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Abstract 

Temperature is among the most important environmental factors determining growth 

of fish. Growth can, however, be greatly affected by other factors, such as food conversion 

ratio (FCR), maturation and body condition, all of which may confound the relationship 

between temperature and growth rate. The aim of this research was to prepare a growth model 

capable of predicting growth rate of various size-classes of the Atlantic cod (Gadus morhua)

reared at different temperatures. The objective was furthermore to examine the effects of 

temperature and weight on body condition. 

The growth model predicts that the optimal temperature for growth (Topt.G) and the 

predicted growth rate at optimal temperature (Gmax) decline with body weight. Model 

calculations show that 30 g cod juveniles stocked in sea cages on 15 May have reached 4.6 

and 6.3 kg by the end of the third year, in Northwest Iceland and West Norway, respectively.  

Overall weight-length relationship for 8-1303 g fish reared at 4-20°C showed that fish 

in the experiment exhibited a positive allometric growth (a=0.0045, b=3.257). The most 

pronounced effect of temperature on body condition was found in the smallest size-classes (8-

16 g), whereas, condition factors of larger fish (70-1303 g) were not significantly affected by 

variation in temperature. Relative condition factor (Krel) increased with mass at 4°C, but 

decreased with mass at 16 and 20°C. At 8 and 12°C, Krel remained relatively high in most 

size-classes.  

 

Keywords: Atlantic cod, Condition factor, Growth, Temperature 
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Útdráttur 

Hitastig er sá umhverfisþáttur sem hefur einna mest áhrif á vöxt fiska. Vöxtur 

ákvarðast einnig af öðrum þáttum eins og fóðurnýtingu (FCR), kynþroska og líkamsástandi, 

en allt eru þetta þættir sem geta haft áhrif á sambandið á milli hitastigs og vaxtarhraða. 

Markmiðið með þessu verkefni var annarsvegar að búa til vaxtarlíkan til að áætla vöxt ýmissa 

stærðarflokka af þorski (Gadus morhua) sem alinn er við mismunandi hitastig, og hinsvegar 

að kanna áhrif hitastigs og líkamsþyngdar á holdstuðul (K).  

Vaxtarlíkanið sýnir fram á að kjörhitastig fyrir vöxt (Topt.G) og vaxtarhraði við kjörhita 

(Gmax) lækkar með aukinni líkamsþyngd. Líkanið áætlar að 30 g þorskseiði sem alin eru í 

sjókví frá 15. maí, nái í lok þriðja árs 4.6 kg við Norðvestur Ísland og 6.3 kg við Vestur 

Noreg.  

Heildar samband þyngdar og lengdar fyrir 8-1303 g þorska sem aldir voru við 4-20°C 

sýndi að vöxtur fiskanna var jákvætt allometrískur (a=0.0045, b=3.257). Áhrif hitastigs á 

holdstuðul voru mest á minnstu stærðarflokkana (8-16 g), en áhrifin voru ekki tölfræðilega 

marktæk á stærri fiska (70-1303 g). Hlutfallslegur holdstuðull (Krel) jókst með þyngd hjá fiski 

sem alinn var við 4°C, en lækkaði við 16 og 20°C. Á 8 og 12 °C var Krel hátt fyrir flesta 

stærðarflokka. 

 

Lykilorð: Hitastig, Holdstuðull, Vöxtur, Þorskur 
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Preface 

This thesis contains three chapters. In the first chapter methods used to describe 

growth are defined. Thereafter, the effects of several important biotic and abiotic factors on 

growth are discussed. In chapter II and III, two peer-reviewed articles are presented. 

I. Growth of the Atlantic cod (Gadus morhua). 

II. Árnason, T., Björnsson, B., and Steinarsson, A. Allometric growth and condition 

factor of Atlantic cod, Gadus morhua: effects of temperature and body mass. 

Manuscript. 

III. Björnsson, B., Steinarsson, A., and Árnason, T. 2007. Growth model for Atlantic cod 

(Gadus morhua): effects of temperature and body weight on growth rate. Aquaculture. 

271: 216-226. 
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Chapter I 
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Growth of the Atlantic cod (Gadus morhua)

1. Introduction 

The Atlantic cod (Gadus morhua) has provided food and has been an economically 

important fish species for costal communities in the North Atlantic (Kurlansky, 1998). 

Catches of Atlantic cod have, however, declined dramatically in the recent years and it is 

likely that the demand for cod will not be met by fishing. Farming is therefore, the only 

sustainable way to meet the demand (Rosenlund and Skretting, 2006).  

The first cultivation experiments with Atlantic cod were carried out in 1884 in 

Norway, when attempts were made to stock the sea annually with millions of newly hatched 

yolk-sac larvae. The aim of the experiments was to test the viability of millions of hatched 

larvae released on the Norwegian Skagerrak coast. Similar cultivation experiments with cod 

were done in the USA and Canada, but no benefits of the releases have been documented. The 

last yolk-sac larvae were released in Norway in 1971, nearly nine decades after the 

experiments started. In the year 1975, young Norwegian biologists managed to raise cod 

larvae past metamorphosis by using natural production system were the larvae were fed on the 

same natural zooplankton as wild cod, and in the year 1977 the world’s first sexually mature 

cod, hatched in a laboratory was produced (Björnsson, 1985; Svåsand et al., 2004).  

In recent years the focus has been on intensive-rearing methods where all aspects of 

production are controlled (Svåsand et al., 2004). Large scale cultivation of cod larvae has 

been possible for some years using larval rearing techniques similar to those developed for 

other species, such as sea bass (Dicentrarchus labrax) and seabream (Sparus aurata)

(Steinarsson, 2004). The production of farmed cod is expected to grow significantly in the 

next years. It is anticipated that cod will be the dominant species in gadoid farming and by the 
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year 2010 the total production of gadoids will reach 150 – 200.000 t (Kjesbu et al., 2006;

Rosenlund and Skretting, 2006). There are, however, several biotic, environmental, and 

technical obstacles that have to be overcome if cod farming is to become an economically 

viable industry. For the on-growing phase there is for example a lack of precise knowledge of 

optimal temperatures, light conditions and specific nutritional requriements (Kjesbu et al.,

2006).  
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2. Growth descriptors 

2.1 Growth as change in size 

Growth of fish can be defined in various ways, but is usually measured as the change 

in weight or length over a period of time (Mommesen, 1998; Jones, 2002). The most 

straightforward measure of individual growth is termed the absolute growth rate (AGR). 

Absolute growth rate is a simple measure of the total change in size over a specific time 

period, and can be obtained from the equation: 

AGR = (W2-W1)/(t2-t1)

where W1 and W2 are the weights of the fish at times t1 and t2 (Ricker, 1979; Jones, 

2002). The size of a fish that grows at a constant rate for a finite interval can be expressed by 

the following exponential equation (Fig 1): 

W2 = W1eg(t2-t1)
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Figure 1. Weight increase with time for a hypothetical fish growing at a constant rate.  

The slope (g) in the equation above equals percentage increase in body weight for the 

given time interval (specific growth rate, G) when multiplied by 100. Exponential growth can 

never be sustained indefinitely, because specific growth rate is continuously dampened as size 



University of Akureyri  Department of Natural Resource Science

5

and age increase (Fig. 2). Thus the above equation can only be used to describe growth of fish 

for a short period (Brett, 1979). A linear decrease in specific growth rate with weight on a log-

log scale has been found in a number of fish species, e.g. Atlantic cod (Björnsson and 

Steinarsson, 2002), Atlantic halibut (Björnsson and Tryggvadóttir, 1996), Pink salmon, 

Sockeye salmon, and Brook trout (Brett and Shelbourn, 1975). Specific growth rate is a 

widely known numerical representation of growth of cultured fish of a specific period of time 

and is described by the formula (Ricker, 1979): 

G = (lnW2 – lnW1)/(t2-t1)
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Figure 2. Linear regression between lnG and lnW for Atlantic cod reared at 12°C (From Björnsson et al.
2007).  

The pattern of lifetime absolute growth in weight of fish results in a S-shaped sigmoid 

curve, i.e. absolute growth is slow when fish are small, and increases as fish grow larger, until 

the growth decreases again as the fish matures and reaches it’s asymptotic weight (Brett, 

1979; Jones, 2002) (Fig. 3). The most common growth function used to describe lifetime 

absolute growth of adults is the von Bertalanffy growth model: 

Wt = W∞(1-e-K(t-t0))

where Wt is weight at time t, W∞ is mean asymptotic weight, K is the growth 

coefficient, and t0 the theoretical age when W = 0. The von Bertalanffy growth model is 
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widely used in fishery science, and is commonly incorporated into the Beverton-Holt yield 

model (Brett, 1979; Ricker, 1979; Jones, 2002; Katsanevakis, 2006). 
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Figure 3. Von bertalanffy growth curve for hypothetical fish with k = 0.5. W∞ = 20, and t0 = 0

2.2 Body condition 

Growth is commonly measured as change of weight and length, as described by the 

Fulton’s condition factor (K):  

K = W × (L)-3 × 100 

Such linear functions are often used to predict growth, and indicate the physiological 

status of many species of fish. The coefficient obtained from the length-weight equation 

allows fish condition to be estimated where fish with a low condition index have presumably 

experienced adverse physical environment or insufficient nutrition (Petrakis and Stergiou, 

1995; Lambert and Dutil, 1997; Mommesen, 1998). Within any stanza of a fish’s life, the 

weight varies as a power of length (Fig. 4). 

