as a whole. Once production techniques have 

developed sufficiently to provide a consistent supply of good quality halibut, it may 
be that halibut of a smaller size may be trained to feed in confinement, and future 

studies may be even more successful in monitoring the pattern of energy flow within 
this organism. 

Metabolism "M" component. 

Several important points are made clear from the results of the oxygen 

consumption rate data of this work. Firstly, in common with the results for individual 

and community respirometers presented in Chapters 3 and 4, there was a clear 

oxygen Consumption and Biocnergetics of the Atlantic halibut (Hippoglossus hippoglossw L. ): Implications for culture. 239 
Ph. D. thesis, Neil Auchterlonie, institute of Aquaculture, University of Stirling. 



rhythmic pattern in daily oxygen consumption rate exhibited by the Atlantic halibut in 

all fed and starved metabolic chambers. Peak oxygen consumption rates were most 

frequently located within the period of darkness, suggesting a greater metabolic 

demand at this time. Mean oxygen consumption rate in fed fish exceeded that of the 

starved fish, similar to the results for fed and starved populations in the experimental 

work of Chapter 4. In the starved fish group, the daytime oxygen consumption rate 

was often close to the value predicted from the global equation presented in Chapter 3 

for resting oxygen consumption rate, of 63.52 mg kg-' If ' for a halibut of 147.7g body 

weight. 

Of interest are the frequent large nocturnal peaks in oxygen consumption rate 

seen in the unfed population, which rose from the baseline value to a point which was 

often close to that of the fed halibut in magnitude. It is tempting to relate such a 

pattern in oxygen consumption rate to differences in activity pattern over the 24 hour 

period, with a daytime period of rest or little activity and a nocturnal period associated 

with a higher level activity. Mean oxygen consumption rate was clearly related to 

ration size, increasing with increased quantity of food ingested. This is in agreement 

with the generally held theory of S. D. A. in which an increase in metabolic rate 

follows the ingestion of a meat (Rubner, 1902; Brody, 1945; Winberg, 1956; Kleiber, 

1961; Brett and Groves, 1979; Jobling, 1981,1983,1994), and a similar relationship 

between ration size and energy cost associated with metabolism has been observed by 

other authors such as Hamada and Ida (1973), Jobling and Davies (1980), Cho (1982), 

and Chakraborty et al. (I 992c, 1995). With a range of values between 80.45 and 

117.06 ing kg` If', the mean daily oxygen consumption rates recorded in this study 

are somewhat lower than the value of 126 mg kg" If' recorded by HallarAker el al. 

(1995) in fed Atlantic halibut of 90g body weight at 13*C. This difference is most 

likely a reflection of both the greater body weight of fish in this study, and a likely 

reduced level of ingested feed. Although HallarAker et al. do not present information 

on the quantity of feed ingested, the halibut were fed at the rate of 5% body weight d-' 

on a diet of very similar composition to the diet used in this trial. When these factors 

are taken into account, there would appear to be reasonable agreement between the 

two figures. 

oxygen Consumption and Bioenergetics of the Atlantic halibut (111ppoglosma hippoglossus L): Implications for culture- 240 
Ph. D. thesis, Neil Auchtcrlonie, Institute of Aquaculture, University of Stirling. 



As a percentage of ingested energy, the energy allocated to metabolism was 

relatively high, with values ranging from 41.38 to 54.64% depending on the quantity 

of ingested feed. In the starved fish, a value of 82.07% of utilised energy was 

attributed to the M component. In their generalised predictive bioenergetic equation 

for carnivorous fish, Brett and Groves (1979) suggest a figure of 29(±6)% allocated to 

the M component, somewhat lower than the values obtained in this study. 

Chakraborty (1992) determined values of 21.38 to 47.12% of ingested energy 

allocated to metabolism in a study of the common carp fed diets of varying percentage 

protein. In perch (Percafluviatilis) fed a restricted above maintenance diet, Solomon 

and Brafield (1972) showed that between 54.40 and 59.04% of the ingested energy 

was used in metabolism. It is interesting to compare these slightly higher figures 

produced from fish fed on a relatively low ration, since the halibut in this study 

ingested feed only slightly above maintenance level in one metabolic chamber 

(chamber 2), and at a sub-maintenance level in the other fed metabolic chambers 

(chambers 1,5 and 6). In their study of the bioenergetics of the grass carp 

(Ctenophryngodon idella), Carter and Brafield (199 1) recorded values for metabolism 

varying between 32.9 to 109.9% of the ingested energy, with the higher values 

observed at low ration levels. However, the grass carp is a herbivore and such a 

dietary nature difference is likely to introduce further differences into the energy 

budget equation. In a generalised energy budget for herbivores, Brett and Groves 

(1979) calculate a figure of 37% of ingested energy allocated to metabolism, 

somewhat higher than the figure these authors calculated for carnivorous fish. In a 

study of the carnivorous brown trout (Salmo trutta), Elliott (1976) estimated that 

between 35 to 70% of the ingested energy was allocated towards metabolic rate, over 

a range of ration levels from maintenance to maximum intake, and over a range of 

temperatures covering the thermal range of this species. Higher values of 69 to 70% 

were estimated for fish fed maintenance rations in this species. These values are 

slightly higher than the figures produced in this study, which may be a reflection of 

the higher metabolic rate of roundfish in comparison to flatfish (Chapter 3. ). Overall, 

the above literature values are in agreement with those calculated for other species of 

fish fed at ration levels close to maintenance. 
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Excretion "U" component 

In this study only ammonia was measured as the excretion component of the 

energy budget equation. Ammonia excretion by halibut in the fed metabolism 

chambers was elevated above that of starved halibut, and a direct relationship between 

ration size and mean ammonia excretion rate was observed. The pattern of ammonia 

excretion in fed halibut showed a 24 hour cycle, with peak excretion occurring at a 

point between 3 and 12 hours post feeding. No rhythmicity in ammonia excretion was 
determined in starved halibut. 

Elevated post-prandial ammonia excretion rates relative to starved, or pre- 
feeding levels have been shown in sockeye salmon (Brett and Zala, 1975), in rainbow 

trout by Paulson (1980), in rainbow trout and carp by Kaushik (1980), in the Atlantic 

cod by Lied and Braaten (1987) and Ramnarine et al., (1987), in the eel by 

Heinsbroek et al. (1993), and in brown trout, rainbow trout, sea bass, sea bream and 

turbot (Dosdat et al., 1995,1996). In a study of the Atlantic halibut, Fraser et al. 
(1998) observed a rapid increase in ammonia excretion rate in fish of 77g following 

ingestion of a single meal. Peak ammonia excretion rates were found at a point 
between six and twelve hours after feeding by these authors at a temperature of 9- 

13*C, in close agreement with the results of this study (Fig. 6.18. ). Ammonia 

excretion rates varied between 3.3 and 5.2 ýtg g-' If ' in the study of Fraser et al. 

(1998), and these values are in very close agreement to the results of this study. Urea 

excretion was not measured in this work, however it was measured by Fraser et al. 

(1998), who determined a value of 0.85 ±. 09 pg g-'If'urea-N. Urea excretion was 

not influenced by feeding, and remained similar throughout the 24 hour period in the 

work of these authors. A figure of 17% of nitrogen excretion in the urea form was 

calculated, falling within the 11 -23% value for urea-N excretion recorded by Dosdat 

et al. (1996) for five species of marine and freshwater teleosts. 

