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Conceicäo, L.E.C., 1997. Growth in early life stages of fishes: an explanatory model. 
Although fish larvae grow very fast, little is known about to which extent their metabolism and nutritional 
requirements differ from larger fish. Modelling can be a powerful tool to promote understanding and 
optimisation of growth in fish larvae. The main objective of this study was to develop an explanatory model 
that can simulate growth in fish larvae. The study was conducted in three steps, i.e., a design, an 
experimentation and a modelling step. In the first step, the framework of the model was developed using yolk-
sac larvae of the African catfish, Clarias gariepinus. The model is nutrient driven, and based on the 
biochemical reactions underlying the growth process. The model predicted growth rather accurately until 
complete yolk absorption, and suggested what information was needed for its further development. In the 
second step, experimental data on protein metabolism and the energetics of growth were collected. They 
constituted the basis for the design and parameterisation of a model for fed larvae. In the African catfish, the 
cost of growth decreases with increasing growth rates, down to the theoretical minima for protein synthesis. 
Fast growing larvae of turbot, Scophthalmus maximus, also have a cost of growth close to the theoretical 
minimum for protein synthesis. The amino acid (AA) profile of the free pool in turbot larvae is highly 
variable, being very sensitive to AA coming from the diet and protein turnover. Both in the African catfish 
and turbot, the larval AA profile changed during ontogeny, especially before the start of exogenous feeding. 
The AA profiles of the diets differed considerably from the larval ones, suggesting high unavoidable AA 
losses. In yolk-sac larvae of catfish, there is little regulation of catabolism of AA, and no sparing of essential 
AA. In contrast to this, turbot larvae may be able to spare essential AA towards the end of the larval stage. In 
the third and final stage, the model was parameterised and validated for African catfish and turbot. With a 
sensitivity analysis of the model the key parameters governing larval growth were identified. These results are 
discussed in view of elucidating the dietary requirements of fish larvae, evaluating the present feeding 
practices, and proposing research trends for the future. 
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Stellingen 

1. Fish larvae grow fast because they can synthesise proteins at metabolic costs close to the 

theoretical minimum. 

This Thesis. 

2. The metabolic costs for body mass growth decrease asymptotically with increasing 

growth rates towards the minimum theoretical biochemical cost of protein synthesis. 

W. Wieser (1994) Cost of growth in cells and organisms: general rules and 

comparative aspects. Biological Reviews 68, 1-33; This Thesis. 

3. Despite what is often assumed, Artemia nauplii are not an optimal food for larval fish, 

based on their amino acid profile. 

This Thesis. 

4. Researchers should give more attention to dietary protein and amino acid requirements in 

relation to problems in growing fish larvae. 

5. The power of modelling techniques in the understanding of biological systems will be 

undermined by premature attempts to use models to predict the behaviour of the systems. 

6. Il n'existe pas de sciences appliquées, mais seulement des applications de la science. 

L. Pasteur (1872). Comptes rendus des travaux du congrès viticole et séricole de 

Lyon, 9-14 septembre 1872, p. 49. 

7. When the sustainability of biological production systems is evaluated by politicians the 

importance of economic criteria is often exaggerated at the expense of social aspects. 

"Environmental" criteria are often used as an alibi. 

8. In the market society, public financing of research tends to be strongly biased by the urge 

of the industry for solutions to current problems, at the expense of research which would 

give a better basis for solving future problems and create new technologies. 

9. Despite the far better organisation of the Dutch University system compared to the 

Portuguese one, there is no obvious difference in the quality of the graduates from the 

two systems. The compensating factor seems to be the effort the students have to make. 



10. ... I marvel how the fishes live in the sea. — Why, as man do a-land — the great ones eat 

up the little ones. 

W. Shakespeare. Pericles II. i. 27. 

11. ...the gap between the swimming fish and the scientist is closing, but the fish is still well 

ahead. 

C.C. Lindsey (1978). Form, function and locomotory habits in fish. In: Fish 

Physiology (W.S. Hoar and D.J. Randall, Eds.) Vol. VU Academic press, New 

York, p. 8. 

Stellingen behorend bij het proefschrift 

"Growth in early life stages of fishes: an explanatory model", 

Luis E.C. Conceiçâo, 

Wageningen, 17 Juni 1997. 
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General Introduction 

Larviculture 

The world aquacultural production is steadily growing at a yearly rate of 7 to 10%. For many 

fish species, a further increase in production volume is hampered by an irregular and sometimes 

insufficient fingerling supply. This is usually the case when new species are brought into 

cultivation. Especially in marine fish species, high mortalities during the larval period are 

common. These mortalities are often related to feeding practices which do not meet the 

nutritional requirements of the larvae. Diets with nutrient imbalances can also result in 

depressed growth, which in turn can have consequences for fitness and viability in later stages 

of development, e.g., the quality of the live food during start-feeding influences the later 

acceptance of artificial diets (Bromley 1978; Bromley and Howell 1983). 

Cultivation of fish larvae relies largely on feeding strategies based on live food. Because 

live food organisms also have to be cultured , these strategies pose extra strains on hatchery 

management, leading to increased fingerling production costs. Development of suitable dry 

larval diets, together with the determination of the earliest weaning time, would alleviate these 

problems and increase the reliability of the fingerling production. Despite some progress in the 

development of artificial diets for fish larvae, few species can be reared exclusively on them 

(Kamler 1992; Watanabe and Kiron 1994). Furthermore, live food production is in practice 

restricted to a few organisms, the most important being the brine shrimp Anemia franciscana 

and the rotifer Brachionus plicatilis. Despite considerable progress in production procedures for 

Artemia and rotifers (e.g., Léger et al. 1987; Sorgeloos et al. 1988; Rainuzzo et al. 1994; 

Watanabe and Kiron 1994) considerable difficulties remain unsolved in the manipulation of 

larval diets composition. 

Most published work on larval dietary requirements focuses on the essential 

polyunsaturated fatty acid (PUFA) requirements for survival and growth (e.g. Watanabe 1982, 

1993; Léger et al. 1986; Koven et al. 1990; Rainuzzo et al. 1994). If survival is dependent on 

micro-nutrients, e.g., polyunsaturated fatty acids and vitamins, growth is essentially protein 

deposition (Jobling 1985; Houlihan et al. 1993a). Therefore, optimisation of growth is closely 

linked to the understanding of protein and amino acid (AA) metabolism in order to supply 

dietary protein with an appropriate quality in the right amounts. 