W = aLb

The coefficient, a, and exponent b are estimated by least square regression. The 

functional regression value b = 3, from a weight-length relationship describes isometric 

growth where body form does not change. Even within a single growth stanza, different parts 
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of a body can grow at different rates. The direction and rate of change of form or condition is 

interpreted by the exponent b. When b < 3.0, the fish become more elongated with increase in 

length (negative allometric growth), whereas b > 3.0 indicates an increase in condition or 

increase in height or width with increase in length (positive allometric growth). Many fish 

grow approximately isometrically during their final growth stanza, but some species exhibit 

values of b up to about 3.5 and others exhibit values less than 3, usually in populations where 

the larger individuals lack a suitable food supply. It only makes sense to discuss isometric 

versus allometric growth of a species as a whole when all available weight-length estimates 

are considered that are likely to reasonably cover seasonal, geographic, and inter-annual 

variations (Froese 2006; Ricker, 1979).  
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Figure 4. Weight-length relationship for cod reared at 4-16°C in indoor tanks. The fish range from 2.1-
2645 g in weight. The regression line is W = 0.0045L3.257, with n = 1053, R2 = 0.997, 95% CL of b = 3.246-
3.268, 95% CL of a = 0.00430-0.00463 (From chapter II). 
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The weight-length relationship can be expressed on a double logarithmic scale. The 

points for fish with the same weight-length relationship will then lie on a straight line with 

some scatter because of individual variation (Fig. 5). 

log W = log a + b log L
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Figure 5. Double-logarithmic plot of data in Fig. 1 (From chapter II).  

Measurements of simple condition indices such as Fulton’s K can provide an adequate 

and simple way of estimating the energy reserves of cod. The disadvantage of the condition 

factor is, however, the assumption of isometric growth. If this assumption is violated, 

problems of correlation between condition factor and length could arise (Lambert and Dutil, 

1997). Fulton’s condition factors can therefore, only be compared directly if either b is not 

significantly different from 3 or the specimens to be compared are of similar length. Different 

values of b can be found for different localities, different sexes, or between larval, immature 

and mature fish. Usually, when weight-length relationships have been calculated, it has been 

found that cube law is not obeyed and b ≠ 3 (Le Cren, 1951). Daan (1974) observed a stable 
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level of K for cod in the North Sea at size range above 22 cm and accepted isometric growth 

in this range. Smaller cod from 5-22 cm did, however, change in dimensions and K was 

significantly lower in that size range. The relative condition factor introduced by Le Cren 

(1951) compensates for changes in form or condition with length, and can be used to compare 

the observed weight of an individual with the average weight for the respective length. 

Krel = W/aLb

Thus, the difference between Krel and K is that the former measures the deviation of 

individuals from the average weight for length, while the latter measures the deviation from a 

hypothetical ideal fish. The relative condition factor can be used to distinguish between the 

influence of length and other factors on body condition, whereas these are in many cases not 

easily separated when Fulton’s condition factor is used (Le Cren, 1951).  

Body condition of cod has a marked effect on growth, where well fed fish with low 

condition factor show a high rate of growth. This phenomenon is called compensatory growth. 

Cod display a compensatory growth which is seen as a recovery of body weight after 

starvation. The ability of cod to show a compensatory growth can be exploited where cod 

farming is based upon the on-growing of wild-caught fish that are in poor condition (Pedersen 

and Jobling, 1989; Jobling et al., 1994). 

2.3 Biochemical and energetic based methods of estimating growth 

If body mass is to be maintained, absorbed food energy must equal the energy loss for 

maintenance, activity, and energy excreted. When exogenous sources exceed these 

requirements, growth can occur from the deposition of a dietary substance. Growth can be 

defined energetically, as the change in calories stored as somatic and reproductive tissue, as 

expressed in the equation: 

I = M + G + E
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where I is the ingested food energy, measured in calories, M is the energy expended for 

metabolism, G is the energy expended for growth, and E is the energy excreted. The energetic 

definition is useful for understanding factors that affect growth (Brett and Groves, 1979). 

Other methods used to estimate growth, including incremental changes in otolith 

microstructure, analysis of RNA:DNA ratios, incorporation of radio labeled amino acids into 

scales, and nitrogen retention can also be used to describe growth of fishes (Mommesen, 

1998). The present study focuses primarily on specific growth rate and condition factor, but 

other methods to describe growth will not be addressed further.  
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3. Temperature and growth rate 

The Atlantic cod (Gadus morhua) has a pan-Atlantic distribution. It is in the North-

East Atlantic from the Barents Sea to the English Channel in the south. It can be found near 

Jan Mayen, Nova Semlja, off the coast of Norway, in the Baltic Sea, the North Sea, and off 

the coast of Britain, Faroe Islands, Iceland and Greenland. In the West Atlantic the cod 

occupies areas ranging from Hudson Bay and Baffin Island to Cap Hatteras in North Carolina 

(Gunnarsson et al., 1998). Thus, the Atlantic cod inhabits waters with a wide range of 

temperatures (-1°C to over 20°C), but they are usually found in waters with a temperature 

range of 0-12°C (Drinkwater, 2005). Fish are cold blooded animals and therefore lack the 

means of controling body temperature other than by behaviour (Poxton, 2003). Temperature 

data relationships for some of the most important commercial species are known in some 

detail, but in general, fish species show a familiar ecological characteristic of having optimum 

and extreme temperature thresholds (Coull, 1993).  

The influence of temperature on growth of the cod stocks has been frequently 

analyzed, and it has become apparent that temperature is a major determinant of stock 

production in the North Atlantic (Dutil and Brander, 2003). Weight at age of cod varies 

greatly between cod stocks in the North Atlantic, and temperature also accounts for annual 

changes in growth rate. Average annual bottom temperatures account for 92% of the observed 

difference in growth rates of 2-4 year old cod in the North Atlantic, and the average weight of 

a 4-year-old cod ranges from about 0.6 kg at Labrador to 7.3 kg in the Celtic Sea (Brander, 

1995).  

Most species of fish in the juvenile stages show a rapid increase in specific growth rate 

as temperature increases passing through a peak (Topt.G) and then falling rapidly as high 

temperatures become adverse (Brett, 1979). Hence, the relationship between temperature and 
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growth rate of fish is curvilinear, and is often described by a second order polynomial (e.g. 

Björnsson and Tryggvadóttir, 1996; Imsland et al., 1996; Björnsson et al., 2001; Imsland et 

al., 2005), or by a third order polynomial (Björnsson et al., 2007). Curves describing changes 

in growth rate of cod with temperatures become broader with increasing body weight, i.e. 

small cod obtain maximum growth rate (Gmax) at somewhat restricted range of temperatures, 

while growth rate of larger cod is close to Gmax at a relatively wide range of temperatures (Fig. 

6).  
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Figure 6. Relationship between specific growth rate (G) and temperature for 2 and 143 g cod. The data is 
fitted with third order polynomial (From Björnsson et al., 2007). 

As temperature is among the most important environmental factors determining 

growth of fish, it is important for farmers to know the optimal temperature for growth (Topt.G). 

Optimal temperature for growth of a given fish species is, however, not readily identified, as 

it changes with size, and many factors such as food intake, photoperiod, salinity, body 

condition, and oxygen saturation may affect the relationship between temperature and G

(Brett, 1979; Pedersen and Jobling, 1989; Poxton, 2003). In general, the temperature at which 

growth rates are highest decreases with decreasing ration level (Brett, 1979), and thus, most 
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studies on the effect of temperature on growth rate are involved with experiments with fish 

fed to satiation.  

Growth rates during early life stages of the Atlantic cod, as in all fishes, are very high 

but decline as the fish grow larger (Braaten, 1984; Jobling, 1988; Imsland et al., 2005). The 

rate, which G decreases with weight of cod, is dependent on rearing temperature, and both the 

slope and the intercept of lnG - lnW relationships have been found to increase with 

temperature (Fig. 7) (Björnsson and Steinarsson, 2002; Björnsson et al., 2007).  
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Figure 7. Linear regression between lnG and lnW at 8°C and 16°C. The regression lines at 8 and 12°C are 
ln(G) = 1.650 – 0.353ln(W), and ln(G) = 2.330 – 0.509ln(W), respectively. (From Björnsson et al., 2007)  

By looking closely at Figures 6 and 7, it can be seen that Topt.G decreases with size, and 

thus, the rearing temperatures must be lowered following increments in fish size in order to 

maximize growth. Optimal temperatures have been found to decrease with weight for several 

species of fish, such as turbot (Imsland et al., 1996), Atlantic halibut (Björnson and 

Tryggvadóttir, 1996), striped bass (Duston et al., 2004), and a few authors have estimated the 

optimal temperature for various size classes of cod (Pedersen and Jobling, 1989; Björnsson et 

al., 2001; Imsland et al., 2005), but the most extensive experiments on the effects on 
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temperature growth rates for cod, fed to satiation were carried out by Björnsson et al. (2007) 

(See chapter III). 
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4. Nutrition 

4.1 Dietary requirements 

Fishmeal is the main raw material used for making commercial dry feeds for cod. 

Formulated feeds must contain all essential nutrients and energy necessary for metabolism 

and growth. Dietary energy that exceeds the need for growth and metabolism is retained as fat 

in the liver (Árnason, 2004). The muscle of cod is the main protein depot, while the liver 

stores surplus energy as lipids (Jobling, 1988). There is a linear correlation between the 

amount of fat in the feed and liver indices (Lie et al., 1988), and farmed cod liver may 

become as large as 20% of whole body weight when fed lipid rich diets such as capelin 

(Björnsson and Dombaxe, 2004). The proportion of lipids in dry feeds should therefore, be 

moderate (Jobling, 1988). Several studies have demonstrated that cod can exhibit high growth 

rates with variable proportions of macronutrients (e.g. Lie et al., 1988; Morais et al., 2001;

Rosenlund et al., 2004; Hamre and Mangor-Jensen, 2006).  