Chakraborty et al. (1992b) observed ammonia excretion rate to increase with 
increasing dietary protein content in the common carp. Burel et al. (1996) found 

oxygen Consumption and Biocnergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 242 
ph. D. thesis, Neil Auchterlonic, Institute of Aquaculture, University of Stirling. 



increasing average daily total ammonia excretion over the temperature range 8'C to 

20'C in a study ofjuvenile turbot, and hypothesised that this was solely the result of 

an increasing meal size. Similarly, Dosdat et al. (1995,1996) found a strong 

correlation between ammonia excretion rate and the quantity of ingested nitrogen in a 

variety of freshwater and marine fish species including the turbot. The results of this 

study conform to this pattern, with mean post-prandial ammonia excretion rate 

increasing with increasing meal size in fed halibut. 

As a percentage of ingested energy the values allocated to ammonia excretion 

are relatively low, ranging from 1.89 to 2.10% in fed halibut. Ammonia is regarded 

as metabolically inexpensive (Sayer and Davenport, 1987), thus such low values may 

be expected. The values produced in this study relate well to the results of the tank 

community studies (Chapter 4) where the energy allocated to ammonia excretion was 

1.2 to 2.3% of ingested energy. Brett and Groves (1979) apportioned 7% of ingested 

energy to excretion in a generalised model for carnivorous fish. Figures calculated 

from the results of Elliott (1976) for brown trout show values between 4.3 and 11.3%, 

and from the results of Solomon and Brafield (1972) for the perch show values 

between 7.6 and 37.5% of ingested energy allocated to excretion. Chakraborty (1992) 

observed values of 4.19 to 8.74% of ingested energy allocated to the "U" component 

in common carp fed a diet of varying protein level. In a study of the energy budget of 

six freshwater species of teleost, Cui and Liu (1990) determined the percentage 

allocation to the U component between 6.7 and 39.5%. Clearly all these figures are 

somewhat in excess of that achieved in this study, even after allowing an additional 

17% for nitrogen excretion as urea-N (Fraser et al., 1998). However, the ammonia 

excretion rates determined in this study are very close to other published values for 

the Atlantic halibut and may be a reflection of comparatively low rates of protein 

synthesis, degradation and deposition in this species. This is also the hypothesis of 

Fraser et al. (199 8) who measured rate of nitrogen flux within small (77g) Atlantic 

halibut using a "N isotope tracer. 

In their study of the daily pattern of nitrogen excretion in the sockeye salmon 

(Oncorhynchus nerka), Brett and Zala (1975) set out to elucidate the diurnal changes 
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in metabolic parameters in populations of intensively cultured salmonids. Specifically 

these authors measured ammonia excretion and oxygen consumption rates, providing 

good comparative information with the results of this study. In starved sockeye 

salmon oxygen consumption rate fluctuated from a baseline of approximately 1.75 

times the resting rate to a peak of approximately 3 times standard in the middle part of 

the daylight period. In this study, starved Atlantic halibut showed a daylight oxygen 

consumption rate close to the resting oxygen consumption rate, rising to a peak in the 

middle of the nocturnal period of approximately 2-3 times this level. In fed sockeye 

salmon, oxygen consumption rate was found to be at the maximum at a point 

immediately before, or during feeding, occurring at about 09.00h or 2 to 3 hours after 

dawn. In this study peak oxygen consumption rate in Atlantic halibut did not coincide 

with feeding, but occurred at night approximately 12 hours after feeding. Peak 

ammonia excretion rate in sockeye salmon was found 4 to 4.5 hours after feeding, 

although in this study peak ammonia excretion rate was at a point approximately 8 

hours after feeding in the Atlantic halibut. 

The results of this work are important from an aquaculture perspective, and 

will give an indication of timing of peak metabolic demand within culture systems 

containing Atlantic halibut. Importantly it appears that in contrast to the culture of 

salmonids peak oxygen demand in tank systems containing Atlantic halibut is likely 

to occur within the hours of darkness. This has implications for the maintenance of 

such systems, since it is likely that this will also coincide with a period when there are 

no husbandry staff on site. 

Faecal Energy Loss 'IF" Component 

Faecal energy values recorded in this study were extremely low, raising doubts 

over the efficacy of the faecal traps employed in the metabolism chambers. 
Ultimately faecal energy loss was estimated from digestible energy values in order to 
I produce a viable energy budget in this study. Since a similar design of faecal trap was 

employed successfully by Cho et al. (1976), it seems that such lack of success may be 

rather a function of the physical characteristics of halibut faeces rather than equipment 

oxygen Consumption and Biocnergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture. 244 
Ph. D. thesis, Neil Auchterlonic, Institute of Aquaculture, University of Stirling. 



design. Direct observation of recently voided faecal matter showed it to contain an 

extremely high water content, leading to a lack of aggregation and a tendency for 

disintegration of the faecal material. The method of total faecal recapture was chosen 

in this study in order to provide a more accurate assessment of the energy loss to this 

component. Many such studies have been performed with some success by previous 

authors including Solomon and Brafield (1972) with the perch, Elliott (1976) with the 

brown trout, Musisi (19 84) with tilapia, Carter and Brafield (199 1) with grass carp, 

and Chakraborty et aL (1995) with common carp. The results of this study suggest 

that a dedicated faecal collection system will have to be designed to ensure the 

success of future work of this type with the Atlantic halibut. 

Growth 'P" Component 

The results of this study show a positive increase in fish dry matter in only one 

of the four fed metabolism chambers, chamber 2, fed at the higher test ration. This is 

disappointing in that the original intention of this work was to compare the pattern of 

energy allocation at starvation, intermediate feed levels, and high feed levels. On a 

wet weight basis, the specific growth rates of between 0.16 to 0.37% body weight d7' 

recorded in this study are slightly low, but within the range of values recorded by 

Tuene and Nortvedt (1995) of 0.217 to 0.406% body wet weight d-', although these 

halibut averaged 422g in weight. The results of Bj6rnsson and Tryggvad6ttir (1996) 

for a study of optimal growth temperature in the Atlantic halibut show maximum 

SGR close to 0.6% body weight V at a temperature of IIAT for 100g to 500g fish, 

although this was observed to decline slowly with increasing temperature. The 

halibut of Fraser et al. (1998) fed an experimental diet of 32% moisture content 

showed a mean wet weight SGR of 1.3 1% d7' over a 28 day period. HallarAker et aL 

(1995) observed the highest SGR in Atlantic halibut of 20 to 90g weight at 13T, with 

values between 1.8 and 2.0% wet body weight d-, in fish fed a commercial formulated 

feed. Hjertnes etal. (1991) observed SGRs of 0.68 to 0.76% wet body weight Oin 

Atlantic halibut averaging 34g body weight fed a commercial dry diet at 7-12T. 
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Clearly the Atlantic halibut of this study showed SGR values which are low in 

comparison to what may be predicted from other published values in this species. It is 

most likely that the low specific growth rates were a result of the low level of ingested 

food in this work given the consumption-growth relationship in fish (Brett, 1979). 

The results of Tuene and Nortvedt (1995) showed a linear consumption growth 

relationship in 422g Atlantic halibut up to a SGR value of 1.2, and a linear 

consumption-growth relationship has also been observed in the closely related Pacific 

halibut (H. stenolepis) by Paul et al. (1994). As discussed above, the low food 

ingestion rate seen in the halibut held in metabolism chambers may be a behavioural 

response to confinement. Attempts to train individual halibut held under more 

extreme conditions of confinement to feed proved unsuccessful in earlier work of this 

thesis (Chapter 4), and it would appear that these fish do not respond readily to such 

conditions. This may be a function of the only recent domestication of the Atlantic 

halibut, with all the fish used in this work only first generation farmed stock. In 

contrast, other fish which have been successfully maintained in restrictive metabolic 

chambers such as the carp and the tilapia have been cultured for generations and 

respond well to crowded conditions. 