Growth and growth modelling 

Fish larvae have the highest growth rates among vertebrates. In both freshwater and marine 

species growth rates may easily exceed 50% body weight.day'. Such high growth rates are 

probably a result of selective pressures for bigger size. In the natural environment, larger larvae 
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have higher chances of survival, as they are more competitive in capturing prey and have a 

higher chance of escaping predators (Blaxter 1988). Although larvae grow very fast, little is 

known about their metabolism and nutritional requirements, and to which extent this differs 

from larger fish. 

Modelling can be a powerful tool to promote understanding and optimisation of growth 

in fish larvae. In a model, sound hypotheses are integrated with information from different 

sources, in order to produce simulations of growth under different conditions. A growth model 

describes mass deposition in an organism based on nutrient inputs. Models can be considered as 

descriptive or mechanistic. In a descriptive model, the organism is regarded as a black box 

converting nutrients (input) into body mass (output). The parameters of the equations used in 

the model are determined by fitting experimental data using statistical procedures. The use of 

such models is limited: although they can accurately describe experimental data, they cannot 

predict growth well when conditions are changed , e.g. for a different diet or another species. 

Mechanistic models have the advantage of being able to predict growth under conditions others 

than those under which they were developed. An explanatory, or mechanistic, model predicts 

growth based on the underlying biochemical processes. In addition to its predicting power, a 

mechanistic model may promote understanding of the growth process and may reveal gaps in 

knowledge and can be used to design experiments for further research. Yet, mechanistic models 

usually contain descriptive elements. Developing a growth model is always a compromise 

between an accurate representation of the processes involved and the information available to 

define their equations and to determine the respective parameters. Modelling can be seen as a 

stepwise process of combining existing knowledge and designing new experiments. As 

knowledge on larval growth increases it will be possible to increase the complexity of the 

model, and remove more and more of the descriptive elements. 

The principles for the development of mechanistic models, an overview of the existing 

models in animal nutrition and their possible uses, were reviewed by Gill et al. (1989) and 

Baldwin and Sainz (1995). An explanatory model for growth of juvenile African catfish, 

Clarias gariepinus, was developed and tested by Machiels and co-workers (Machiels and 

Henken 1986, 1987; Machiels and van Dam 1987; Machiels 1987). This model is capable of 

predicting growth and changes in body composition with time, under different feeding levels 

and feed compositions. Recently, it was slightly modified, and validated for juveniles of 

rainbow trout, Oncorhynchus mykiss, and tilapia, Oreochromis niloticus (van Dam and Pauly 

1995; van Dam and Penning de Vries 1995). The latter version includes a module that allows 

for simulation of the limitation that oxygen availability imposes on food intake and growth. 

Fish larvae are developing animals, and particularly in the early stages they do not have 

all their physiological functions present or fully developed. Therefore, before a simulation 
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model for growth in early life stages of fish is developed, the possible differences in 

physiological processes between larval and post-larval fish should be evaluated. The studies of 

Machiels and co-workers and van Dam and co-workers have stressed the importance of an 

accurate definition of the relative proportions of protein and non-protein nutrients used in 

energy production in order to simulate growth. This energy resource partitioning seems to be 

closely related to the quantity and quality of the protein consumed. These studies also pointed to 

the importance of the definition of the energetic costs of maintenance and growth, and the 

representation of the regulation of food intake for growth modelling. In the following sections 

these processes will be presented in more detail. 

Food intake and assimilation 

In order to grow, a larva must ingest nutrients. Knowledge about the factors controlling food 

intake in larvae is scarce. Food intake depends on the size, type and density of the prey. The size 

of the prey a larva can ingest is limited by the size of the mouth, e.g., in many species the size of 

the mouth at first feeding is too small for Anemia nauplii. Furthermore, with increasing size fish 

larvae select for larger prey size (e.g., van der Meeren 1991; Gulbrandsen 1993; Cunha and 

Planas 1995). When fed a mixture of plankton organisms, turbot (Scophthalmus maximus) 

larvae are known to prefer copepod nauplii over rotifers (Kuhlmann et al. 1981; van der Meeren 

1991) and to select for some species of copepods (Danielssen et al. 1990; van der Meeren 

1991). Feeding rate increases asymptotically with increased prey density to reach a maximum 

level, the satiation level (Kamler 1992). However, for most species little is known about how 

this satiation level is affected by factors like larval density, size structure of the larval population 

and temperature. Determination of food intake in larvae is difficult due to the small size of both 

the larvae and the food particles (see Kamler 1992 for review of methods). 

Before the ingested food is available to anabolic and catabolic processes, it must be 

digested and absorbed from the gut. The two processes together determine assimilation 

efficiency, although the term digestibility, in a broad sense, is also used. Estimation of food 

digestibility in fish larvae is difficult due to the small size of the animals and the difficulties in 

collecting faeces. Assimilation efficiencies have been determined indirectly, by dividing the 

sum of energy retained as growth and spent in metabolism by the energy in the food consumed 

(Houde 1989; Day et al. 1996). Direct estimation of assimilation efficiencies has been done by 

faeces collection (Pedersen and Hjelmeland 1988; Conway et al. 1993) or by using radioactive 

tracers (Sorokin 1966; Govoni et al. 1986; Kolkovski et al. 1993; Rust 1995). The use of 

different techniques, each with their own experimental errors, may explain part of the high 

variability in published values on assimilation efficiencies. Digestibility tends to increase with 

larval age (Rust 1995; Day et al. 1996). This is probably associated with the incomplete 
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development of the capacity to hydrolyse food by the digestive tract of most fish larvae at first 

feeding (Govoni et al. 1986; Segner et al. 1993). There is also variation in the speed of 

development of the digestive tract between species. In the African catfish the digestive tract 

seems to be functionally completed at about 20 mg wet weight (Verreth et al. 1992). In turbot, a 

functional stomach only appears at the end of metamorphosis (Segner et al. 1994). Furthermore, 

in fish larvae the digestive efficiencies seem to decrease at high food intakes due to increased 

passage rates (Govoni et al. 1986; Houde 1989; Day et al. 1996). The importance of factors such 

as food type and temperature on digestibility in fish larvae remains to be established. 