Perhaps the simplest and most meaningful indicator of the suitability of diet, ration 

level, and environment for fish is the capacity to convert food into flesh (Brett and Groves, 

1979). Food conversion ratio (FCR) is a common numerical expression of the number of kilos 

of feed required to produce one kilo of whole fish (Gunnarsson et al., 2004), and is obtained 

by the following formula: 

FCR = Feed intake (kg)/Growth (kg) 

The lipid requirement for small juvenile cod (<4g) is 15-20% of dry weight, and the 

protein ratio should not be more than 62% of dry weight, as the young fish do not have a fully 

developed stomach (Hamre and Mangor-Jensen, 2006). Morais et al. (2001) tested four 

extruded diets for juvenile cod (233g) differing in the level of protein and lipids (48/12, 48/16, 
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58/12 and 58/16). Of the four tested diets, diet 48/16 appeared to be the most cost-efficient 

choice, as growth and FCR were good and dietary protein was most efficiently used. In 

another research, the optimal ratio for 192g cod was 50-60 and 13-20% of protein and lipid 

respectively, and the optimal dietary protein level with respect to FCR was 50-55% of dry 

weight (Rosenlund et al., 2004).  

Herbivorous and carnivorous fish differ greatly in their ability to digest carbohydrates. 

This difference reflects anatomical and functional differences of the gastrointestinal tract and 

associated organs (Krogdahl et al., 2005). Starch digestion in a carnivorous species is limited 

and depends on the amount consumed, the source and the physical state of the starch (Cowey 

and Sargent, 1979; Hemre et al., 2003). The effect of dietary carbohydrates on growth and 

FCR in cod has been different between studies. For example, Rosenlund (2004) observed that 

high carbohydrates (supplementation range 5-18% of dry weight) had negative effect on 

growth and FCR, whereas growth was promoted as carbohydrate was increased form 0-15% 

in another study (Hamre and Mangor-Jensen, 2006)  

4.2 Feeding frequency 

Cod shows seasonal patterns in its biochemical composition and energy content in 

association with feeding intensity, maturation, and spawning (Lambert and Dutil, 1997). 

When access to food is plentiful the fish will eat as much as possible and increase the muscle 

mass and the energy supply in the liver (Björnsson, 2001). During periods of food limitation 

and annual cycle of gonad maturation, the process is reversed and the muscle and liver mass 

decreases (Kjesbu, 1991; Karlsen, 1995). Food availability is a limiting factor for growth of 

wild cod in Icelandic waters and it is unlikely that wild cod, having to hunt for prey, can ever 

grow as fast as captive cod receiving regular meals (Björnsson, 1999).  
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The cod can consume large meals at infrequent intervals and endure long periods of 

starvation. Cod (0.4-1.0 kg) fed to satiation on a weekly basis can consume similar amount of 

food compared to cod fed three and five meals weekly and seem to grow well and use feed 

efficiently when there is quite long intervals between feeding (Lambert and Dutil, 2001). 

Furthermore, growth rate, liver index and FCR are not significantly affected when cod 

juveniles reared at 8°C are fed to satiation every day or every second day (Rosenlund et al.,

2004). Cod become more active and their metabolic rate, oxygen consumption, and rates of 

feed intake and digestion increases with increased temperature (Tyler, 1970; Brown et al.,

1989). Hence, cod obtain higher feeding rates in warm rather than cold thermal environments 

(Knutsen and Salvanes, 1999). Moreover, the required feeding frequency to obtain optimal 

growth is dependent on stocking density, where cod reared at high stocking densities require 

higher feeding frequencies (Lambert and Dutil, 2001). 

4.3 Ration and temperature 

The ration required to feed fishes to satiation depends largely on temperature (Brett, 

1979). In cod the maximum ration increases rapidly with increasing temperature until the 

curve inflects downward reflecting loss of appetite as the temperature becomes adverse 

(Jobling, 1988) (Fig. 8).  
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Figure 8.  Ration as percentage of body weight per day for 7 g cod reared at 4-20°C. The ration was 
obtained from feed conversion efficiency (see Fig. 9) and growth rate as presented in Björnson et al.
(2007), i.e. Ration = FCR × G.

Temperatures giving the highest feed intake for cod are higher than optimal 

temperatures for growth, and optimal temperatures for growth have been found to be slightly 

higher (1-2°C) than optimal temperature for feed conversion (Björnsson et al., 2001) (Fig 9).  
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Figure 9. Relationship between feed conversion ratio and temperature for cod with the geometric mean 
weight 7 g.  

Experiments have shown that the final thermal preferendum of Atlantic cod is linked 

to food rations. A significant difference in thermal preferendum has been found for 500-1000 

g cod fed high and low rations, where cod fed high rations choose 6.5°C, and cod fed low 

rations choose 4.0°C (Despatie et al., 2001).  
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5. Maturation 

One of the main factors preventing cod farming from developing into an economically 

viable industry is that farmed cod usually reaches sexual maturity at an age of 2 years 

(Hansen et al., 2001; Davie et al., 2003). During maturation, feeding activity is ceased on 

average more than a month prior to spawning and is suppressed 2 to 3 months before 

spawning (Fordham and Trippel, 1999; Skjæraasen et al., 2004). Moreover, cod allocate large 

amounts of energy to the gonads from stored reserves in the liver and muscle, resulting in 

significant loss of body weight during the spawning season (Kjesbu et al., 1991; Fordham and 

Trippel, 1999). This also affects the quality of the fish, as it reduces the proportion of edible 

flesh of whole body weight, and alters the chemical composition of the white muscle, 

including higher water content and lower protein content (Kjesbu et al., 1991).  

5.1 Photoperiod and maturation 

Many animals depend on changes in photoperiod over the course of the year, for 

timing annual events in their life cycles. For example, changes in photoperiods may be used 

as a cue for reproduction or migration (Hill et al., 2004). Photoperiod manipulations of 

broodstocks are used to control sexual maturation in a number of commercially cultured 

species such as Atlantic halibut (Björnsson et al., 1998), rainbow trout (Davies et al., 1999), 

Arctic charr (Frantzen et al., 2004) and Atlantic salmon (Oppedal et al., 2003). Propagation of 

Atlantic cod under continuous light treatment in indoor tanks results in a substantial delay of 

sexual maturation (Hansen et al., 2001), or up to three years when reared at a continuous light 

from 15 months post hatch (Davie et al., 2003).  

Continuous light treatments in sea cages have not been as effective as in indoor tanks. 

Cod held in sea cages receiving continuous photoperiod from 17 June (15-month-old cod), or 

2 September (18-month-old cod) onwards delay sexual maturation by five and three months 
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respectively (Taranger et al., 2006), and results from experiments carried out by Karlsen et al.

(2006) coincide with the results from Taranger et al. (2006), where delay of maturity was 

found to be more than four months when continuous light regime started in August.  

The further delay of gonad development in indoor tanks compared with the results 

from the studies in the sea cages could be the result of relative importance of natural and 

artificial light. In the studies carried out by Hansen et al. (2001), and Davie et al. (2003), the 

indoor tanks received only small, or no amount of ambient light, whereas the artificial light 

treatment in the sea cages (Taranger et al., 2006; Karlsen et al., 2006) had to compete with 

strong ambient light. These results indicate that the continuous light in the sea cages was 

superimposed on the stronger ambient light, resulting in less effective light treatment in the 

sea cages (Taranger et al., 2006). 

5.2 Temperature and maturation 

Various results have been found on the effect of temperature on gonad maturation in 

cod. Low temperatures have been found to reduce the proportions of mature males in captivity 

compared to higher temperature treatments (Yoneda and Wright, 2005a). In contrast, the 

experiment carried out by Björnsson et al. (2007) showed that 12% of males had ripening 

gonads (gonadosomatic index>5%) at 4°C, but no mature fish were found at 8, 12 and 16°C, 

and in another research, it was found that gonad development in male cod was independent of 

acclimation temperature (Cyr et al. 1998).  

Manipulations of thermal environment have shown that low temperature prior to the 

first spawning season may delay or interrupt spawning by arresting the onset of vitellogenesis 

in female cod (Kjesbu, 1994; Yoneda and Wright, 2005b). However, Björnsson et al. (2007) 

reported higher fecundity in female cod reared at 4°C compared to 8, 12 and 16°C.  
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6. Background and aims of the thesis 

Considering the large investments needed for the on-growing phase of cod it is 

important for farmers to be able to predict the potential growth of cod in different 

geographical locations and estimate the time it takes for the fish to reach marked size. To 

make such predictions a growth model was developed for cod a few years ago (Björnsson and 

Steinarsson, 2002). The model was made from data from massive growth experiments carried 

out in the Mariculture Laboratory of the Marine Research Institute at Grindavík in Southwest 

Iceland in 1993-1997. In the experiments, both wild fish and fish hatched in the laboratory 

were reared in tanks at different temperatures. The model seemed accurate at the time, but 

lately, it has become apparent that it tends to underestimate growth rates of cod in commercial 

farms, and is unable to accurately predict how optimal temperature for growth varies with 

weight of cod. The present study was initiated to design a new growth model capable of 

predicting growth of various size-classes of cod at different temperatures. A broader range of 

temperatures were examined in the present study (0-20°C instead of 4-16°C), and up-to-date 

methods were used to propagate the fish including, vaccination, continuous photoperiod and 

high quality feeds.   

The effect of temperature on condition factors of cod has received little attention in the 

literature, and to the best of my knowledge, there is no information currently available on the 

effects of temperature on body condition of immature cod fed to satiation. Thus, another 

investigation on the same data set was initiated to examine the effect of temperature on body 

condition, and to examine weight-length relationships in relation to body weight.  
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Abstract 

The effect of thermal environment on condition factor was examined for 6 different size-

classes of Atlantic cod Gadus morhua fed to satiation. A mass-length relationship for 8-1303 

g fish reared at 4-20°C showed that fish in the experiments exhibited a positive allometric 

growth (a=0.0045, b=3.257). Changes in both Fulton´s condition factor (K) and relative 

condition factor (Krel) with temperature could be described with a second order polynomial. 

The most pronounced effect of temperature on body condition was found in the smallest size-

classes, but the curves flattened with increased size. Krel increased with mass at 4°C, but 

decreased with mass at 16 and 20°C. At 8 and 12°C, Krel remained relatively high for most 

size-classes. 