As a percentage of ingested energy, the allocation towards the "P" component 

was extremely low with a value of 3.34% in the halibut which showed a positive 

increase in dry weight (chamber 2). As well as the low quantity of ingested feed, this 

also reflects the low priority of the "P" component in energy allocation terms relative 

to metabolism. The energy costs associated with the Mm component have prior claim 

on ingested energy as the costs of homeostasis must always be met in order that the 

form and function of the animal may be secured. 

Many studies which have involved the measurement of energy flow within fish 

have been carried out on fish of a small size. The Atlantic halibut used in this study 

were relatively small in comparison to much of the other experimental work carried 

out in this thesis, although they were much larger than some of the fish involved in 

other bioenergetic studies. The restricted availability of Atlantic halibut juveniles at 
the time of this work necessitated the use of relatively large fish. Further studies 
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which incorporate halibut of a smaller body weight, as they become available, could 

well be more successful in achieving good rates of feed ingestion and growth. 

Energy Budget 

With the estimated faecal energy loss figures applied to the results for the 

other measured components in the fed metabolism chambers, the balance for the 

energy budget varies between 66.3 and 83.7%, with the highest figure recorded for the 

starved metabolism chamber. Since the energy budget is a "balance sheet of energy 

income set against energy expenditure" (Brafield, 1985), an exact balance of 100% 

would be expected and the values of this study suggest an element of error associated 

with the calculation of the energy budget parameters. Such a result implies either a 

loss of energy to the system or an unmeasured or inaccurately measured component in 

the energy budget equation. However, it is unusual in fish bioenergetic studies to 

record balances of 100%. Many experimental studies have calculated balances 

showing considerable variation above and below the 100% figure. Flowerdew and 

Grove (1980) produced values of -35 to 47% of ingested energy for energy costs in 

the thick-lipped mullet, Crenimudil labrosus. In the southern catfish (Silurus 

meridionalis), Xie and Sun (1993) estimated energy output to the F, U, M and P 

components at 85.3 to 150.5% of the energy ingested. In their study of the energetics 

of the grass carp (Cienopharyngodon idella), Carter and Brafield (1991) attained 

balances of 74.7 to 102.8% but found that the energy budgets of fish losing energy 

were less accurate. In this study only the fish held within one metabolism chamber 

(chamber 2) retained energy over the study period, thus the low balance values 

observed in this study may also be associated with the utilisation of body tissue as an 

energy source by the test halibut, similar to the results of Carter and Braf ield (199 1). 

Chakraborty et al. (1995) achieved balances of 66.64 to 81.96% in the common carp 

at different dietary protein and ration levels. In an examination of potential sources of 

error in the calculation of the balance of the energy budget, these authors discuss the 

potential for nitrogen excretion in the form of urea as an unmeasured energy loss to 

the system. The conclusion was that other studies of carp quote urea excretion as only 

between 6 to 7% in fed carp and 25% in starved carp, and the associated energy loss 
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in this form is not likely to account for the imbalance in their study. Similarly in this 

study although nitrogen excretion was only measured in the form of ammonia, Fraser 

et al. (1998) quote a figure of nitrogen excretion in the Atlantic halibut as 17% urea, 

thus energy loss in this form can be assumed to be relatively low in terms of the 

imbalance of this study. Chakraborty et al. (1995) also discuss the potential for 

regurgitation as a source of error, leading to an underestimate of the ingested ration. 

In this work the halibut were carefully monitored at feeding, the screens in the 

metabolism chambers were designed to prevent the loss of pellets through the system, 

and uneaten pellets were removed 2 hours after feed was offered. These precautions 

were taken in order to achieve the most accurate determination of the C component. 

However, careful observation of feeding halibut showed that occasionally pellets were 

ingested and violently masticated within the buccal cavity. The pellets disintegrated 

immediately sometimes with the loss of small particles of feed in the water of the 

metabolism chamber. Such particles of feed may represent an underestimation of the 

quantity of ingested energy, and lead to energy budget balances lower than 100%. 

Given the observation of Carter and Brafield (199 1) that lower energy balances were 

obtained with fish utilising their own body tissue as an energy source, and the fact that 

the starved halibut in this study actually possessed the highest balance value at 83.7%, 

the accurate determination of ingested energy is a potential source of error in the 

determination of energy budget balance in the fed metabolism chambers of this study, 

and may account for the imbalance. 

Solomon and Brafield (1972) observed more accurate balances in perch fed a 

maintenance ration in comparison to higher feed rates, recording overall balances of 

between 84.1 and 248.8%. These authors discuss the contribution of metabolised 

body tissue to the energy budget, and question the assumption that the energy value of 

the fish tissue remains the same throughout the experimental period. Such an 

assumption had to be made in these experiments because the work was carried out on 
individual fish. In this study, an initial sample of one fish from each metabolism 

chamber was taken in order that information on proximate composition and energy 

content could be obtained on the fish at the start of the experiment. Since these were 

conspecifics of the test population, subjected to the same pre-experimental conditions 
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it has been assumed that these results provide relevant information on the 

experimental population at day 0. Such an approach circumvents the assumption that 

the proximate composition of the fish remains the same throughout the experiment, 

and in this work it was clearly proven that there was a change in proximate 

composition, moisture content and energy value of the fish over the experimental 

period. These results provided important information on dry weight gain in the test 

fish, which showed a negative value in three of the metabolism chambers despite a 

recorded increase in wet weight. Such an approach reduces any error linked to the 

assumption that fish tissue composition is unchanging over the experimental period, 

but assumes that the initial sample of fish is representative of the population at time 

zero. 

A further assumption in this study is that there was no significant gaseous 

exchange between the water of the metabolism chambers and the atmosphere, which 

could have influenced the oxygen consumption data. As discussed by Brafield 

(1985), practically the only way to ensure that indirect calorimetry provides realistic 

energetic values of metabolism is to run direct calorimetry experiments concurrently. 

So far this has only been achieved on very few occasions, and Brafield notes that there 

has been good agreement in the results of such studies between the two techniques. In 

this study, there is good agreement between the oxygen consumption rate values as 

measured by the techniques presented in Chapters 3 and 4 of this thesis, thus it 

appears reasonable to assume that the open metabolism chambers were not a 

significant source of error in the determination of oxygen consumption rate and the 

calculation of the energy costs of the M component. 

This work presents the first important information on the energetics of the 

Atlantic halibut under controlled conditions, and is one of very few studies on the 

pattern of energy allocation in a species of flatfish. Several key areas have been 

identified for focus in future studies. Faecal energy loss investigation in this study 

was unsuccessful, and it is clear that equipment which has been utilised as faccal trap 

systems in studies of some species of roundfish are not applicable to the Atlantic 

halibut, probably due to the physical characteristics of faecal matter in this species. 
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This experimental study was successful in monitoring the pattern of energy allocation 

in Atlantic halibut fed a diet at close to maintenance requirement. This was not the 

original goal of this study, and it appears that this species responds to confinement by 

reducing the quantity of ingested feed. Such a response would negate the use of such 

a system in monitoring pattern of energy allocation and maximal feed consumption 

and growth rates. Unfortunately this is information which would be of direct 

relevance to aquaculture, where consumption and growth are theoretically maximised. 

Houlihan et al. (1987,1989) with the Atlantic cod, and Fraser et al. (1998) with the 

Atlantic halibut, measured rates of protein turnover through the application of tritiated 

phenylalanine and a "N isotope tracer. Such an approach provides an alternative 

laboratory method which could also provide information which could be incorporated 

into the energy budget equation, and most importantly under conditions where the fish 

are feeding and growing under conditions approaching normality. 

oxygen Consumption and Bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus L. ): Implications for culture, 250 
Ph. D. thesis, Neil Auchterlonie, Institute of Aquaculture, University of Stirling. 