Energetics of growth 

Growth is an energy demanding process and it accounts for a large portion of the total energy 

expenditure (Jobling 1985; Wieser 1994). Besides the energy needed for growth, a fish larvae 

also needs energy for maintenance functions and activity. Fish larvae grow very rapidly in 

comparison with older fish. It has been suggested that either the cost of depositing each unit of 

body mass or the cost involved in maintenance functions are reduced to allow fish larvae to 

accommodate both the costs of growth and maintenance (Wieser and Medgyesy 1990; Wieser 

1994). 

The definition of growth and maintenance costs is not uniform in literature. In this 

thesis, the total energy expenditure is considered to be divided into the cost of maintenance and 

the cost of growth. The cost of maintenance is defined as the energy expenditure of a non-

growing larvae, in terms of energy contents. In this study it was approximated by the 

metabolism of a (short-term) fasting larvae. As such, this term also includes the energy spent on 

activity in a fasting larvae. Routine activity, protein turnover and ion transport are believed to be 

the main components of the cost of maintenance. In general, the cost of protein turnover 

accounts for around 40% of the cost of maintenance (Houlihan et al. 1995b). In vitro estimates 

of the contribution of the cost of ion transport to the cost of maintenance are widely variable, 

ranging from 3 to 41% (Reeds et al. 1985; Pannevis and Houlihan 1992). The cost of growth is 

defined as the energy expenditure above the maintenance metabolism. It includes the cost of 

deposition of protein and lipids, the cost of protein turnover above its maintenance level, and 

also the costs of food search, capture and assimilation. Nutrient intake will surely involve costs 

of absorption, transport and metabolism of the nutrients, but it is unlikely that these processes 

will have a major contribution to the total costs of growth (Reeds et al. 1985). In common carp 

(Cyprinus carpio) larvae, the cost of capturing prey was only 1% of the prey energy content 

(Drost and van den Boogaart 1985). Protein degradation is normally associated with protein 

synthesis, but although the importance of its cost is unknown it is considered to be negligible 

(Waterlow and Millward 1989). The cost of transcription and processing of RNA (or of RNA 
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turnover) is not well established, but probably only mRNA turnover has a significant cost 

(Waterlow and Millward 1989). Reeds et al. (1985) suggested that a significant part of cost of 

growth may be due to energy spent in control processes involved in the regulation of 

metabolism in general and of protein synthesis in particular. These authors pointed out that 

some of the regulatory energy demanding processes could be the activity of adenyl cyclase, Na+-

K+ ATPase and protein kinases, and the metabolism of arachidonates and phospho-inositides. 

However, Waterlow and Millward (1989) believe that the costs of these processes are 

negligible. 

The cost of growth has been largely attributed to the cost of protein deposition. 

Stimulation of protein synthesis by feeding (McMillan and Houlihan 1988) or by infusion of 

AA (Brown and Cameron 1991) leads to an increase in oxygen consumption comparable to the 

increase in postprandial metabolism. Furthermore, the allometry equations (Y=aX ) for the 

change of protein synthesis with body size in fish seem to have weight exponents similar to 

those for oxygen consumption (Houlihan 1991), suggesting a close relation between protein 

synthesis and energy expenditure. Therefore, the biochemical cost of protein synthesis might be 

expected to set the lower limit for the cost of growth. When increasing rates of protein synthesis 

are associated with an increase in protein degradation, the cost of protein growth (mmol 

ATP.g'protein deposited) will be greater than the cost of protein synthesis (mmol 

ATP.g'protein synthesised). However, if the rate of protein degradation remains constant the 

cost of protein deposition will be equal to the cost of protein synthesis. 

The minimum, or theoretical, cost of protein synthesis is 50 mmol ATP.g'protein 

synthesised, or 5 mol ATP per mol of AA incorporated into protein (Waterlow et al. 1978; 

Reeds et al. 1985). This includes the cost of tRNA activation (2 ATP per AA), the cost of 

peptide elongation (2 ATP per peptide bond), and the cost of AA transport (1 ATP per AA). 

However, the estimated costs of protein synthesis normally exceed the theoretical costs. 

Differences between estimated and minimum theoretical cost are highly variable both in fish 

and in mammals (Reeds et al. 1985; Waterlow and Millward 1989; Houlihan et al. 1992, 

1995a,d). In general, estimated costs are three to five-fold higher than the theoretical cost. 

Juvenile tilapia, Oreochromis mossambicus, is an exception as it appears to synthesise protein at 

a cost close to the minimum theoretical cost (Houlihan et al. 1993b). 

This wide variation in the cost of protein synthesis may be due to differences in rates of 

protein synthesis. The cost of protein synthesis seems to decrease with increased rates of protein 

synthesis (Adeolaet al. 1989; Pannevis and Houlihan 1992; Houlihan et al. 1992). Pannevis and 

Houlihan (1992) proposed that this can be due to the existence of a fixed component 

(independent of synthesis rate) and a variable component in the cost of protein synthesis. 
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Protein synthesis and turnover 

The efficiency of absorbed AA utilisation will depend on the rates of protein synthesis and 

protein turnover. Higher protein synthesis rates may lead to a higher AA utilisation efficiency as 

absorbed AA will be drawn faster from the free pool, reducing the probability of being 

catabolised. On the other hand, the synthesis of protein requires energy. Therefore, increased 

protein synthesis may also lead to an increased mobilisation of AA for energy production. 

Increased protein turnover usually decreases AA utilisation efficiency, as a higher amount of 

AA will be available for catabolism. 

Protein turnover is the dynamic balance between protein synthesis and protein 

degradation. It is therefore the process of renewal of tissue proteins. Protein deposition (or 

protein growth) is dependent on this balance, and can be achieved by increasing the rate of 

protein synthesis and/or by decreasing the rate of protein degradation. Protein turnover equals 

protein degradation in a growing organism, is the same as both protein synthesis and 

degradation at maintenance, and is equivalent to protein synthesis during starvation (Wiesner 

and Zak 1991). Studies on protein synthesis and turnover in fish larvae are scarce, but most of 

the general principles known for mammals and fish seem to be valid for larvae as well 

(Houlihan et al. 1995c). 