Keywords: Atlantic cod; Body mass; Allometric growth; Condition factor; Growth 

experiments; Temperature  
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Introduction 

The Atlantic cod Gadus morhua L. shows seasonal patterns in condition in association with 

food availability, maturation and spawning. Body condition is the central determinant for 

swimming capabilities and thus for the ability to catch prey and escape from predators 

(Kjesbu et al., 1991; Lambert & Dutil, 1997; Dutil et al., 2003; Martínes et al., 2003). 

Fulton’s condition factor (K) is used to describe a two-dimensional mass-length relationship 

by converting it into a single statistic that gives an indication of the energy reserves of a fish. 

Such linear functions are used to predict growth curves, as well as for fishery management 

purposes. The disadvantage of the condition factor is the assumption of an isometric growth in 

fish. If this assumption is violated, problems of correlation between condition factor and 

length can arise (Lambert & Dutil, 1997; Mommesen, 1998). The functional regression value 

b = 3.0, from a mass-length relationship of the type W = aLb describes isometric growth where 

body form does not change (Froese, 2006).  

 Allometric growth indicates that the mass of a fish does not change in proportion with the 

length. If the b-value from a mass-length relationship is larger than 3 the large specimens 

have increased in height or width more than in length. Conversely, if the b-value is smaller 

than 3 the large specimens become more elongated (Froese, 2006). The relative condition 

factor (Krel) introduced by Le Cren (1951) compensates for changes in form or condition with 

length, and can be used to indicate whether an individual is in better (Krel>1) or worse (Krel<1)

condition than an average individual with the same length. The distinction between growth in 

length and growth in mass may be subtle, but in physiological terms, they involve different 

processes. Important part of growth in mass may be due to the accumulation and restoration 

of energy reserves, while growth in length refers to the synthesis of structural molecules 

(Couture et al., 1998).  
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Several studies have been made on the effect of temperature on specific growth rate of cod at 

various sizes (e.g. Brander, 1995; Björnsson et al., 2001; Björnsson & Steinarsson, 2002; 

Björnsson et al., 2007) but to the best of our knowledge, no information is currently available 

on the effect of temperature on condition factor of immature cod fed to satiation. In a previous 

paper (Björnsson et al., 2007), we focused on the effects of temperature and body mass on 

growth. The present study presents a further inspection of the same data-set to examine mass-

length relationships for 6 size-classes reared at 4-6 temperatures.  

 

Materials and methods 

 The fish in the present study were used in growth experiments carried out by Björnsson et al.

(2007). Hence, the feed, tanks, temperature etc. are the same in both studies. A mass-length 

relationship was obtained from 6 size-classes (Experiments A-F) with final mean masses 8, 

16, 70, 192, 409 and 1303 g, and the duration of the experiments was 27, 39, 54, 69, 61 and 

154 days, respectively. The fish were reared in groups of 100 fish per tank except 75-88 for 

the largest size class. The two smallest size-classes were reared at six temperatures (0, 4, 8, 16 

and 20°C), the 70 g fish at five temperatures (4, 8, 12, 16 and 20°C) and the three largest size-

classes at four temperatures (4, 8, 12 and 16°C), two tanks per temperature (Appendix A). All 

the experimental fish were hand-fed to satiation 3-5 times during the working hours (8:00-

16:00) and in experiments A-B, beltfeeders with equal amount of food as fed in the day were 

used additionally during the rest of the 24 h period.  

 The feed in experiments B-F contained 53, 15 and 11.5% of protein, fat and carbohydrates 

respectively, whereas the respective ratios of macronutrients in experiment A were 62, 13 and 

7%. The experimental fish were obtained from a large group of fish, reared on site at 

intermediate temperatures (8-10°C) and ample feeding. The total mass (W) (g) of all fish was 

obtained at the start and termination of each experiment. Before the experiments were started, 
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total length (LT) (cm) of 20-35 fish was measured, except in experiment A where initial length 

was not obtained. At the end of the experiments, 20 fish from experiment A and B, and 10 

fish from experiments C-E were sampled for length measurements in each tank. In experiment 

F, length, gutted mass, liver mass and mass of gonads were measured for all the fish in that 

experiment.  

 The formula W = aLb was used to establish the overall relationship between the mass and the 

length for fish in experiments A-F (Fig. 1), and also to establish overall mass-length 

relationships for each temperature. Fish in experiment B (4.1°C, W = 9.2 g) were omitted 

from the mass-length relationships due to low feed intake, and fish in experiment C (19.7°C, 

W = 41 g) because of high mortality. The fish in experiment A and B reared at 0°C lost mass 

during the experiments, and where therefore omitted from the data. Fulton’s condition factor 

(K) was calculated according to the formula K = W × LT
-3 × 100, and relative condition factor 

(Krel = W/aLT
b) was obtained from the overall mass-length relationship in Figure 1. Both 

condition factors (K and Krel) were used to describe changes in body condition with 

temperature with a second order polynomial for fish in experiments A-F. For experiment F, it 

was possible to exclude the effects of temperature on gut content and mass of gonads by 

calculating a new condition factor (KGL) based on gutted mass plus liver mass (GL): KGL = GL 

× LT
-3 × 100. A one-way analysis of variance (ANOVA) was applied to the data in all 

experiments to evaluate the effect of temperature on condition factors (Table I). Relative 

condition factor was used to describe changes in body conditions with mass on a log scale for 

fish reared at five different temperatures (4-20°C), and statistical analysis were performed to 

evaluate the correlation between Krel and logW, where F-values indicate statistical 

significance (Table II). A simple linear regression was applied to the data for fish reared at 4, 

16 and 20°C, but changes in Krel with log mass was described with a second order polynomial 
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for fish reared at 8 and 12°C. For further details of the experimental conditions, refer to 

Björnsson et al., 2007.

Results 

 Initial Fulton’s K was significantly lower (t-test, p<0.05) than final K at all temperatures in 

experiments B, C and D, except at 0 and 4°C in experiment B and 20°C in experiment D. No 

significant difference was found between initial and final K at any temperature in experiments 

E and F (t-test, p>0.05). The b-value of the overall mass-length relationship for fish in 

experiments A-F was significantly higher than 3.0 (t-test, p<0.001) (Fig. 1). Thus, the 

experimental fish, exhibited a positive allometric growth in the pooled sample. Furthermore, 

separate mass-length relationships for 8-192 g fish and 409-1303 g fish, reared at 4-16°C 

show that both groups exhibit positive allometric growth, with b = 3.365 and 3.177, 

respectively. The b-values for both size ranges were significantly higher than 3.0 (t-test, 

p<0.001).  

 There was a significant difference in K between temperatures in experiment A-B, whereas 

no difference was found between temperatures in experiments C-E (Table I). In experiment F, 

12% of the males and 2% of the females had ripening gonads (gonadosomatic index>5%) at 

4°C, but no mature fish were found at other temperatures. Further, the fish at 4°C had slightly 

more gut contents than fish at other temperatures. K was therefore, highest at 4°C, but there 

was no significant difference between temperatures for condition based on gutted mass plus 

liver mass (KGL) [Fig. 3(F)], Table I). The changes in Krel with temperature were similar to K

for 70-1303 g fish, i.e. the curves were relatively flat and significant differences in body 

condition between temperatures were not found in experiments C-E (Table I). However, the 

effect of temperature on the ratio between growth in length and growth in mass of 8 and 16 g 

fish became more evident when body condition was described by Krel (Fig. 3).  



7

On a log scale, Krel increased linearly with mass at 4°C, and was highest for fish of 

intermediate mass (70-160 g) at 8°C. Most size classes showed high condition factors at 12°C, 

but Krel decreased linearly with log mass at 16 and 20°C. A statistically significant correlation 

was found between log mass and Krel at all temperatures except at 12°C (Table II). Separate 

mass-length relationships for fish reared at 4, 8, 12, and 16°C showed that the b-values 

decreased linearly with increasing temperature (T) from 4-16°C in accordance with the 

following equation: b = 3.365 – 0.0104 × T (Fig. 5, Table II). The mass-length relationship for 

fish in experiments A and B reared at 20°C showed negative allometric growth (b = 2.763).  

 

Discussion 

 Most fish species change their shape as they grow and b-values may be different for larval, 

immature and mature fish. In most cases, growth in length appears to dominate in early life 

stages while growth in mass becomes relatively more important as fish reach adulthood. 

Allometric growth is therefore, commonly observed when juveniles are included in mass-

length relationships (Le Cren, 1951; Ricker, 1979; Froese, 2006). Daan (1974) presented 

mass-length data for Atlantic cod in the North Sea, including specimens from 5-133 cm. The 

inflection point in the relationship between K and length was found to be at 22 cm, i.e. growth 

of fish longer than 22 cm was isometric. In the present study however, we observed allometric 

growth for fish ranging between 10 and 48 cm. The allometric growth was prominent for 10-

26 cm fish (8-192 g) in experiments A-D (a = 0.0033, b = 3.365), but was also observed 

between 34 and 48 cm fish (409-1303 g) in experiments E and F (a = 0.0060, b = 3.177). 

Thus, the relationship between K and temperature in the present study appears to be biased by 

fish size, particularly in experiments A-D, where allometric growth was strongest and 

differences in length between temperatures were large. As Krel compensates for variation in 
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condition with length it may be more suitable than K for comparing body condition between 

temperatures.  

 Rätz & Lloret (2003) analysed the average habitat temperature effect on Fulton’s K of 30-90 

cm cod in various stocks in the north Atlantic. The comparison between the cod stocks 

showed a positive relationship between average annual bottom temperature and condition 

factor. In the present study, however, condition factors (K and Krel) were not significantly 

different between temperatures for 70, 192 and 409 g fish, and no significant difference in 

KGL between temperatures for 1303 g fish (Table 1). Our results therefore, indicate that 

temperatures from 4-16°C have negligible effect on condition factor of 70-1303 g fish (20-48 

cm), when reared in a controlled environment and fed to satiation.  