Chapter 7. General Discussion 

7.1. General 

Since its inception and development as a discrete branch of biological science, 

the study of bioenergetics has become fundamental to the construction of predictive 

yield models in both fisheries and aquaculture. Much of the early work on fish 

bioenergetics was driven by a desire for knowledge on the growth performance of 

wild stocks of fish, resulting in the development of predictive models in fisheries 

research and early aquaculture. The growth in aquaculture over the latter half of the 

twentieth century and a concurrent depletion of wild fish stocks, has resulted in an 
increasingly greater economic importance allocated to this field. The study of 
"Metabolic Rate and Food Requirements of Fishes" by G. G. Winberg (1956) is 

regarded as a work of great importance in the field of fish energetics and the starting 

point for modem studies. Drawing from a wide range of comparative historical fish 

metabolic data this thesis transforms the subject area and develops many of the 

theories which are so crucial to this science. In recognising the development of fish 

bioenergetic studies, it is also important to acknowledge the contribution of Ivlev 

(193 9) who is regarded by Brett and Groves (1979) as a pioneer in this field, 

influencing the work of Winberg. 

A bioenergetics approach has been applied with some success to the field of 

aquaculture, where a greater element of control over many environmental factors as 

well as a large depth of research knowledge in fish nutrition, physiology and 

behaviour, are factors which combine to ensure that the element of error is reduced in 

the formulation of such predictive models. Reduction of the energy budget equation 

to its component parts, and further elaboration of the energy allocation to these 

component parts over a wide range of environmental conditions, ultimately allows the 

prediction of the growth component "P". In this manner, the necessary economic 

viability of a fish farm or the sustainability of a fishery may be achieved through 

knowledge and understanding of the processes involved, and the influence of abiotic 

and biotic factors on the growth dynamics of the stock may be more fully understood. 
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As noted by Alexander (1967), partitioning of energy within the energy budget 

is likely to be influenced by natural selection. Calow (1985) expands further, 

hypothesising that gene expression must exert an effect on the enzymes associated 

with metabolism, and the fitness of the organism will depend on how such enzymes 

interact to affect form and function, reproductive timing and effort, and survivorship. 

The Atlantic halibut is a relatively highly evolved species of fish, with a unique life 

history pattern bordering between an r- and K- selection strategy (Haug, 1990b). The 

attainment of a large size with the associated longevity, combined with a reproductive 

investment into large numbers of small eggs initially appears as something of a 

paradox from an evolutionary biology perspective. However, it is clear that such a 

strategy has been a success for this species with the fitness of this organism assuring 

the survivability of the species over a long time scale, and it is only with the recent 

advent of human beings as efficient predators of the Atlantic halibut, and the 

development of fishing technology, that this species has been threatened. 

The most obvious morphological characteristic of the Atlantic halibut is its 

extremely large adult size relative to other aquatic poikilotherms. As discussed by 

Peters (1983), "Cope's Law" holds that large species tend to occur at later points in 

the evolutionary history of a taxonomic group, although there are occasional 

exceptions to this rule. Large size in animals is also generally correlated with a high 

degree of specialisation, manifest as greater mobility, greater visual power, higher 

fecundity, larger individual offspring and an increased capacity to learn. The Atlantic 

halibut would appear to fulfil the requirements of these general attributes with the 

possible exception of the last two. Clearly, the Atlantic halibut is an extremely 

specialised organism, and well adapted to its natural environment, suggesting that this 

species is at a point well along the evolutionary tree. Peters (1983) also points out 

that such a high degree of specialisation is something of an evolutionary "cul-de-sac", 

and such species are poor potential ancestors. From the perspective of culturing this 

organism, this is an important point since this is a fish species which is extremely well 

adapted to a marine envirorunent of low temperature (2-8T range of wild-caught fish) 

and depths of 200 to 300m with associated high hydrostatic pressure and low light 
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intensity. It may be argued that the physiological mechanisms which have evolved in 

response to life in this environment will not be operating at optimum levels in culture 

situations where the organism is maintained at depths of 0.2 to 1.0m, within a 

temperature range of 6 to 15T, and at ambient light conditions at sea level. 

Importantly, ongrowing of the Atlantic halibut is currently practised under conditions 

where the environmental parameters of temperature, photoperiod and light intensity, 

are unlikely to be wholly suitable for this organism. 

Temperature is the most important abiotic factor in governing fish metabolic 

rate - one of the "Controlling Factors" of Fry (1971). The ongrowing of Atlantic 

halibut has been carried out successfully on a small scale on seawater sites in 

Scotland, however the characteristics of the physical environment selected by this fish 

in the wild indicates that some element of environmental control within a culture unit 

will benefit production. A further important point is the stability of the physical 

parameters of the deep ocean environment within which the wild fish live. In contrast 

to this many seawater sites in Scotland show daily fluctuations in parameters such as 

temperature and salinity, due to relatively shallow water intakes to sites. A lack of 

stability in such environmental parameters is likely to influence the energetics of the 

organism, and fluctuations are unlikely to provide conditions favourable for optimal 

growth. A possible means of circumventing such drawbacks, and enhancing 

production, would be the application of recirculation technology to the ongrowing of 

the Atlantic halibut, providing a more stable physical environment for the organism. 

Atlantic halibut in the wild tend to be solitary in behaviour (see Chapter 1). 

Generally, these fish only congregate in groups during spawning, and spend the rest of 

the year as isolated individuals. Although the latter years of the 1990s is still a very 

early stage in the development of an Atlantic halibut farming industry, farms in 

Norway, Iceland, Canada and Scotland do have experience of rearing small quantities 

of halibut under conditions approaching those which will be encountered by these fish 

in full-scale commercial production sites. All reports suggest that these fish cope with 

the large groupings that such systems entail. This may be the case, and under 

conditions of culture the Atlantic halibut have been observed to grow at rates in 
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excess of conspecifics in the natural envirorunent (Bj6msson, 1994), however two 

important points regarding the effect of grouping on this species have emerged from 

this study: 
1. There are clear patterns of inter-individual aggression, observed in the 

filming study in fish of approximately 300g in weight (Chapter 5), and also 

observed in fish of 300 to 1400g in the tank population study (Chapter 4). 

2. The increase in routine oxygen consumption rate in small populations of 
halibut over the resting oxygen consumption rate of individuals (a 

calculated 3 6-8 1% in I OOg fish, and 20-24% in fish of I OOOg - see Chapter 

4 discussion) suggests the lack of a "group" effect on metabolic rate in this 

species. In common carp, Korowin-Kossakowski et al. (1981 - cited by 

Steffens, 1989) observed a 25% reduction in routine oxygen consumption 

rate in fish held in groups, over individuals. Such a result immediately 

raises questions over differences in the methodology between resting and 

routine rate measurements, further emphasising the importance of the 

protocol argument. However, it is clear that the presence or absence of 

conspecifics is important in the measurement of routine metabolic rate for 

some fish species, and in the ayu (Plecoglossus altivelis), Umezawa et al., 

(1983) showed by measurement of oxygen consumption rate that the 

metabolic rate could either increase or decrease in individuals held within 

populations, depending on the animal's social history. 

These two points suggest that the Atlantic halibut may not be as ideally suited 

to intensive culture conditions as other species such as the Atlantic salmon, although 

since these experimental fish are the first generation of farmed stock, there is a clear 

potential for further domestication. Such a potential may also influence growth rate in 

subsequent generations of farmed stock, if any elevation in metabolic rate due to a 

group response may be reduced through selection and breeding of individuals showing 
better suited traits. Any reduction in metabolic costs associated with the group effect 

could allow a proportionate increase in energy allocation to growth, the P component, 

with a consequent influence on production. 
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In terms of the proposed culture of this species, it is clear that there is likely to 

be a good market for any farm produced Atlantic halibut, based on the reduced 
landings of wild stock and the high market price for this species (see Chapter 1). The 

results of this thesis provide information on the response of this organism to intensive 

culture conditions, and are of direct relevance to a halibut farming industry. The focus 

of research up to the present time, has been towards the areas of egg production, 
broodstock nutrition and larval rearing, and there is little published work relevant to 

the ongrowing of this species. Bioenergetic models relative to the ongrowing of this 

species in intensive culture conditions will enhance an embryonic halibut farming 

industry. This thesis contains some of the first results of such work. 