Protein turnover can be divided in two components (Reeds 1989): an unavoidable 

component associated with the maintenance of cell functions and a variable turnover related to 

growth. Schimke (1977) suggested that the main functions of protein turnover would be: (1) the 

ability to change rapidly the amounts (and activities) of specific enzymes; (2) the mobilisation 

of protein during fasting, either to provide AA as precursors for protein synthesis or as 

substrates for energy; (3) the removal of abnormal proteins; and (4) the pre-condition for 

restructuring cells during cell development combined with changes in cell functions. 

Different proteins have different rates of turnover, and also different tissues have 

different rates of protein turnover with: liver>kidney>heart>brain>muscle (Waterlow et al. 

1978). Moreover, the turnover rate of a particular protein may differ among tissues. How these 

different turnover rates are regulated is still largely unknown (Simon 1989). 

Protein synthesis is a complex process and its mechanism is described in several 

textbooks (e.g., Waterlow et al. 1978; Bender 1985; Stryer 1995). The different methodologies 

to determine rates of protein synthesis have been described and extensively discussed (see 

reviews by: Waterlow et al. 1978; Wolfe 1992; Houlihan 1995b,c). The rate of protein synthesis 

is directly proportional to growth rate (Houlihan et al. 1988, 1995a,b,c). Protein synthesis has 

normally a positive correlation with feeding level and with protein intake at a certain feeding 

level (e.g., Simon 1989; McMillan and Houlihan 1988; Fauconneau et al. 1986b; Houlihan et al. 

1992). Fractional rates of protein synthesis (g protein synthesised.g'body protein content.day', 
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%.day" ), protein turnover and protein degradation decrease with body size and with age. This 

was demonstrated for mammals (Simon 1989), juvenile and adult fish (Houlihan et al. 1986, 

1993b, 1995a, b) and fish larvae (Fauconneau et al. 1986a; Houlihan et al. 1995c). The decrease 

in protein synthesis with age may be related to the increase in the proportion of white muscle 

tissue to the tissues with high synthetic rates, as the liver and the digestive tract (Dabrowski 

1986). Fractional protein synthesis rates vary considerably among different tissues. In adult fish 

(Fauconneau 1985; Houlihan and Laurent 1987; Houlihan et al. 1988), as in mammals (Simon 

1989), protein synthesis rates are about one order of magnitude higher in liver, gill, digestive 

tract, kidney, and spleen than in heart and muscle. Within a given organ or tissue the synthesis 

rates of individual proteins will also change (Houlihan et al. 1995a). 

Growth rates can be increased by an increase in protein synthesis, by a reduction in 

protein degradation, or by both. In liver, and perhaps in other proliferative tissues, growth is 

mainly achieved by a reduction in protein degradation, whereas increases in protein deposition 

in muscle appear to be related to a co-ordinated increase in both protein synthesis and protein 

degradation (Houlihan et al. 1988, 1993a; Reeds 1989). Therefore, any stimulation of muscle 

growth implies that the concomitant increase in protein synthesis must be enough to allow both 

the deposition of new protein and satisfy the raise in protein turnover. However, in larval nase 

(Chondrostoma nasus) rates of protein synthesis increased with growth rates while the rate of 

protein degradation remained constant (Houlihan et al. 1992). It is unknown whether this is a 

general pattern for fish larvae. 

Amino acid metabolism 

Growth of fish larvae depends on the amount, relative proportion, and utilisation of the different 

AA supplied by the diet. Amino acids are present in living organisms either polymerised in 

protein, or free in the body fluids. Dietary AA are mostly absorbed as free AA (FAA), and the 

size of the FAA pool is kept within narrow limits (Houlihan et al. 1995a). Free AA pools are 

small in larvae as in older fish and higher vertebrates. Larval FAA pools do not exceed a few 

percent of the total AA in the whole larval body (R0nnestad and Fyhn 1993; Finn et al. 1995). 

Nevertheless, FAA are the currency of nitrogen metabolism (see Fig. 1). Absorbed dietary AA 

are either used for the synthesis of proteins or used otherwise. Amino acids (AA) which are not 

polymerised into proteins can be used for energy production (catabolised), transaminated into 

another AA, used in gluconeogenesis or lipogenesis, or used in the synthesis of other nitrogen-

containing molecules (e.g. purines, pyrimidines, hormones). Furthermore, there is a dynamic 

relationship between the FAA and the protein pools, as protein is in permanent turnover. 

An efficient use of the available AA resources is assured by the higher affinity for AA of 

the enzymes involved in protein synthesis compared to the enzymes involved in AA catabolism 
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Fig. 1. Overview of the metabolism of amino acids. 

(Cowey and Walton 1989). The absorption of individual AA in the gut depends on different 

transport systems (Jiirss and Bastrop 1995) and may proceed at different rates (Dabrowski 

1983). Variation in the rates of absorption of individual AA may lead to transitory AA 

imbalances, and thus to an increase in AA catabolism. Different enzymes are involved in 

transamination and catabolism of AA (Cowey and Walton 1989; Jiirss and Bastrop 1995) 

allowing for the differential use of individual AA in these processes. 

Therefore, the dietary AA profile that will allow for a maximum conversion efficiency 

(or growth) will depend on the efficiency of absorption of each AA, on the AA profile of 

proteins being synthesised as well as on the use of individual AA for energy or other purposes. 

This optimal AA profile may change between species, and also within species depending on 

environmental conditions (e.g., temperature), age and physiological state. 
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Amino acid catabolism is a major source of energy in fish (van Waarde 1983; Walton 

1985; Cowey and Walton 1989). In adult fish it covers almost completely the maintenance 

needs (Brett and Zala 1975), and contributes usually more than 40% of the energy expenditure 

during routine activity (van Waarde 1983). Amino acids are also an important source of energy 

in eggs, in yolk-sac larvae (e.g., Dabrowski et al. 1984; Fyhn and Serigstad 1987; Fyhn 1989; 

R0nnestad et al. 1992, 1993; R0nnestad and Fyhn 1993; Verreth et al. 1995; Finn et al. 1995, 

1996) and in fed larvae (Fauconneau et al. 1986a; Dabrowski et al. 1987; Terjesen et al. 1997). 

Amino acid catabolism involves removal of the amino group (deamination). After 

deamination, the resulting oc-ketoacids can be oxidised to carbon dioxide and water via the 

tricarboxylic acid cycle, but can also be used in lipid or carbohydrate synthesis. The pathways 

through which the carbon back-bones of the different AA enter the tricarboxylic acid cycle are 

complex, and sometimes multiple (for details see: Cowey and Walton 1989; Stryer 1995). 