 Condition factors at 20°C were obtained from three size-classes (Experiments A-C). 

Mortalities for the largest size-class in experiment C ranged between 58-65%, but between 4-

5% and 24-26% for the fish in experiment A and B, respectively. High mortalities may thus 

have affected the condition factors of fish reared at 20°C in experiments B and C. Although 

the growth rate in experiment A at 20°C was considerably lower than for fish reared at 8-

16°C, the fish at 20°C exhibited the highest Krel in the experiment. In fact, Fulton’s K was also 

highest at 20°C, even though the fish were much shorter than e.g. fish reared at 12 and 16°C. 

Furthermore, fish in experiments A and B reared at 16°C showed higher body condition than 

fish at 12°C, despite lower growth rate at 16°C (Björnsson et al., 2007). These results suggest 

that the ratio between growth in length and growth in mass in juvenile cod is influenced by 

thermal environment, and juveniles may enter a new growth stanza characterized by growth in 

mass rather than length at high temperatures (16-20°C). 

 Digestion rate in cod reared at low temperatures is considerably lower than at intermediate 

and high temperatures (Tyler, 1970; Knutsen & Salvanes, 1999). In experiment F, the fish at 

4°C had relatively heavier gut than fish at intermediate and high temperatures. Starvation 
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times in experiments C-E were similar as in experiment F (16-21 hours), but starvation times 

in experiment A and B were only a few hours. The fish reared at 4°C in experiments C-E may 

have had relatively heavier gut than fish at higher temperatures, and thus, body condition of 

fish reared at 4°C may have been slightly overestimated.  

 Conversely, the body condition of fish reared at extreme temperatures (0, 4 and 20°C) in 

experiments A and B may have been underestimated because the experiments were short (27 

and 39 days) and the adjustment time not long enough (1 day). Thus, at extreme temperatures 

the fish may stop feeding for several days and will lose mass until normal feeding has 

resumed. Body conditions of some of these fish may not have fully recovered by the end of 

these relatively short experiments. However, it is unlikely that those shortcomings in the 

experiments had much effect on the relationship between body condition and temperature 

ranging between 4 to 16°C.  

 The present study shows that temperature has size dependent effects on body condition, 

where Krel increases with log mass at 4°C, but decreases with mass on a log scale at 16 and 

20°C (Fig. 4, Table II). Most size-classes exhibited high condition factors at intermediate 

temperatures (8 and 12°C). Similar results have been found for growth rate, where most size-

classes grow well at intermediate temperatures (8-12°C) but growth at 4 and 16°C is highly 

size dependent (Björnsson et al., 2007). Separate mass-length relationships for fish reared at 

4, 8, 12 and 16°C show that the b-values decrease linearly with increasing temperature (Fig. 

5, Table III). The decrease in b-value with temperature corresponds to the results in Figure 4, 

i.e. small fish thrive well at high temperatures, whereas larger fish prefer low and intermediate 

temperatures. A combined mass-length relationship for fish in experiment A and B reared at 

20°C showed negative allometric growth (b = 2.763), due to rapidly decreasing condition 

factors with increasing length as a result of increased difficulty in coping with high 

temperatures as the fish grow larger.  
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 In conclusion, this study determined the mass-length relationship for six different size-

classes of Atlantic cod reared at different temperatures and fed to satiation. The most 

pronounced effect of temperature on condition factor was found in the smallest size-classes 

(8-16 g), and the curves showed that growth of juveniles reared at high temperatures (16-

20°C) was characterized by growth in mass rather than growth in length. Condition factors of 

larger fish (70-1303 g) were not significantly affected by variation in temperature from 4-

16°C.  

 

Mr. Njáll Jónsson, Mr. Kristján Sigurdsson and Mr. Matthías Oddgeirsson, Marine Research 

Institute, Grindavík helped with the sampling and took good care of the fish in the 

experiments. Ms. Rannveig Björnsdóttir and Mr. Jón Árnason, Matís, made some useful 

comments. 
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Table I. One-way analysis of variance (ANOVA) for condition factors (K, Krel and KGL) of

fish reared at different temperatures in experiments A-F. 

 ANOVA 

Experiment 
Range in 

temperature 
(°C) 

Condition 
factor 

Number of 
fish d.f. F-values p-values 

A 4-20 K 200 9 20.2 0.0000 
- - Krel - - 17.4 0.0000 
B 8-20 K 158 7 5.3 0.0000 
- - Krel - - 3.4 0.0019 
C 4-16 K 80 7 1.3 0.2717 
- - Krel - - 0.9 0.5105 
D 4-16 K 80 7 1.1 0.4042 
- - Krel - - 0.7 0.6429 
E 4-16 K 80 7 0.6 0.7888 
- - Krel - - 0.6 0.7894 
F 4-16 K 455 7 2.2 0.0338 
- - Krel - - 163.3 0.0000 
- - KGL - - 1.0 0.3747 

d.f., degrees of freedom 

Table II. The relationship between relative condition factor (Krel) and mass on a log scale for 

fish reared at five different temperatures (see Fig. 4). 

Regression coefficients Regression statistics 
Temperature 
(°C) a b c r2 n F-values P-values 

4 0.884 0.0215 N/A 0.79 10 29.5 0.0006 
8 0.791 0.0873 -0.00803 0.52 12 4.8 0.0382 

12 0.856 0.0719 -0.00747 0.22 12 1.3 0.3319 
16 1.078 -0.0152 N/A 0.61 12 15.8 0.0026 
20 1.688 -0.3019 N/A 0.97 4 62.1 0.0157 

Table III. b-values (standard error in parentheses) from mass-length relationships of fish 

reared at 4, 8, 12 and 16°C (see Fig. 5). Range in LT is the range between the shortest and the 

longest fish. 

Temperature 
(°C) b r2 n Range in LT

(cm)  
4 3.327 (0.011) 0.9974 246 7.2-53.5 
8 3.282 (0.012) 0.9964 269 8.2-57.5 

12 3.231 (0.013) 0.9966 232 10.0-55.5 
16 3.206 (0.013) 0.9965 228 9.5-53.5 



14 

Figure legends 

Fig. 1. Double-logarithmic plot of the mass-length data for fish reared at 4-20°C in 

experiments A-F. Overall regression line is W = 0.0045L3.257, with n = 1053, r2 = 0.997, 95% 

CL of a = 0.00430-0.00463, 95% CL of b = 3.246-3.268.  

 

Fig. 2. Relationship between Fulton’s condition factor and temperature in experiments A (8 

g), B (16 g), C (70 g), D (192 g), E (409 g) and F (1303 g). Individual data points were fitted 

with a second order polynomial.  

 

Fig. 3. Relationship between relative condition factor and temperature in experiments A (8 g), 

B (16 g), C (70 g), D (192 g), E (409 g) and F (1303 g) and KGL and temperature in 

experiment F. The data were fitted with a second order polynomial. Each data point represents 

the average condition factor for each sample (tank). Krel (♦), KGL (■). 

 

Fig. 4. Relative condition factor as a function of body mass on a log scale for five different 

temperatures. 

 

Fig. 5. Linear regression between temperature (T) and b-values. The regression line is b =

3.365 – 0.0104 × T, with n = 4, r2 = 0.984, p-value for parameter T = 0.0082. 
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Appendix A. 

Mean temperature (T), initial and final condition factor (K1, K2), final mean mass (W2), final 

sample size (n), mortality (mt). Initial and final dates in the experiments: A 20.07-16.08.05, B. 

18.08-26.09.05, C. 19.10-12.12.05, D.12.01-22.03.06, E. 3.05-3.07.06, F. 20.10.05-23.03.06.  

Exp. T(°C) K1 W2 K2 n mt 
(%) T(°C) K1 W2 K2 n mt 

(%) 
A 0.0 N/A 3.58 0.69 20 1 0.1 N/A 3.39 0.68 20 2
A 4.1 N/A 4.91 0.71 20 0 4.2 N/A 5.00 0.71 20 0
A 7.9 N/A 8.38 0.79 20 1 7.9 N/A 8.20 0.79 20 0
A 11.9 N/A 12.17 0.85 20 1 11.9 N/A 12.35 0.85 20 1
A 16.0 N/A 11.99 0.88 20 3 16.0 N/A 11.69 0.88 20 0
A 19.3 N/A 6.66 0.88 20 4 19.4 N/A 6.61 0.89 20 5
B 0.1 0.73 8.66 0.68 20 10 0.2 0.73 8.63 0.68 20 2
B 4.0 0.73 9.50 0.66 20 4 4.2 0.73 9.58 0.65 20 0
B 7.9 0.73 19.1 0.80 20 0 7.9 0.73 18.0 0.79 20 4
B 12.0 0.73 23.2 0.87 20 4 12.0 0.73 21.3 0.86 20 6
B 16.0 0.73 22.8 0.90 20 4 16.0 0.73 22.4 0.88 20 6
B 19.7 0.73 12.2 0.81 20 26 19.7 0.73 11.5 0.78 18 24
C 4.1 0.82 56.3 0.94 10 0 4.1 0.82 57.3 0.94 10 0
C 8.1 0.82 83.6 1.03 10 0 8.0 0.82 83.9 1.02 10 0
C 12.2 0.82 88.0 1.01 10 8 12.2 0.82 90.5 0.96 10 7
C 15.9 0.82 80.5 0.96 10 20 15.9 0.82 82.0 0.98 10 10
C 19.7 0.82 38.1 0.82 20 65 19.6 0.82 39.1 0.83 19 58
D 4.2 0.89 163.1 1.01 10 0 4.3 0.89 169.9 1.05 10 0
D 8.0 0.89 204.7 1.07 10 2 8.0 0.89 196.3 1.08 10 1
D 12.0 0.89 214.9 1.09 10 4 11.9 0.89 213.9 1.14 10 2
D 15.8 0.89 188.4 1.03 10 8 15.8 0.89 181.9 1.06 10 8
E 3.9 1.16 392.8 1.15 10 0 4.0 1.16 381.6 1.08 10 0
E 8.0 1.16 447.0 1.12 10 3 8.0 1.16 445.8 1.17 10 3
E 12.0 1.16 453.3 1.15 10 7 12.1 1.16 454.9 1.11 10 0
E 16.4 1.16 347.6 1.11 10 23 16.3 1.16 350.3 1.08 10 31
F 4.2 1.21 1245.0 1.24 72 4 4.2 1.21 1258.2 1.23 74 3
F 8.0 1.21 1436.9 1.22 61 19 7.9 1.21 1408.5 1.21 68 9
F 12.1 1.21 1349.1 1.16 48 36 12.0 1.21 1397.6 1.20 44 42
F 16.1 1.21 1178.3 1.18 58 34 15.9 1.21 1146.2 1.15 30 52
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Abstract