7.2. Experimental Protocol 

The aim of this study was to provide information on energy partitioning and 

bioenergetics of the Atlantic halibut (Hippoglossus hippoglossus). Respirometery and 

the accompanying indirect calorimetry provided most of the information on the energy 

costs associated with daily activities of this fish through measurements of oxygen 

consumption and ammonia excretion rate. An approach combining information on 
life history strategies in Atlantic halibut in the wild together with information gathered 

on the energy transformations within the organism, may be used to predict the likely 

performance of this species under conditions of culture. The results of this thesis and 
their application to a farm environment are based on the assumption that the response 

of the halibut under experimental conditions did not differ significantly from the 

response of this organism to the farm environment. 

The works of Winberg (1956) and Fry (1957) are an historical starting point 
for the development of modem studies, following the examination of the relationships 
between many abiotic and biotic factors with metabolic rate and clarification of these 

relationships through the development of models to describe the effects. These works 

continue to be cited in many papers of the present day, indicating the thoroughness of 
the authors' approach to this field of research. The importance of temperature, body 

size, dissolved oxygen concentration, nutritional status, activity, diumal periodicity 
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and water quality as factors influencing fish metabolism are discussed in depth, and 

many of the relationships developed from a vast array of collated data produced by 

both the author and other researchers. It is clear that the measurement of fish 

metabolic rate is not a new undertaking in the scientific community, and the 

framework for studies of this type has been delineated to a certain degree. With this 

in mind, it is disappointing to find there are difficulties in drawing inter-species 

comparisons even in current studies, due to the presence of uncontrolled or variable 

parameters within the experimental protocol. The temperature range of the Atlantic 

halibut is outwith that of many of the species which have been chosen for metabolic 

studies, limiting even ftirther the data which could be used for comparative purposes. 

Throughout this thesis, the importance of the development of and adherence to 

a strict protocol has been a common theme underlying the experimental work. 

Nutritional, thermal and photoperiodic histories have all been documented in the text, 

since these are importmt factors in fish energetic studies. Appropriate attention to the 

acclimation of the test fish to the experimental conditions has also been given, and 

these are all areas in which there is considerable variation in the experimental 

procedure applied to other published work. It has become increasingly clear 

throughout the interpretation and comparison of the results of this study that the field 

of fish bioenergetics is in need of a well defined protocol, adherence to which will 
facilitate inter-species comparisons in energetic studies. 

7.3. General Discussion of Results 

The starting point for this study was a detennination of the allocation of 

energy to the Mm component - the energy costs of homeostasis - ascertaining a 

minimum energy cost of maintaining the integrity of the organism. In this way, the 

lower limit of the "metabolic scope" as defined by Priede (1977) has been evaluated 

for the Atlantic halibut over a very large size range of 50 to 60OOg at temperatures of 
69,10 and 14T. 
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A comparison of the values of Chapter 3 with those observed for other species 

of fish showed that the results of this study agreed closely with many published 

studies for other temperate marine flatfish of similar size, at the same test 

temperatures. Generally, resting oxygen consumption rates in flatfish have been 

found to be lower than roundfish species under corresponding conditions of 

measurement, and the results of this thesis show that the Atlantic halibut is similar in 

this regard. These results quantify the lower limit of the metabolic scope in this 

species, and with comparatively low values obtained, it is clear that the Atlantic 

halibut is a relatively energy efficient organism. 

Thus the lower limits of the metabolic scope have been determined under 

controlled environmental conditions of 6,10 and 14T, 12L: 12D photoperiod, 34%o 

salinity and for a body size within the range of 50 to 60OOg for sexually immature 

fish. In this study the determination of active metabolic rate was not attempted, 

however it is possible to draw conclusions from other published work on likely values 

for active metabolic rate, and thus extrapolate an hypothetical value on the range of 

the metabolic scope in this species. 

The calculation of active metabolic rate in fish has been relatively infrequently 

attempted, partly arising from the difficulties in the arrangement of experimental 

apparatus and the accuracy of active metabolic rate determinations. The works of 

Brett (1964,1965) on the swimming energetics of the sockeye salmon, and Webb 

(197 1) on the swimming energetics of the brown trout are historically important 

studies reporting results on the energy costs associated with sustained aerobic 

locomotion of these species in the aquatic environment. One of the few studies on the 

swimming energetics of a marine teleost is that of Tytler (1969), who measured the 

costs of locomotion in the haddock, Melanogrammus aegleftnus. An excellent review 

on the study of the energetics of active fish is provided by Hammer (1995), who 

surnmarises much of the research literature in this field. Due to the inherent problems 

in designing respirometers for flatfish, swimming studies on these species are 

relatively few, although the work of Priede and Holliday (1980) on the plaice, and that 

of Duthie (1982) on the dab, lemon sole and flounder do provide excellent 
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comparative information on the swimming energetics of other species of temperate 

marine flatfish of body weights within the range of the work in this study. Recordings 

of oxygen consumption in swimming flatfish had fin-ther practical difficulties when it 

was found that these fish could maintain a stationary body position on the floor of the 

respirometer at flow rates of greater than one body lengths' through body posturing. 

These difficulties were circumvented by tilting the respirometer system and inducing 

the fish to swim down a slope of 60'. The conclusion of these authors was that even 

though flatfish possess a relatively low resting oxygen consumption rate, the critical 

swimming speed is low in comparison to roundfish, and thus the metabolic scope of 

flatfish is small. Although there is no data on swimming oxygen consumption in the 

Atlantic halibut, the similarities in the physiology of this species with those of other 

members of the Pleuronectidae suggests that such a conclusion would also hold true 

for this species. 

- Ultimately, the hypothesis that the Atlantic halibut has a relatively restricted 

metabolic scope in comparison to roundfish emerges. Priede and Holliday's (1980) 

results for swimming plaice provide a value for active metabolic rate (AMR) of 148 

Mg 02 kg-' h7' for a fish of approximately 31 Og at I OT. Assuming that this value 

provides a relevant estimate for a similar sized Atlantic halibut at IOT, this figure is 

3.4 times the calculated resting oxygen consumption rate of 43.4 mg kg*' If 

Such a limited metabolic scope has clear implications from an energetic 

perspective, since the observation of Priede (1977) that an organism must operate 

within the limits of its metabolic scope or death will ensue, must be realised. Clearly, 

a small metabolic scope requires a precise partitioning of energy within the MA and 

MF components on a temporal scale in order that the maximum limit is not exceeded. 

The results of this thesis (Chapter 5) show that the energy allocation towards 

locomotion in a tank environment is relatively low, with individuals inactive for 

periods of between 75 and 94% of time within a 24 hour period. Such a response may 
be a metabolic trade-off for an organism limited by a relatively small metabolic scope, 

where a reduction in the proportion of energy allocated to the MA component may 

allow a correspondingly greater allocation of energy towards the MF component. In a 
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study of the feeding energetics of small tank populations of Atlantic halibut in 

Chapter 4, it was observed that oxygen consumption rate following feeding took a 

relatively long time to reach peak value at approximately 18 hours, and was also 

relatively prolonged showing a minimum length of time of 24 hours and a maximum 

predicted time of 57 hours to reach pre-feeding values. This is a very similar pattern 

of post-prandial oxygen consumption to that observed by Soofiani and Hawkins 

(1982) in the Atlantic cod. These authors suggested that such patterns of oxygen 

consumption are a reflection of long digestion times, themselves a reflection of large 

stomach size and large meal size. The similarity with the Atlantic halibut is clear, and 

perhaps such a physiological pattern of feeding metabolism is the evolutionary 

response of an organism with a relatively limited metabolic scope, the long duration 

of post-prandial oxygen consumption ensuring that the energetic requirements of the 

organism are maintained within the limits of the metabolic scope as defined by Priede 

(1977,1985). In terms of the culture of the organism, such results show that peak 

oxygen demand in feeding populations of Atlantic halibut will not exert as great a 

requirement for oxygen in tank systems as perhaps more active fish species 

consuming small meals which are metabolised relatively quickly. 