Fish larvae seem to have an even higher AA catabolism than older fish. The high usage 

of AA for energy in fish larvae has been attributed to a reduced catabolic adaptability, related to 

their strictly carnivorous nature (Dabrowski 1986). 

In the rat, alanine, glutamate, glutamine and aspartate are preferentially used for energy 

production, while the other non-essential AA (NEAA) and the essential AA (EAA) are spared 

for the synthesis of proteins, in particular when dietary protein is limiting or when there are AA 

imbalances (Tanakaet al. 1995). In juveniles of turbot (Cowey and Sargent 1979) and rainbow 

trout (Kim et al. 1992), oxidation of NEAA was higher than the oxidation of EAA. However, 

while trout has the ability to conserve EAA better than NEAA when fed protein deficient diets 

(Kim et al. 1992), dietary protein level has no effect on AA catabolism rates in common carp 

(Nagai and Ikeda 1972, 1973) and in turbot (Cowey and Sargent 1979). Little information is 

available on selective catabolism of AA in fish larvae, but in turbot embryos and yolk-sac 

larvae, depletion rates of FAA from the egg yolk were comparable for EAA and NEAA 

(R0nnestad et al. 1993), indicating an absence of selectivity. 

Amino acids are used for the synthesis of a number of non-proteinic N-containing 

molecules (Table 1). The losses of AA through these pathways are generally considered 

quantitatively of little significance, especially for the EAA (Simon 1989). 

In fish AA are the best precursors for lipid and carbohydrate synthesis (Nagai and Ikeda 

1972, 1973). The a-ketoacids resulting from AA deamination can be used for this purpose 

through gluconeogenesis and/or lipogenesis. Whether a given AA can be used as a precursor for 

carbohydrates (glucogenic) and/or lipids (ketogenic) depends on its carbon back-bone (for 

details see: Stryer 1995). 

Gluconeogenesis is believed to be a minor pathway of AA metabolism in fish, and 

alanine is the most important gluconeogenic AA in fish (Walton 1985). This suggests that 
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Table 1. Some non-proteinic compounds which need amino acids to be synthesised. 

Compound Amino acid 

Taurine 

Purines, Pyrimidines 

Glutathione 

Cathecolamines, Dopamine, Melanin, T3, T4 

Serotonin, Nicotinamide (NAD, NADP) 

Carnitine 

Heme 

Histamine, Carnosine, Anserine 

Ornitine 

Creatine 

GABA 

Cysteine 

Aspartate, Asparagine, Glycine, Glutamine 

Glutamate, Cysteine, Glycine 

Tyrosine 

Tryptophan 

Lysine, Methionine 

Glycine 

Histidine 

Arginine, Glutamate 

Glycine, Arginine, Methionine 

Glutamate 

Based on: Bender (1985) and Stryer (1995). 

lactate recycling is the main function of gluconeogenesis. In addition to this role, 

gluconeogenesis is also involved in synthesis of glucose from dietary AA, and the production of 

glycerol for lipogenesis. In fish larvae, gluconeogenesis is only significant after the onset of 

exogenous feeding (van Waarde 1988). 

NEAA can be synthesised de novo from oc-ketoacids or through transamination and 

other reactions from both EAA and NEAA. Glutamate has a pivotal role, being involved in the 

synthesis of most of the other NEAA either as a precursor or as an amino group donor (see 

Bender 1985; Stryer 1995). Cysteine and tyrosine are special cases, since although being NEAA 

they can only be synthesised from one EAA, respectively, methionine and phenylalanine. 

Synthesis of NEAA from glucose has been demonstrated in fish, although it is unknown 

whether this de novo synthesis of AA is of quantitative significance (Cowey and Walton 1989). 

Transaminases and other AA converting enzymes have been found in juvenile and adult 

fish (for review see: Cowey and Walton 1989), but their importance in the AA flux is largely 

unknown. They can be important to increase protein utilisation as they may compensate for 

imbalances of NEAA in dietary protein. In the African catfish larvae transaminase activities 

changed both with development and with diet type (Segner and Verreth 1995). 
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Amino acid requirements of fish larvae 

Growth and food conversion efficiencies can be optimised through manipulation of the dietary 

AA composition. AA imbalances in the diet cause an increased AA oxidation and lead to 

decreased food conversion efficiencies (growth / food intake) (Tacon and Cowey 1985; 

Fauconneau et al. 1992). The dietary supply of the EAA in the right amounts and balance is of 

particular importance as fish cannot synthesise them (Tacon and Cowey 1985; Wilson 1994). 

In fish the same 10 AA as in other animals are considered as essential: arginine, 

histidine, leucine, isoleucine, valine, threonine, lysine, methionine, phenylalanine and 

tryptophan (Wilson 1989). Usually tyrosine and cysteine are grouped together with the EAA as 

they can only be synthesised from the EAA. 

In addition to this specific requirement in EAA, fish also have a non-specific protein 

requirement, which can be fulfilled either with EAA or with NEAA. The common non-essential 

AA are: glutamate, glutamine, aspartate, asparagine, serine, alanine, glycine, proline, (cysteine 

and tyrosine). The protein requirements in fish vary between species, in function of the feeding 

habits. It can also change within the same species, depending on several factors (Wilson 1989): 

(1) size and age, with younger fish having normally higher requirements; (2) water temperature, 

in some species, with the requirement increasing with temperature; (3) protein to energy 

balance; (4) dietary AA profile; (5) digestibility of the diet; and (6) amount of non-protein 

energy sources in the diet. The estimated protein requirements for juvenile fish are normally 

between 30 and 55% of the diet (Wilson 1989). Little is known about the AA requirements of 

larval fish and how these change during ontogeny. Compared to older fish, fish larvae have a 

higher protein requirement (Dabrowski 1986). Fiogbé and Kestemont (1995) found that 

goldfish, Carassius auratus, larvae have much higher EAA requirements (g AA.g'protein) than 

juvenile and adult fish. 

Although fish require a higher dietary protein concentration when compared to other 

vertebrates, fish in general do not require more dietary protein for growth or for maintenance. At 

maximum growth, both protein intake (g protein ingested.g'body weight.day"1) and protein 

retention efficiency (g protein retained.g'protein ingested) are comparable in fish and other 

vertebrates (Bowen 1987). Thus, fish should not be considered as poor protein utilisers, 

although they use a high proportion of their protein for energy purposes. 