Results from several laboratory experiments showed that at each temperature there was a linear relationship between the
logarithms of specific growth rate (G%/day) and body weight (W g) of Atlantic cod fed to satiation: lnG=α+βlnW. Both α and β
were found to be a function of temperature (T °C): α=a+bT+cT2; β=d+eT; a=−0.7620, b=0.3982, c=−0.0128, d=−0.1500,
e=−0.0239. The e-parameter was altered by 10% from the laboratory value (to e=−0.0215) to tune the model in accordance with
growth rate of large cod reared in sea cages in Norway. The model predicts that the optimal temperature for growth (Topt.G) declines
with body weight: Topt.G= 15.57–0.8426lnW, i.e. 15.0, 13.0, 11.1 and 9.2 °C for 2, 20, 200 and 2000 g fish, respectively. The
predicted growth rates at optimal temperature (Gmax) were 7.41, 2.62, 1.02 and 0.44%/day for 2, 20, 200 and 2000 g fish,
respectively. Model calculations show that 30 g cod juveniles stocked in sea cages on 15 May have reached 1.6 and 2.1 kg by the
end of the second year and 4.6 and 6.3 kg by the end of the third year, in Northwest Iceland and West Norway, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, interest in farming of cod (Gadus
morhua) has been growing, especially in Norway,
Iceland, Scotland, Faroe Islands and Canada. Juveniles
are being produced year-round in hatcheries, selective
breeding is underway and vaccines are being developed
(Björnsson, in press). There is a large demand for
farmed cod to fill the gap between increasing demand
and diminishing supply from the cod fishery. It has been
predicted that the production of farmed cod will reach a

similar level as that of Atlantic salmon (Salmo salar)
within the next 15–20 years (Rosenlund and Skretting,
2006).

The price of cod is only moderate and therefore it is
crucial to minimize the production costs in cod farming.
Temperature is one of the most important environmental
parameters determining the growth potential of cod
(Jobling, 1988; Brander, 1994; Björnsson et al., 2001)
and the optimal temperature for growth has been found
to decrease with increasing weight of cod (Björnsson
et al., 2001). Up to a certain size the juveniles must be
reared in land-based farms where optimal temperatures
can be maintained but for the rest of the life-cycle cod
have to be reared in sea pens at ambient temperature.
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Considering the large investments needed for the on-
growing phase it is important to be able to predict the
growth potential of cod in different geographical lo-
cations. The temperature profile on each location may in
the long run determine to a large extent the compet-
itiveness of the cod farm. It is therefore important to
have a reliable model to predict the potential growth of
cod reared at different geographic locations.

A few years ago, two of the authors developed a
growth model for cod (Björnsson and Steinarsson, 2002).
The model appeared to be accurate at the time but lately it
has become apparent that it tends to underestimate actual
growth rates of cod in commercial farms. One obvious
shortcoming of that model is that it can not accurately
predict how optimal temperature for growth (Topt.G) varies
with weight of cod, particularly for juvenile fish. This
called for a complete revision of the model. The old data
set was revisited and expanded with a series of new
experiments to strengthen the foundation of the model.

2. Materials and methods

2.1. Experiments

The methodology applied in the old data set has been
described in earlier publications (Björnsson et al., 2001;
Björnsson and Steinarsson, 2002) and thus only the new
data set will be dealt with here. The experiments were
carried out at the Mariculture Laboratory of the Marine
Research Institute at Grindavík in Southwest Iceland.
The seawater supply of the laboratory, obtained from a
50-m-deep well, has a constant temperature (7 °C) and
salinity (32‰).

Cod in the largest size-class (Experiment G) were
hatched in April 2004 whereas cod from all other size-
classes were hatched in April 2005 from eggs collected
from fish caught off the southwest coast of Iceland,
fertilized onboard and brought to the laboratory. The
larvae were fed on rotifers and Artemia until weaned on
dry feed. During the larval period the temperature was
gradually increased from 8 to 12 °C. The initial mean
weights of the experimental fish were 1, 4, 9, 37, 96, 301

and 769 g. The cod were reared in groups of 100 fish per
tank, except 75–88 for the largest fish. The three smallest
size-classes were reared at six temperatures (0, 4, 8, 12,

Table 1
The proximate composition of the dry feed according to the manufacturer's specifications (Danafeed Ltd. and Fódurblandan Ltd.)

Experiment Feed type Protein Fat Carbohydrates Fibre Ash Water

A Dan-Ex 0.5/1.0 mm 62 13 7.0 0.8 11.6 N/A
B Dan-Ex 1.3 mm 62 13 7.0 0.8 11.6 N/A
C FB 15/53 2 mm 53 15 11.5 1.0 12.0 9.0
D FB 15/53 3 mm 53 15 11.5 1.0 12.0 9.0
E FB 15/53 4 mm 53 15 11.5 1.0 12.0 9.0
F FB 15/53 8 mm 53 15 11.5 1.0 12.0 9.0
G FB 18/50 12 mm 53 15 11.5 1.0 12.0 9.0

Fig. 1. Relationship between specific growth rate (G) and temperature
for seven size-classes of cod W=2, 7 and 14 g (A); W=57, 143, 373
and 1050 g (B). Data fitted with a third order polynomial (see Table 2).
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16 and 20 °C), the 37 g fish at five temperatures (4, 8, 12,
16 and 20 °C) and the three largest size-classes at four
temperatures (4, 8, 12 and 16 °C), using two tanks at each
temperature (Appendix A). Temperature which was
measured daily had a mean standard deviation of 0.4 °C.

The experimental fish were obtained from a large
group of fish which was maintained in the laboratory at
intermediate temperatures (8–10 °C) and excess feed-
ing. The day before the initial weighing, the fish were
randomly selected, moved to the experimental tanks and
gradually adapted over one day to the selected
temperatures (the 1 g fish were adapted over two
days). The duration of the experiments varied from 17 to
154 days depending on the size of fish (Appendix A) to
keep the relative weight increase of similar magnitude in
all the experiments. The fish were weighed individually
without anaesthesia at the start and termination of each
experiment. A bucket with seawater was placed on an
electronic balance and one by one the fish were dropped
into the bucket from a nylon strainer after wiping it with
a moist cloth to remove excess water.

The three smallest size-classes were reared in grey
rectangular tanks (90×90×30 cm), the two intermediate
size-classes in green rectangular tanks (2.0×2.0×0.8 m)
and the two largest size-classes in grey circular tanks
(2.9 m diameter×0.9 m). Heat exchangers were used to
warm or chill the seawater in a flow-through system and
the incoming water was degassed and aerated before
entering the tanks. The water flow (N0.5 l/min/kg) was
adjusted to keep ammonia concentration well below a
critical level (Björnsson and Ólafsdóttir, 2006) and pure
oxygen added to each tank to maintain oxygen
saturation close to 100%.

All the tanks were illuminated 24 h a day with
incandescent lamps (50–200 lx at the surface) in an
attempt to remove seasonal effects and prevent the
largest fish from becoming sexually mature. At the end
of the experiment with the largest fish (Experiment G)
all the fish were sacrificed to measure the weight of the
gonads. No sexual maturation was detected at any
temperature, except 4 °C where 12% of the males and

2% of the females had ripening gonads (gonadosomatic
indexN5%). All the experimental fish were hand-fed 3–
5 times each day during the working hours (8:00–16:00)

Table 2
The relationship between specific growth rate (G) and temperature in °C (T) estimated by a third order polynomial (G=a+bT+cT2+dT3) for different
geometric mean weights of cod in g (W) in experiments A–G (see Fig. 1)

Experiment W a b c d r2 n Topt.G Gmax

A 1.98 −0.4970 0.1656 0.08588 −0.004266 0.995 12 14.3 6.96
B 6.74 −0.2425 0.1519 0.05520 −0.002931 0.999 12 13.8 4.66
C 13.7 −0.1596 0.1498 0.02442 −0.001515 0.976 10 13.2 2.59
D 56.9 0.0034 0.1702 0.00769 −0.000813 0.992 10 12.1 1.75
E 143.4 0.4316 0.0788 0.00281 −0.000356 0.995 8 11.6 1.17
F 373 0.2631 0.0230 0.00631 −0.000465 0.989 8 10.6 0.66
G 1050 0.0698 0.0819 −0.00605 0.000110 0.962 8 9.0 0.40

Fig. 2. Linear regression between lnG and lnW at 4.1 °C (A), 8.0 °C
(B), 12.0 °C (C), 16.0 °C (D) and 19.7 °C (E).
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with commercial dry feed from Danafeed Ltd. and
Fódurblandan Ltd. In experiments A–C automatic belt-
feeders were used additionally during the rest of the
24 h period to ensure that the fish were fed to satiation.
The feeders were stocked with equal amounts of feed as
had been given earlier that day. It was not possible to
measure with sufficient accuracy the amount of left-
overs in the experiments and therefore the actual food
intake or feed conversion ratios are not presented here.
The protein/fat ratio in the diet was highest for the
smallest fish (62/13) and lowest for the largest fish
(50/18) (Table 1).