The quantification of oxygen consumption rate over the temperature range 6 to 

14"C and for a range of body weights of 50 to 50OOg allows the development of 

models to describe the influence of these parameters. Equations derived in Chapters 3 

and 4 of this thesis allow the prediction of resting and routine oxygen consumption 

rates in the Atlantic halibut. Utilising values for percentage increase of peak post- 

prandial over routine oxygen consumption rate in fed fish, fed oxygen consumption 

rates may also be modelled over this range of body weights and temperatures. At 

temperatures of 8,12 and WC fed oxygen consumption rates showed mean peaks of 
69.0% increase over routine values, and at 10*C the increase was 86.8%. These 

results are of direct relevance to the fanning of the Atlantic halibut in tank systems, 

and further allow the quantification of water flow rates for such systems (see section 

7.6. ). Resting, routine and fed oxygen consumption rate in the Atlantic halibut over 

the temperature range 6 to WC and for a range of body weights of 50 to 50OOg is 

shown in Fig. 7.1. All curves show increasing values with increasing temperature 
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Fig. 7.1. Resting, routine and fed oxygen consumption in Atlantic halibut of 100 to 50OOg at 
temperatures of 6,8,10,12 and 14T. Red curves represent resting oxygen consumption rate, blue 
curves represent routine oxygen consumption rate, and black curves represent fed oxygen consumption 
rate. 
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Fig. 7.2. Fed oxygen consumption rate in Atlantic halibut of 100 to 50OOg at temperatures of 6,8, 
10,12 and 14T. The equations for the curves are presented in the form Y= aXh, with the associated r2 
values, where Y is mass-specific oxygen consumption (mg kg-1 h-1) and X is body weight (g). 

7.4. The development of a Bioeneraetic Model 

Brett (1983) collated a series of published data from his own work, and the 

work of others in the field of fish energetics, in the formulation of a treatise on the 

energetics of the sockeye salmon in its natural environment throughout all stages of 

life history. In elucidating the energetics of the sockeye salmon, this well detailed 

study produces information which is fundamental to an understanding of this species 

and vital in the formulation of an accurate fishery model where estimates of allowable 

catch may be made with some confidence. In much the same way, the construction of 

an accurate energetic model for a cultured fish species facilitates the estimation of 

rates of production in such systems, and are vital to economic success and survival in 

aquaculture. For this reason, the aim of this study was to provide information on the 

partitioning of energy in the Atlantic halibut, which may be used to determine 

production models for this fish in culture systems. 
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In reviewing the literature at that time, Brett and Groves (1979) constructed a 

generalised energy budget for both carnivorous and herbivorous fish. The carnivorous 

fish equation was presented as: 

1001 = (44±7)M+(29±6)G+(27±3)E (Brett and Groves, 1979) 

where, I is the amount of food consumed, M is the total energy cost of metabolism, G 

is the energy retained as growth, and E is energy lost as excretion (equivalent to the F 

and U components in this study). The results of this thesis may be extrapolated 

towards the construction of a generalised energy budget equation for the Atlantic 

halibut. From the results of Chapters 4 and 6, a generalised energy budget may be 

constructed for halibut of 100 to 1500g, and presented in the form of Brett and 
Groves: 

IOOI= (40±8)M+(37±9)G+(23±2)E 

(energy allocation to G estimated by difference from the other components) 

For halibut of varying size range, this equation may be separated for fish of 100 to 

150g and 500 to 1500g weight: 

1001 = (38±4)M+(34±8)G+(22±2)E 100-150g Atlantic halibut 

100 1= (41 ± 12) M+ (36 ± 12) G+ (24 ± 1) E 500-1500g Atlantic halibut 

These equations compare favourably with the general equation of Brett and 

Groves (1979), although as previously discussed the allocation of energy to 

metabolism is comparatively lower reflecting the dominance of roundfish species in 

the formulation of the energy budget of these authors. A slight reduction in the 

energy allocation to metabolism allows this difference to be allocated towards growth, 

suggesting that the Atlantic halibut is a relatively efficient fish species in terms of 

converting ingested feed to new fish tissue. This point enhances the position of this 

fish as a potential species for culture. The energy budget equations produced in this 

study are all constructed from data obtained from small populations of fish maintained 

under conditions as close as possible to those likely to be experienced by the fish 

under conditions of intensive culture. As explored in Chapter 4, the ration size 
ingested by the fish utilised in the experiments of this thesis does seem to be 

comparatively low, and there may be potential to design feeding regimes and culture 

systems in which this parameter is further optimised. With an increase in the quantity 
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of ingested feed, there is clear potential to also increase the production of this species 

in intensive culture. 

7.5. Implications of the Experimental Results for Culture of the Atlantic halibut 

The information gathered from the experimental work of this thesis provides 

the basis for the first bioenergetic model relevant to the ongrowing of the Atlantic 

halibut. Some of the most important information to be gleaned from this experimental 

work concerns the often nocturnally-located oxygen consumption rate peaks, implying 

a nocturnal rhythmicity in this species. As previously discussed, it may be 

hypothesised that a nocturnal rhythmicity would provide a general adaptive response 

for the Atlantic halibut to its natural environment. However, such a rhythmicity has 

implications for the energetics of this species under conditions of intensive culture, 

particularly in the areas of timing and presentation of feed, and efficiency of 

utilisation. Currently, the tank culture of Atlantic halibut is carried out in conjunction 

with other species such as Atlantic salmon, since as a result of the small numbers of 

juveniles produced by halibut hatcheries, there are insufficient numbers to maintain a 

fully dedicated halibut culture unit. Husbandry practices on such sites tend to be a 

reflection of the culture of tank held salmonids with associated feeding regimes. The 

results of this study question the suitability of a twice daily (a. m. and p. m. ) feeding 

regime within the daylight hours as the most efficient means of ongrowing the 

Atlantic halibut. 

As well as providing important information concerning the U component in 

the energy budget equation, the measurement of rate of ammonia excretion is also 

important in terms of the potential impact on fish health. The daily pattern of 

ammonia excretion rate is directly relevant to the metabolic loading of culture 

systems, important in throughflow systems, and especially important in recirculation 

technology. The results of this study show a clear 24 hour pattern in ammonia 

excretion rate, rising steadily to a peak at a point approximately 8 hours after feeding, 

and then declining at approximately the same rate to reach the pre-feeding level at a 
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point one to two hours prior to feeding. An elevated concentration of ammonia in the 

fish environment has serious implications for fish health, with the level of toxicity 

associated with the proportion of unionised ammonia according to the dissociation 

equation: 

NH3 + H20 NH4' + 011- 

Ammonia is considered second only to oxygen as the parameter which may affect fish 

health (Wickins, 198 1), and it is the unionised fraction which has a far greater toxicity 

to fish (Wuhrman and Woker, 1948). Both temperature and pH influence the 

equilibrium of the dissociation equation, although pH is the most important factor 

with the proportion of unionised ammonia increasing with an increasing pH value 

(Smart, 198 1). The results presented in Chapter 4 allow the prediction of the rate of 

ammonia excretion within an Atlantic halibut intensive culture system, and if other 

environmental variables are measured the likely impact on the health of the fish may 

be predicted. Such information is of great importance in the maintenance and 

operation of closed recirculation systems, and these results enable the calculation of 

the ammonia loading within such a system. With the primary impact of ammonia 

toxicity on the nervous system it has been hypothesised that cerebral energy 

metabolism is impaired during exposure (Smart, 198 1), although the pathology 

associated with exposure to levels effecting chronic toxicity in fish is manifest as 

aneurysms and hyperplasia of the gill epithelial tissue (Larmoyeux and Piper, 1973). 