In juvenile fish, a more efficient use of dietary protein (protein-sparing action) can be 

achieved by increasing dietary lipid, carbohydrate or both (e.g., Bromley 1980; Kaushik and 

Oliva Teles 1985; Henken et al. 1986; Andersen and Alsted 1993). However, it is unknown 

whether dietary lipids and carbohydrates also exert a protein-sparing action in larval fish. 
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This Thesis 

The aim of this thesis has been to develop an explanatory model that can simulate growth 

during the early life stages of fish. It should contribute to the understanding of growth and 

growth metabolism in larval fish, and therefore contribute to elucidate their nutritional 

requirements and develop appropriate feeding strategies. Protein metabolism and the energetics 

of growth received particular attention during the experimental phase of the thesis, as these 

processes are believed to be determinant for growth and its modelling. 

Two fish species with commercial importance were used as biological models in this 

thesis. The African catfish (Clarias gariepinus Burchell) is a freshwater species with a wide 

natural distribution in Africa, which has recently also been introduced in Europe, Asia and Latin 

America. Its natural history (Bruton 1979), rearing practices (Verreth et al. 1993) and 

importance to aquaculture (Verreth 1994) have been reviewed. The turbot {Scophthalmus 

maximus L.) is a highly appreciated European marine species, being important for both 

commercial fisheries and aquaculture. Its biology and rearing practices have been reviewed by 

Person-Le Ruyet (1991). In some of the chapters of this thesis yolk-sac larvae were used as a 

biological model as they constitute a semi-closed system where food intake (yolk absorption) 

can be easily monitored, and where there is no defecation. 

In Chapter 1 a growth simulation model for endogenously feeding larvae of the African 

catfish is presented. It confirms the importance of a correct definition of the energetics of 

growth and of protein metabolism, if growth of fish larvae is to be understood and predicted. 

Chapters 2 to 6 supply experimental data to parameterise and support the design and 

the assumptions of a simulation model for growth of fed fish larvae. Chapter 2 deals with the 

question of how fish larvae manage to accommodate the costs of high growth rates with cost of 

maintenance within their limited energy budget. In Chapter 3 the cost of growth is estimated at 

different stages of development in the African catfish, and related to food intake and growth 

rate. The cost of growth in larval turbot is estimated in Chapter 4, and its biochemical 

composition is studied in relation to development and feeding regime. In Chapter S growth and 

AA utilisation of turbot larvae are related to the composition of the free AA pool, the rate of 

protein turnover, and the flux of AA. In Chapter 6 differences in utilisation efficiency of the 

individual AA in yolk-sac larvae of the African catfish are analysed, and related to differences 

between dietary and larval body AA profiles. Changes in larval body AA profiles during 

ontogeny are also investigated in Chapters 5 and 6. 

In Chapter 7 the model is described and validated for feeding African catfish and 

turbot. A sensitivity analysis is also performed in order to pin-point the key parameters 

governing larval growth. In the general discussion the main factors determining fish larval 

growth are discussed, together with the prospects to of using and improving the present model. 
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Abstract 

In fish larvae there is a strong natural selection for high yolk utilisation efficiencies and high yolk absorption rates. 

Larvae with higher absorption and utilisation will be larger at the onset of exogenous feeding, leading to higher 

survival and growth rates in the following stages of development. Modelling can be a powerful tool in clarifying the 

processes offish larvae metabolism, providing the model is as explanatory as possible. The present model considers 

the larvae as a two-compartment system: the yolk-sac and the larval body. This system exchanges oxygen, carbon 

dioxide, water, ammonia and heat with the environment. Yolk is absorbed through the syncytium, digested, and the 

resulting nutrients are released into the blood circulation. Circulating amino acids and fatty acids are considered to 

be used first for respiration, and what is left will be used for growth. From the moment that absorbed nutrients do 

not satisfy the energy needs, embryo tissue starts to be catabolised. Temperature is the only environmental factor 

which was assumed to affect significantly the metabolic processes. From the comparisons between simulations and 

experimental data, the simulations would appear to be accurate until complete yolk absorption, losing accuracy 

afterwards. Simulation outputs suggest that fat is the main energy substrate during yolk absorption, with protein 

becoming progressively more important, being predominant during starvation. Ideal culture conditions for African 

catfish yolk-sac larvae seem to include: the highest temperature that combines with acceptable mortality rates; 

selection of broodstock towards obtaining the largest egg size, insofar as viability is not affected; the start of feeding 

as close as possible to 144 physiological day-degrees. 

Introduction 

Eleuthero-embryos of fish use their yolk reserves for energy supply and growth. High 

efficiencies of yolk utilisation result in larger larvae at the onset of exogenous feeding. These 

are believed to be less affected by competition, more resistant to starvation, less susceptible to 

prédation, and are able to commence feeding earlier (Blaxter 1988). Obviously, the rate of yolk 

absorption and the efficiency of yolk utilisation are important determinants of early growth and 

survival. Several factors, such as egg weight, yolk composition, temperature, oxygen, and 

salinity, affect the rate of yolk absorption and the efficiency of yolk utilisation (Heming and 

Buddington 1988). A detailed knowledge of the relation between these factors and embryonal 
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metabolism may be very instrumental in defining ideal conditions and strategies for larval 

rearing. To study these processes in early life stages of fish and to elucidate their relations with 

the mentioned biotic and abiotic factors, many technically difficult experiments would be 

required. Because of the required detail, this approach may lead to a 'reductionist' focus towards 

certain biochemical and/or physiological aspects of embryonal metabolism, forgetting thereby 

the interactions occurring at the system level of the organism, i.e. the whole larva or embryo. 

Modelling may help to overcome these problems. When a model is based on the 

underlying biochemical processes, it may be considered as explanatory. The quantitative 

equations used in an explanatory model should describe the biochemical processes, allow 

extrapolation to other conditions than the ones used to calibrate the model, and should reveal 

gaps in the present knowledge of the underlying processes (Machiels and Henken 1986). Such a 

biochemical model already exists for the growth of juvenile and adult stages of African catfish, 

Clarias gariepinus (Burchell) (Machiels and Henken 1986; Machiels and Henken 1987; 

Machiels and van Dam 1987). In the present study, a similar model will be developed for the 

growth and metabolism of the early life stages of the same species, C. gariepinus, focusing 

thereby on the eleuthero-embryonal period and on larvae that are st ^ /ed after complete yolk-sac 

absorption. 