One Icelandic and five Norwegian growth studies
with large cod reared at ambient temperatures were used
as a comparison with the model calculations as well as to
finetune the model. The Norwegian studies (Fig. 4A–E)
were carried out in sea cages which were illuminated
24 h a day and stocked with juveniles produced in
hatcheries or sea lagoons. In the Icelandic study (Fig. 4F),
immature wild cod captured near the southwest coast in
late summer 1993 were tagged and reared at 7 °C and
natural photoperiod in two 8 m circular tanks from 9
February 1994 to 8 February 1995 and fed to satiation on
frozen capelin (Mallotus villosus) and shrimp (Pandalus
borealis). Sea temperature profiles for Northwest Iceland
were copied from the web site of the Marine Research
Institute, Iceland (www.hafro.is/sjora/) and the profiles
for West Norway were kindly provided by the Institute of
Marine Research, Austevoll, Norway.

2.2. Data analysis

All the growth rate estimates in our study refer to
food-unlimited growth rate, i.e. the experimental fish
were in all cases fed to satiation. Specific growth rate
(G) was calculated according to the formula G=100
(lnW2− lnW1) / (t2− t1), whereW1 andW2 are the weights
of the fish measured at times t1 and t2. Geometric mean
weight (W) was calculated as: W=(W1⁎W2)

1/2. A linear

relationship was found between natural logarithm of G
and natural logarithm of W: lnG= α+βln(W). The
intercept (α) and slope (β) were found to change with
temperature (T): α=a+bT+cT2 and β=d+eT. The
regression analysis was carried out in S-plus 7
(Insightful Corporation, Seattle, USA), estimating the
parameters by the method of least squares with 95%
confidence limits.

Table 3
Parameters (standard error in parentheses) from the lnG vs. lnW linear regressions in Fig. 2 and from Björnsson and Steinarsson, 2002

T (°C) α β r2 n W range (g) Data

4.1 0.4306 (0.1008) −0.2043 (0.0224) 0.893 12 1.1–996 Fig. 2
8.0 1.6503 (0.0704) −0.3534 (0.0161) 0.976 14 1.6–1057 Fig. 2

12.0 2.2296 (0.0678) −0.4479 (0.0154) 0.986 14 1.9–1041 Fig. 2
16.0 2.3304 (0.0661) −0.5092 (0.0164) 0.990 12 2.0–944 Fig. 2
2.1 0.0260 (0.0477) −0.1884 (0.0137) 0.979 6 1.2–250 B&S
4.1 0.8347 (0.1534) −0.2772 (0.0282) 0.906 12 11.5–2224 B&S
7.3 1.5028 (0.0746) −0.3508 (0.0152) 0.953 28 2.2–6628 B&S

10.0 1.8482 (0.0573) −0.3810 (0.0135) 0.974 23 2.8–2177 B&S
13.0 2.2255 (0.0767) −0.4680 (0.0201) 0.968 20 3.9–2065 B&S

Fig. 3. Intercept (α) and slope (β) as a function of temperature (T) with
95% confidence interval. Diamonds are data from Fig. 2 and squares
are data from Björnsson and Steinarsson, 2002 (see Table 3). α=a+bT+
cT2, r2=0.985; β=d+eT, r2=0.971.
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In the new data set, α and β could be estimated ac-
curately for four temperatures (Table 3). Data for 20 °C
were omitted due to limited weight range and in-

sufficient adaptation time. Two abnormally low mea-
surements in experiment C (4.1 °C, W=9.2 g) and two
in experiment F (16.4 °C, W=319 g) were omitted.
In the old data set (Appendix A in Björnsson and
Steinarsson, 2002), α and β could be estimated
accurately for five temperatures (Table 3). Data for
16 °C were omitted due to high mortality of the largest
fish. Experiments carried out 6–27 August 1996 for
W=1.5 g and 6 January–12 March 1997 for W=109 g
were omitted from the analysis as they generated much
lower growth rates than fish of similar size in the new
data set. The main reason for poor growth rate in these

Table 4
Standard error, t-values and P-values for the model parameters in Fig. 3

Parameters Mean SE t-values P-values

a −0.7620 0.1767 −4.31 0.0050
b 0.3982 0.0458 8.70 0.0001
c −0.0128 0.0025 −5.05 0.0023
d −0.1500 0.0185 −8.10 0.0001
e −0.0239 0.0019 −12.35 0.0000

Fig. 4. Modelled weight (▪) compared with measured weight (•) in six growth studies of large cod: Villa Cod Farm, Norway, year-class 2002 (A),
Villa Cod Farm year-class 2003 (www.leppefisk.no/no/torsk/forskning/) (B); Storfjord Torsk, Norway (Sørensen et al., 2005) (C); Tveit Fish Farm,
Norway, Taranger et al. 2006, experiment 1 (D); Taranger et al. 2006, experiment 2 (E); Björn Björnsson, unpublished results for Icelandic cod reared
in large tanks at 7 °C (F). The temperature profile for Austevoll (see Fig. 6A) was used in the model calculation for the five Norwegian studies.

220 B. Björnsson et al. / Aquaculture 271 (2007) 216–226



two experiments may have been insufficient feeding
frequency and short daylength during winter. Experi-
ments carried out 28 July–7 September 1995 for
W=7.5 g at 4.2 °C were also omitted since these two
groups clearly had not adapted to the low temperature as
seen by the increased growth rate during the following
period, 7 September–19 October 1995. Finally, one
typing error in Appendix A (Björnsson and Steinarsson,
2002) was corrected; in the experiment starting 3 May
1993 and performed at 5.1 °C the correct value of W2 is
3191 g (instead of 2421 g).

The following recursion formula was used to
calculate the growth of cod with time: W2= e^(0.01⁎

e^(α+βlnW1)+ lnW1). It was developed from: 100
(lnW2− lnW1) / t2− t1=e^(α+βlnW) and by performing
the calculation for one day at a time t2−t1=1 and
approximatingWwithW1. This assumption was tested by
calculatingW2 in steps of 1/10 of a day instead of once a
day (W2=e^(0.001⁎e^(α+βlnW1)+lnW1)) starting with
the initial weight of 2 g. The resulting body weight at one
and two years of age at optimal temperature differed by
less than 1% suggesting that calculations for whole days
are sufficiently accurate in most cases. It is easy to use
Excel for this task, making columns for days (t), daily
temperatures (T), α, β and W. The initial cell in the W
column is W1 and the second cell is W2 as calculated by
the recursion formula above. This cell can then be copied
down the column.

3. Results

Changes in growth rate with temperature, as mea-
sured in experiments, could be adequately described
with a third degree polynomial for seven different size-
classes of cod (Fig. 1, Table 2). The growth rate of each
size-class reaches maximum (Gmax) at the optimal tem-
perature (Topt.G). Topt.G as estimated by these poly-
nomials decreased from 14.3 °C for 2 g fish to 9.0 °C for
1050 g fish and Gmax decreased from 7.0%/day for 2 g
fish to 0.40%/day for 1050 g fish. The curves are
slightly asymmetrical with a rapid decline in growth rate
above Topt.G. The curves flatten with increased fish size.
However, the growth rates at the highest (20 °C) and
lowest temperatures (0 and 4 °C) may have been under-
estimated due to insufficient adaptation time for those
temperatures.

There was a linear relationship between lnG and lnW
for the five selected temperatures (Fig. 2, Table 3). A
linear relationship was also found for five temperatures
in the old data set. The intercept (α) in the above
relationship was found to change with temperature
according to a second order polynomial and the slope (β)

as a linear function of temperature (Fig. 3) between 2–
16 °C. The results for 20 °C were omitted because the
weight range was limited and because this temperature
is near the lethal limit of cod and special adaptation prior
to the experiment may have been required. All five
parameters of the growth model were highly significant
(Table 4).

The model calculations with the parameters obtained
from Figs. 2–3 showed an excellent fit to available data
for juvenile cod but appeared to underestimate the
growth rates of large cod in sea cages in Norway. In
order to minimize this apparent discrepancy and to
increase the practical value of the model, it was decided
to finetune the model in accordance with the Norwegian
data. Adjustment to these data has a tendency to dec-
rease the slopes (β) shown in Fig. 2, especially at higher
temperatures, without changing the intercept (α) and

Fig. 5. Model calculations of specific growth rate of cod for fish
weights 2, 5, 10, 20, 50 and 100 g (A) and 200, 500, 1000, 2000 and
5000 g (B).
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thus have largest effects on the e-parameter (β=b+eT).
Therefore, the model was tuned to better fit the data for
large cod by slightly adjusting the e-parameter from
−0.0239 to −0.0215. This change, which is within the
95% confidence limit (Fig. 3B), had negligible effects
on the model calculations for juvenile cod (Fig. 5A) but
increased the growth rate of large cod at high tem-
peratures (Fig. 5B) enough to fit reasonably well with
five growth studies of cod in Norway and one in Iceland
(Fig. 4). All the following model calculations were made
with this modification of the e-parameter.

The model results show that with increasing
temperature the growth rate of juvenile cod first goes
through a phase of acceleration and then deceleration
before maximum growth rate is reached at optimal
temperature (Fig. 5). The model results also show that
the growth rates at each temperature decline with in-
creased fish weight. The model outcome (Fig. 5) is thus
in good agreement with the measured results (Fig. 1).
The model also predicts that Topt.G declines with in-
creasing fish weight (W) in accordance with the
following equation: Topt.G=15.57−0.8426lnW. The lar-
gest difference between the present (Fig. 5) and former
model (Fig. 3 in Björnsson and Steinarsson, 2002) is the
shape of the curves and the shift in optimal temperature.