There is no published data on toxic levels of unionised ammonia in the Atlantic 

halibut, although the work of Alderson (1979) on Dover sole and turbot showed that 

the growth of these species was unaffected at unionised ammonia concentrations of 

0.066 and 0.10 mg NH3-N I-', slightly below the levels for growth impairment 

observed in work on salmonids published in the review of Wickins (1981). The 

prediction of metabolically produced ammonia within the culture system is an 

important step in furthering the knowledge required to culture the Atlantic halibut 

successfully. 
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7.6. The Water Reguirements of Atlantic halibut in commercial scale single-pass 

tank systems, and siml2le economics culture model. 

The tank culture of the Atlantic halibut is at the highest level of intensification 

of fish culture as defined by Meade (1989), in terms of increasing the metabolic load, 

or biomass, on a unit of water. Concomitant to an increasing degree of intensification 

is an additional increase of risk of loss of stock associated with potential for disease 

epidemics and a dependence on high technology systems as back up. Culture options 

for the ongrowing of the Atlantic halibut are limited to cage, single pass tank, and 

recirculation tank. Although tank and cage systems were both utilised successfully in 

the early years of the culture of the Atlantic salmon, economically cage systems are 

seen as the more viable option for this species at current market prices for feed and 

fish. However, in comparison to a potential Atlantic halibut farming industry there 

are important differences in the cost ofjuvenile stock, and in the market price for the 

finished product. The high technological costs of operating marine hatchery 

equipment are currently passed on to the halibut ongrower, with juvenile Atlantic 

halibut of 10-20g in weight fetching a price of between E5.00 and L6.00 each on the 

open market in 1998 (D. F. Mitchell, pers. comm. ). As more efficient production of 

halibut juveniles is achieved in the future, and economies of scale begin to operate, 

the high price ofjuvenile stock will decrease. 

With the relative high cost of individual fish, there may be a particular 

advantage on the culture of Atlantic halibut in tanks over the cage culture of this 

species, in that a greater element of security over stock from predation, theft and 

escape is ensured. With tank systems providing an environment where abiotic and 
biotic parameters may be more carefully controlled, the increased cost of operating a 

tank system with Atlantic halibut relative to a cage system may also be offset to some 

extent by higher survivability and more efficient growth through environmental 

manipulation. 

The areas where this species is likely to be cultured are prone to violent 

weather conditions, at least during part of the year. Under such conditions, fish held 
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in cages may lose growth at times when husbandry staff may not be able to reach the 

site and feed fish; such a situation is unlikely to arise on a land-based site, and it is 

unlikely that feeding would be hindered in such a system. Additionally, in cage 

systems the Atlantic halibut has been found to be sensitive to cage movement in rough 

weather conditions (Martinez-Cordero et al., 1994). The tank system provides a much 

more stable environment from this perspective. Even if cage technology improves in 

the future to the extent where the ongrowing of the Atlantic halibut may be carried out 

successfully at reduced cost in these systems, it is likely that tanks will be required for 

the ongrowing of halibut from the post-hatchery phase at body weights of about 10- 

20g to weights of 300-600g prior to transfer to cage systems. Improvements and 

developments in hatchery techniques and husbandry occur annually and the increase 

in the supply ofjuveniles is likely to result in a rapid expansion in the ongrowing of 

this species. Economically and scientifically therefore, the climate is right for the 

development of research studies into the ongrowing of this species, maximising the 

efficiency of production and the return on stock which require a high initial capital 

investment. 

The foregoing chapters provide important information generated through a 

study into the energetics of this species, which may be applied to facilitate the culture 

of the Atlantic halibut, particularly in tank systems. The production cost of operating 

aquaculture units (f kg fislf I produced) is determined by the cost of maintaining the 

fish biomass within the unit (Summerfelt et al., 1993). Meade (1989) lists dissolved 

oxygen concentration as the most important parameter affecting fish health and 

growth within aquaculture systems, with other important factors including the 

concentration of metabolites within the system, space, suspended solids, food and 

temperature. Colt and Orwicz (1991) state that oxygen is the limiting factor for 

production in tank flow-through aquaculture systems only in a single-pass unit. In 

recirculation units involving aeration or the addition of oxygen through injection 

systems these authors assert that the maximum carrying capacity for the unit is 

determined by pH (in response to the build-up of carbon dioxide in the system), and 

by unionised ammonia. The study of Colt and Orwicz (1991) was wholly concerned 

with modelling the production capacity of freshwater systems, and with seawater 
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possessing a high absorption and buffering potential for carbon dioxide (Libes, 1992), 

ammonia concentration - and the unionised fraction in particular - will conceivably be 

the limiting factor in Atlantic halibut tanks systems employing supplementary 

addition of oxygen. 

The limiting factors for the production of Atlantic halibut in tank systems are 

therefore defined: in single pass systems carrying capacity and production are 

determined by the rate entry of oxygen into the system through tank flow rates; in 

water reuse systems or systems where flow rates have been reduced through 

application of additional oxygenation strategies, carrying capacity is determined by 

both the rate of removal of ammonia from the system and the pKa value for the 

dissociation equation determining the concentration of unionised ammonia (as 

influenced by pH value, temperature and salinity - see previous discussion). From the 

work of this thesis, it is possible to estimate water flow requirements for Atlantic 

halibut held in commercial size single pass tank systems, and provide information 

relevant to the carrying capacity of these units. Further expansion of this information 

allows for the construction of production models for these systems, and the economic 

viability may therefore be ascertained. 

In constructing a model to maximise the production of a land-based freshwater 

rainbow trout farm, Bromage et al. (1988) assumed a minimum dissolved oxygen 

concentration of 5.5 ing I-' in the tank effluent for fish health and growth. Given the 

lack of available information on the dissolved oxygen requirements for Atlantic 

halibut for health and growth, the assumption that this value is relevant for this 

species aids in the construction of a model predicting the water flow requirements. 

The assumed minimum figure of 5.5 mg l"' in the tank effluent enables the calculation 

of oxygen available to the fish. Available oxygen over the temperature range 6 to 

WC is calculated according to the figures of Colt (1984) and presented in Table 7.1. 

The figures presented in Table 7.1. may then be further applied to the oxygen 

consumption data curves derived for fed Atlantic halibut shown in Fig. 7.2., to 

calculate water flow requirements in tank systems. The results for the water flow rate 
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requirements for fed Atlantic halibut of 100 to 50OOg body weight at temperatures of 
6 to 14'C are shown in Fig. 7.3. 

Table 7.1. Quantity of oxygen available to fish, assuming a tank eMuent minimum dissolved 
oxygen concentration of 5.5 mg 1-1. 

Dissolved Oxygen (mg r) 

Temperature (*C) Inflowing Minimum Available to fish 
6 9.956 5.5 4.456 

7 9.725 5.5 4.225 

8 9.504 5.5 4.004 

9 9.291 5.5 3.791 

10 9.087 5.5 3.587 

11 8.891 5.5 3.391 

12 8.702 5.5 3.202 

13 8.521 5.5 3.021 

14 8.346 5.5 2.846 

Inflowing dissolved oxygen concentrations are reproduced from the tables of Colt 
(1984), at a salinity of 34%o and at a barometric pressure of 760 mm Hg. 