Model derivation and description 

The main elements of the model and their relations are shown in Figure 1. The larvae are 

considered as a two-compartment system: the yolk-sac and the larval body (hereby also referred 

as embryo). After being absorbed, yolk is digested in the syncytium, and the resulting nutrients 

are released into the blood circulation (Heming and Buddington 1988). According to the model 

assumption, circulating amino acids and fatty acids are first used for energy purposes, and what 

is left will be used for growth. When absorbed nutrients do not satisfy the required energy 

needs, embryonal tissue will be broken down to compensate for the energy shortage. As a matter 

of fact, in starving larvae body tissue will be the only energy source. 0 2 is taken up from the 

environment, while CO2 and NH3 are released. Water and heat are exchanged in both directions. 

Temperature is the only environmental factor taken into account in the model. Other 

environmental factors (e.g. oxygen) have threshold levels, above which they do not limit the 

metabolic processes. Under fish culture conditions, these factors are usually maintained above 

these thresholds, and therefore were neglected in the model. 



Chapter 1 25 

Environment 

Yolk 

State variable Rate variable Driving variable 

Figure 1. Model relational diagram. Flux of nutrients (thick arrows) between state variables is determined by the rate 

variables. Driving variables regulate (thin lines) the activity of the rate variables. 

Yolk composition 

Yolk was assumed to consist of three fractions: protein, fat and ash. The ash fraction includes all 

the materials not included in the protein and fat fractions. These three yolk fractions are 

assumed to be absorbed non-selectively, which means that the relative yolk composition 

remains constant during absorption. Carbohydrates were neglected as a yolk component. Fish 

eggs usually have a relatively low carbohydrate content, and even this is probably depleted to a 

large extent prior to hatching (Boulekbache 1981; Heming and Buddington 1988). 
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Rate of yolk absorption 

According to Heming and Buddington (1988), the rate of yolk absorption is a function of: (1) 

the absorptive surface (i.e. the syncytium surface area); and (2) the metabolism of the 

syncytium, which depends on the temperature. 

A logistic curve was chosen to simulate the amount of absorbed yolk during the yolk-sac 

period. Four parameters, defining the start- and end-point of the curve are required to fit it: time 

at hatching (t^), time at apparent yolk absorption (tat7a) and the yolk weight at these moments. 

Based on the experience with Clarias gariepinus, the duration of yolk absorption was 

considered to be independent of initial yolk weight (hence, a 1:1 relationship between yolk 

volume and yolk absorption was assumed). The rate of yolk absorption (RYA), obtained by 

derivation of the equation of the logistic curve, increases with temperature. 

To avoid empirical assessment of tha and \.acya for different temperatures, in the model 

these parameters were introduced with the dimension of physiological day-degrees (PD°), which 

can be assessed from a single set of data. They are calculated by correcting the amount of day-

degrees for the curvilinear relation between temperature and the rate of physiological processes, 

using the q correction factors of Winberg (1956). For each temperature, the computer 

programme converted these PD° values into hours after fertilisation before starting simulation. 

Energy expenditure 

Energy expenditure is calculated as the sum of energy needed for routine metabolism and the 

energy cost of growth. 

Routine metabolism is expressed following the Winberg equation (Winberg 1956). To 

account for temperature effects, a Qio factor was included: 

(Temp-RTemp) 

T = a*wWß*Q^T~i° 

where T stands for routine metabolism (mol ATP.fish'.h"'), a for metabolic level (mol 

ATP.g"ß.h"'), WW for wet weight of the embryonal tissue (g), ß is the weight exponent of 

routine metabolism, Temp is the water temperature (°C), and RTemp the reference temperature 

for a (°C). 

The wet weight used to estimate the routine metabolism refers only to the embryo tissue 

as the metabolism of the yolk-sac is assumed to be zero. 

Following the empirical relation for C. gariepinus derived by Machiels and Henken 

(1986), the relative amounts of amino acids and fatty acids catabolised are assumed to be 

determined by their proportion in the blood pool, according to the equation: 
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CFA = (1.298 + 1.130* Log(RBP)) * 100 

where CFA is the contribution of fatty acids (%) to respiration and RBP the ratio fatty 

acids/amino acids in the blood pool. 

Intermediary metabolism 

The stoichiometry for the reactions of intermediary metabolism are given in Table 1, assuming 

that: (a) oleic acid and tri-oleylglycerol (TOG) are typical for combusted fatty acids and 

oxidised fat, respectively (Love 1980); (b) a fixed fraction (5%) of the absorbed (and not 

combusted) amino acids is non-selectively converted into glucose and ATP by gluconeogenesis, 

and all the glucose produced is converted into fat through lipogenesis (Machiels and Henken 

1986). The stoichiometry of amino acid metabolism was based on experimental data regarding 

the selective combustion of different amino acids during the yolk-sac phase of C. gariepinus 

(Polat and Verreth, unpublished data). 

The cost of biosynthesis refers only to synthesis from nutrients absorbed from the yolk-

sac. Tissue renewal (i.e., protein and fat degradation followed by re-synthesis) was not taken 

into account. 

Growth rate 

In the model, larval growth results from three processes: (1) the synthesised protein minus the 

body protein used in respiration; (2) the sum of the synthesised fat and the fat produced through 

lipogenesis, minus the combusted fat; (3) the ash absorbed from the yolk-sac, which is assumed 

to be converted into body tissue with an efficiency of 100%. The whole model is processed in 

dry weight. Dry weights were converted into wet weights, assuming a water content of 90% in 

the body tissue and 70% in the yolk, according to unpublished experimental information. 

Conversion Efficiency 

The cumulative and instantaneous conversion efficiency of the yolk (CUMCEFF and ICEFF) 

are calculated using the following equations: 

Embryo DW, - Embryo DW 
CUMCEFF, = -*- — 

Yolk DWha - Yolk DW, 

Growth rate, 
ICEFF, = — 

Rate of Yolk Absorption, 
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Table 1. Stoichiometric equations of intermediary metabolism as used in the model. 

Protein breakdown: 

lg AA + 1.34g 0 2 

Fat breakdown: 

lg TOG + 2.9g 0 2 

Gluconeogenesis: 

lgAA + 0.80gO2 

Lipogenesis: 

-+ 1.70gCO2 + 0.17gNH3 + 0.33molATP 

-+ 2.8g C02 + l.lg H20 + 0.51mol ATP 

lg Glucose + 0.22g 0 2 

Protein synthesis: 

lg AA + 0.051mol ATP 

Fat synthesis: 

lg Olein + 0.10g Glycerol + 0.014mol 

-*• 0.96g C02 + 0.20g NH3 + 0.5 lg Glucose + 0.23mol ATP 

• 0.63g C02 + 0.29g H20 + 0.29g TOG 

-*• 0.85g Protein + 0.15g H20 

-*• lgTOG + 0.06gH2O 

where DW stands for dry weight (mg), t for time after fertilisation (hours), and ha for hatching 

time (hours after fertilisation). 

Exchanges with the environment 

Before complete yolk absorption, both oxygen consumption and carbon dioxide production 

result from gluconeogenesis, lipogenesis, fat breakdown and protein breakdown, according to 

the biochemical reactions given above. During starvation, only the two last processes are 

considered. 

Ammonia was assumed to be the only nitrogenous excretion product (Machiels and 

Henken 1986; Ki0rboe 1989). It is mainly produced during protein breakdown, but before 

complete yolk absorption, also gluconeogenesis contributes to ammonia production. 

Parameterisation 

Basically, simulation models consist of a set of equations describing the processes involved in 

the studied system. The model can only use these equations when starting for the parameters 

values of the equations are established. 
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Table 2. Species specific parameters and values for C. gariepinus, as introduced into the model. 

Parameter Value Unit 

(Yolk at apparent complete yolk absorption/yolk at hatching). 100 8(a) % 

Fraction of absorbed amino acids used in gluconeogenesis 5 % 

Routine metabolism: 

Metabolic level 

Weight exponent 

Q10 constant 

Q10 slope 

Reference temperature 

Yolk composition at Hatching: 

Protein 

Fat 

Ash 

Time at: 

Hatching 52(a) PD° 

Apparent complete yolk absorption 190 PD° 

End of simulation 450 PD° 

Sources: (a) our laboratory, unpublished; (b) assumed; (c) Machiels and Henken 1986 

The present model has three basic parameters as input variables: temperature, larval 

weight at hatching and the fraction of this weight that represents yolk. Further, it contains a set 

of species-specific parameters, or variable parameters. All temperature-related parameters were 

introduced in PDC, as explained for the yolk absorption. A set of values for these species 

specific parameters relating to C. gariepinus was derived from proper laboratory studies, from 

literature, or based on assumed values. This set of values, as is shown in Table 2, was defined in 

the programme. 

To convert the biological model into a computer programme, it was written in the PC 

language TURBO PASCAL 6.0. The programme was made menu-driven by using a library of 

routines (IOLffi) developed by Klompmaker and Oosters (unpublished). 

0.05<c) 

0.8(c) 

1.6702<a) 

0.0058<a) 

25<») 

69.3(a) 

20.0<a) 

10.7(a) 

mmol ATP/g080/h 

-
-
-
°C 

% 
% 
% 
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Figure 2. Simulations of embryonic (--), yolk (—) and larval (—) dry weight of C. gariepinus (28°C; 0.368 mg at 

hatching, with 80% as yolk). Real experimental data (Polat and Verreth, unpublished) are also displayed, together 

with the 95% confidence limits. 

Results 

Model validity 

To validate the model, simulations were performed and compared with (unpublished) data from 

Polat and Verreth (Figures 2 and 3), who investigated changes in dry weight, protein, lipid and 

energy content of yolk and body tissue in eggs, eleuthero-embryos and starving larvae of C. 

gariepinus. These data were independent from those used during parameterisation of the model. 

The simulation seems rather accurate for larval dry weight until complete yolk absorption, but 

underestimates the experimental data in starving larvae. The same conclusion holds for data 

regarding the protein and lipid content of the larvae. The protein content of the larvae increases 

slightly until maximum embryonal dry weight is reached, and then decreases. The lipid content, 

in turn, declines continuously, especially prior to maximum embryonal dry weight. 
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Figure 3. Simulation of larval composition (%) in protein (—), fat (—) and ash (—) for C. gariepinus (28°C; 0.368 

mg at hatching, with 80% as yolk). Real experimental data (Polat and Verreth, unpublished) are also displayed, 

together with the 95% confidence limits. 

Energy expenditure 

Both O2 consumption and CO2 production increase strongly following hatching, and reach a 

peak just before the point of maximum embryonal dry weight (Figure 4). Afterwards, they 

decrease steadily until the end of the simulation. The respiratory quotient declines from hatching 

to the aforementioned peak, rising from then onwards. 

The model simulations (Figure 5) show further that the cost of routine metabolism 

exceeds the cost of biosynthesis throughout the yolk-sac stage. The costs of biosynthesis are 

largely represented by the cost of protein synthesis. 

Temperature and size effects on conversion efficiency 

A simulated experiment was performed to assess the sensitivity of the model for effects of 

temperature and initial larval weight. As a criterion, yolk conversion efficiency was used. 

Simulations were performed for larvae of 0.3 and 0.4 mg dry weight at hatching, at three 
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Figure 4. Simulation of larval exchanges with the environment, 0 2 consumption (ul/h) (—), C0 2 production (ul/h) 

(—) and NH3 production (ug/h) (—) for C. gariepinus (28°C; 0.368 mg at hatching, with 80% as yolk). No real 

experimental data were available for comparison. 

different temperatures: 20, 25, and 30 °C. The yolk weight at hatching was fixed by assuming, 

at hatching, that 85 % of the larval dry weight consisted of yolk. 

Due to the initial high rate of yolk absorption, cumulative conversion efficiency (Figure 

6) increases until a maximum is reached, after which it decreases until yolk absorption is 

complete. Conversion efficiency is positively correlated with higher temperatures and higher 

initial weights. 

Recalculating the results of simulations from hours to PD° for the three temperatures, 

complete yolk absorption was found to occur around 248 PD°. Similarly, maximum embryonal 

dry weight occurs around the time of apparent complete yolk absorption (190 PD°). Time of 

maximum cumulative conversion efficiency and maximum energy expenditure coincide at 

about 144 PD°. 