The prediction of water flows in a pump ashore single pass seawater 

ongrowing site are an important aspect in the generation of an economics model for 

the culture of fish. When water flow rates have been quantified, the constant and 
variable costs of a seawater pump system may be introduced into the model, 
increasing the accuracy of economic predictions. 
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Fig. 7.3. Water flow rate requirements for Atlantic halibut held in a single pass tank system, for 
body weights of between 100 and 5000g, at temperatures of 6,8,10,12 and 14T. The equations 
for the curves are presented in the form y= aXb, with the associated r2 values, where Y is water flow 

rate (I kg-1 min-') and X is body weight (g). Water flow rates are calculated to provide a dissolved 

oxygen concentration of 5.5 mg Y' in the tank effluent. 

Incorporation of the data presented above into a model for the operation of a 
hypothetical Atlantic halibut ongrowing unit provides a preliminary investigation into 

the economic viability of such a unit. The construction of this model will centre 

around a ongrowing unit for Atlantic halibut of approximately 250 tonne per annurn 

production. Further information is vital to the construction of such a model, and in 

particular accurate information on the growth rate of halibut in culture is required. 

Due to the early stage of the halibut farming industry, such knowledge is limited, 

however the accumulation of growth data obtained from a variety of research trials 

makes the estimation of growth rate throughout an ongrowing cycle possible. 
Literature Atlantic halibut growth rate values, and also estimated figures for culture 

(assuming that the specific growth rates recorded are in agreement with those likely to 

be achieved in culture) are presented in Table 7.2. From these figures a likely 
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production cycle can be identified, with the time to reach a harvest size of 5kg 

estimated at approximately 147.3 weeks from a starting size of I 00g. This predicted 

growth curve is shown in Fig. 7.4. 

5000 

4000 

3000 

2000 

1000 

0 
0 200 400 600 800 1000 1200 

Day 

Fig. 7.4. Predicted growth curve for Atlantic halibut ongrowing from 100 to 50001, body weight, 
based on literature values from studies on a range of fish size presented in Table 7.2. 

Taking the hypothetical scenario ofa 250-tonne per annurn production single- 

pass tank ongrowing unit, it is possible to calculate the standing biomass oil site 11or 

every month of the year. Given the growth curve presented In Fig. 7.4. It is also 

possible to estimate the average weight ofeach year class oil site through the 

production cycle, and together with information on water temperature, tills may be 

used to calculate site flow rates. This information is shown in Table 7.3. 

Importantly, the calculated flow rates presented in Table 7.3. allow ftirther 

calculation of pumping costs according to the equation: 

kW system head (m) x Flow (in' s-1) x 9.81 x water density 

Pump FfIliciency 
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Seawater of 34%o salinity at I O'C possesses a density of 1.026g ml-' (Weyl, 1970). 

An average head of 5m may be assumed for a pump ashore site on the west coast of 

Scotland (J. Bostock, pers. comm. ). These values may then be incorporated into a 

model which takes account of all capital costs associated with the operation of such a 

site, and provide a greater accuracy in the prediction and economic forecasting of 

halibut ongrowing. Estimated costs for the operation of a 250 tonne per annum unit, 

together with costs for the operation of a 200 tonne per annum Atlantic salmon 

ongrowing unit as defined by Shaw and Muir (1987) are presented in Table 7.4. 

Table 7.4. Capital costs and economic analysis for the ongrowing of Atlantic halibut in a 250 

tonne per annum single-pass tank system, as fitted into the model of Muir and Shaw (1987) for 

the operation of a 200 tonne per annum Atlantic salmon ongrowing unit. 

Variable costs Halibut Salmon 
(11000) 

Stock 303.19 130 
Food 265.6 180 

Insurance 20 20 
Transport/Packing 40 40 

Fixed/Semi-variable costs 
Management 25 25 

Labour 28 28 
Power/fuel 40 42 

Consumables 10 10 
Administration 10 10 
Maintenance 10 10 

Contingencies (5%) 24.7 24.7 

Financial Charges 
Working capital 26 26 

Fixed capital 72.9 72.9 
Total 875.39 618.6 

Unit cost (L per tonne) 3.502 3.094 

The Atlantic salmon production figures of Shaw and Muir (1987) allow for a production weight of 2.5kg; those for the Atlantic 
halibut in this study are for a production weight of 5kg. The Atlantic halibut figures incorporate currentjuvenile prices at 
approximately L5.50 per fish, current feed prices at approximately L800 tormel, and power figures developed from the results 
of this study. Muir and Shaw assumed a figure of 160kW @ LO. 03 kWh*'. This study showed a monthly variation in power 
requirement with standing biomass, varying between 49 and 186kW, and was calculated at the rate of LO. 04 kWh*'. 

The results of Table 7.4. clearly show a higher unit cost of production for one 

tonne of halibut against one tonne of Atlantic salmon, although in practice this margin 

may be slightly less since the salmon figures include feed and stock prices from 1987. 
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With a current market price of E7.00 to E7.50 kg" (D. F. Mitchell, pers. comm. ) a 250 

tonne per annurn unit would have a return of approximately E1.8m from fish sold to 

market. Clearly there will be a relatively long period of culture for the first year class 

stocked onto the site, and thus a long period to recoup the initial capital investment. 

As further halibut ongrowing units develop and the market is better supplied with fish 

there will also be an associated decrease in the market price, and a declining profit 

margin. 

This is very much a simplified model for the ongrowing of halibut, and under 

normal circumstances the actual farming of halibut could be more complex. in 

particular, the large variation in growth rate seen amongst individuals of the same year 

class is more likely to result in a "concurrent-mixed stocking and graded harvesting" 

technique as defined by SummerfeltetaL (1993). Even so, it is clear that at current 

market prices, and taking into account artificially inflated juvenile costs there is a 

great potential for the ongrowing of Atlantic halibut in single-pass tank systems 

provided the supply ofjuveniles and feed is geared up accordingly. 

7.7. Conclusion 

In the British Isles, as well as other temperate regions such as Norway, Iceland 

and Canada, marine aquaculture is dominated by the culture of one species, the 

Atlantic salmon. While the farming of Atlantic salmon is very much a success story, 

developing from small beginnings only as long ago as the 1960s, an industry which is 

cffectivcly a monoculture is extremely vulnerable to cconomic and marketing 

pressures. In addition to this, the location of several farm sites containing tile same 

organism, in close proximity within the same body of water provides an ideal 

environment for a panzootic of disease organisms. The widespread cconomic effect 

of the, 4eromonas salmonicida bacterium, and the parasitic copepod Lepeophtheirus 

salmonis, on the Scottish and Norwegian salmon farming industries prior to advances 

in vaccination and chemotherapy, arc testimony to this. A divasification into the 

fanning of other marine species in temperate aquaculture is long overdue, and culture 

of the Atlantic halibut possesses great potential in this regard, owing to its high 
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market value and perceived position as a luxury food item. This fact has been known 

for some time and although Tilseth (1990) identified this potential, only very recently 

(Anonymous, 1997) have the first cultured Atlantic halibut in the British Isles been 

sold to the market place. A large amount of research money has been spent on the 

critical stages of yolk sac rearing and first feeding in this species, which remains 

something of a setback to commercial farming. This study was conducted on the 

ongrowing cycle of the Atlantic halibut, and provides some of the first information 

relevant to the oxygen consumption and energetics of production sized fish. The 

results of this thesis are of interest not only in providing a comparison with the 

energetics of other teleosts, but also importantly with those species currently 

associated with marine aquaculture in temperate regions. Of primary importance is 

the fact that the basis for an energy budget equation for the ongrowing of the Atlantic 

halibut has been developed. 
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