There was a good agreement between the model calcu-
lations (y), using the modified e-parameter (−0.0215), and
measurements (x) of G (y=0.063+1.0691x, r2=0.960,
n=160), Topt.G (y=3.567+0.7139x, r2=0.878, n=12) and
Gmax (y=0.040+1.023x, r2=0.987, n=12). The model
calculations were very similar to the measurements for G
andGmax. The discrepancy seen for Topt.G may be partially
due to insufficient temperature range used to estimate
Topt.G in some of the old experiments (Björnsson et al.,
2001) and insufficient adaptation time for the groups
reared at the highest temperatures in the new experiments
(Fig. 1). Furthermore, it is difficult to estimate Topt.G ac-
curately with data from individual experiments, because
the curves of growth rate vs. temperature are relatively
flat near the peak.

The model can be used to predict growth curves at
different locations where sea temperatures have been
measured. As an example, the sea surface temperature
profiles forWest Norway andNorthwest Iceland (Fig. 6A)
were used as an input into the model to predict the
growth rate of 30 g cod juveniles stocked in sea cages 15
May 2003 (Fig. 6B). Clearly, the low winter tempera-
tures in Iceland and the high summer temperatures in
Norway reduce the growth rate of cod. The model
predicts that by the end of the first, second and third year

Fig. 6. Near sea-surface temperature in Northwest Iceland (Aedey 66°06′N, 22°40′W, 1.5–4.7 m depth, black line) and West Norway (Austevoll
60°05′N, 5°14'E, 5 m depth, grey line) (A). Growth curves in Northwest Iceland (black line) and West Norway (grey line) as predicted by the model
for 30 g juveniles stocked in 15 May 2003 (B).
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the mean weights are 344 vs. 388 g, 1624 vs. 2122 g and
4640 vs. 6320 g in Northwest Iceland andWest Norway,
respectively.

4. Discussion

There was some variation in the level of dietary
protein and fat in the commercial feeds used for the
different fish sizes. However, the ratio of macronutrients
has been found to have relatively minor effects on the
growth rate of cod (Rosenlund et al., 2004; Hamre and
Mangor-Jensen, 2006). In the new data set all the fish
were reared at constant illumination, whereas a natural
photoperiod (at 64 °N) was used in the old data set,
resulting in some growth reduction in experiments
carried out mainly during the winter months.

It seems sufficient to feed 200–800 g cod at 8 °C
once every two days (Rosenlund et al., 2004) and 1–2 g
cod at 10 °C four times per day from 8:00–15:00 h
(Folkvord and Otterå, 1993). In the old data set the daily
feeding time was restricted to eight hours whereas in the
new data set an extra night feeding was added for the
small juveniles. Faster growth rates of small juvenile
cod (1–10 g) in the new experiments compared to the
old experiments suggest the importance of high feeding
frequency for small juvenile cod when reared at high
temperatures.

The new data set also suggested that there was
insufficient adaptation time for the fish reared at extreme
temperatures and therefore in future experiments longer
adaptation times should be adopted. Accordingly, all
measurements suspected to suffer from short day length,
insufficient feeding frequency or inadequate adaptation
time were excluded. The model parameters could only
be estimated for four temperatures in the new data set
and therefore the old data set, after careful screening,
was also used to parameterize the model.

There was no significant difference between the
growth parameters estimated from the two data sets
(Fig. 3). The model parameters were estimated from 160
growth rate measurements, 108 measurements from the
old data set (Björnsson and Steinarsson, 2002) and 52
measurements from the new data set, after critically
excluding 36 abnormally low measurements. In the new
data set, special care was made to ensure optimal growth
conditions by maintaining near 100% oxygen saturation,
continuous light to delay sexual maturation and automatic
night-feeding of juveniles to ensure sufficient food
supply. Fish hatched in the same month in the laboratory
were used in all new experiments, whereas in the old
experiments the juveniles were hatched in the laboratory
but the larger fish captured at sea.

The five parameter growth model presented here is a
significant improvement from the earlier three param-
eter power model (G=αWβ) developed by Björnsson
and Steinarsson (2002). The earlier model could not
predict accurately changes in Topt.G with weight of
juvenile cod. That model was based on a linear
regression of G and W on a log–log scale. The five
parameter model which was developed from the linear
relationship between lnG and lnW (i.e. G=e(α+βlnW)) is
mathematically more flexible and can simulate the data
more closely. The new model predicts more accurately
changes in Topt.G and Gmax with weight of fish and the
bell-shaped form of the G vs. T curves is more in line
with the observed curves.

The model is most reliable for a certain temperature
range (2–16 °C). At very low temperatures where
measured growth was negative, the results could not be
used to estimate α and β. In our laboratory it was only
possible to carry out experiments at 0 °C in small tanks,
suitable for juvenile cod. However, these experiments
were probably too short (17, 27 and 39 days) and the
adjustment time not long enough (1–2 days) to give
reliable estimates of growth rate. In one earlier
experiment, 1.2 g cod were reared at 2.0 °C for
53 days (Björnsson and Steinarsson, 2002) resulting in
G=1.0%/day which is a much higher value than
according to the polynomial regression in Fig. 1A but
similar to the model predictions in Fig. 5A.

Growth experiments at 20 °C were only carried out
for four size-classes of fish (W=1.3, 5.0, 10.4 and
37.3 g). Mortalities for the three smallest size-classes
ranged between 4–26% but 58–65% for the largest size-
class. High mortality may thus have affected these
estimates. A longer adaptation time at these extreme
temperatures might have produced more reliable results.
Fish are more prone to diseases at high temperatures and
to ensure maximum growth under these conditions it
may be beneficial to add antibiotics to the feed (which
was not done in the present study).

The model was developed from experiments with
fish ranging in weight from 2 to 2000 g as the facilities
at the laboratory did not allow to study wider size range.
It is clear that the model does not apply to the larval and
early juvenile phase, since specific growth rate increases
with age of larvae (Steinarsson and Björnsson, 1999),
reaches a maximum at a mean weight of approximately
0.01 g wet weight (Folkvord, 2005) and from that point
on it declines continuously with body weight. The
model works well for juveniles down to about 2 g but it
is unknown if or how far it can be extrapolated to
smaller sizes before the results become unreliable (too
high). Our largest experimental tanks with temperature
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control (2.9 m diameter) were considered too small to
work with larger fish than about 2 kg. In the present
study, mortality of cod larger than 1 kg was quite high at
16 °C and thus it is likely that the growth rates under
these conditions may have been underestimated.

As it is of considerable interest to predict growth
rates for cod up to about 5 kg the model results were
tuned in accordance with growth rate results reported for
cod reared in sea cages in Norway where the fish had
ample space, high water quality and continuous light to
prevent or delay sexual maturation (Karlsen et al., 2006;
Taranger et al., 2006). Weight measurements of large
Icelandic cod reared in large tanks at 7 °C do not suggest
that the growth potential of Icelandic cod is any less than
that of Norwegian cod. It is not advisable to use the
model for larger cod than about 5 kg since it can only
describe the accelerating part of the general growth
curve. In the s-shaped von Bertalanffy growth model the
inflection point is at W=0.296W∞≅6 kg for North sea
cod (Beverton and Holt, 1957). Genetic differences in
growth performance between different cod stocks
cannot be ruled out although the available results do
not suggest much difference in food-unlimited growth
rate between stocks (Svåsand et al., 1996; Purchase and
Brown, 2001; Kolstad et al., 2006).

In two out of five growth studies of large cod (Fig.
4B, C) there was almost a perfect match with the model
results and a reasonably good agreement in four studies
(Fig. 4A, D–F). This modest difference between the
model and the measurements is acceptable considering
the uncertainty in estimating the actual rearing tempera-
tures and the possible effects of other factors, such as
origin of fish, size-grading, sub-sampling bias, quality
of the juveniles, as well as influence of diet and rearing
conditions during the larval phase on growth perfor-
mance. For example, at Villa Cod Farm the faster
growing juveniles of the year-class 2002 (Fig. 4A) were
produced in sea lagoons on natural zooplankton
(Parisvatnet) whereas the slower growing juveniles of
the year-class 2003 (Fig. 4B) were produced intensively
on rotifers and Artemia (Troms Marin Yngel), a factor
which has been found to explain long-term differences
in growth rates (Imsland et al., 2006).

The authors believe that the model can be useful for
other scientists studying growth rate of cod. The model
may, for example, be useful in assessing inherent
differences in growth parameters between different
cod stocks and to monitor the progress of selective
breeding (Kolstad et al., 2006). The model may also be
helpful in assessing the feasibility of cod farming in
areas with different temperature profiles and to predict
the length of time it will take for cod to reach

harvestable size. Finally, the model can be used to
estimate the food requirement in a cod farm, assuming a
given feed conversion factor (Björnsson et al., 2001).

Sea surface temperature profiles largely dictate the
feasible locations for cod farming. In the five countries
where cod farming is being developed the lowest and
the highest monthly mean temperatures range between
about 1 to 10 °C (Aedey, Northwest Iceland), 2 to 9 °C
(Vardø, North Norway), −1 to 13 °C (Station 27,
Newfoundland), 6 to 10 °C (Mykines, Faroe Islands), 5
to 14 °C (Stad, West Norway) and 7 to 14 °C (Milport,
West Scotland)(Jónsson, 2004). The model calculations
were done for two of these areas, Northwest Iceland and
West Norway, where cod farming is under rapid
development. Higher temperatures for cod farming are
not available elsewhere in Iceland since the south coast,
where higher temperatures are found, is too exposed for
sea cages. However, cod farming can probably be
carried out along most of the Norwegian coast from
Stavanger in the southwest (59 °N) all the way to North
Norway (71 °N) where the temperature profiles are more
similar to the ones in Northwest Iceland.

The model predicts that cod will grow faster to market
size inWest Norway than in Northwest Iceland when 30 g
juveniles are stocked in sea cages. Assuming no genetic
differences in growth performance between Norwegian
and Icelandic cod, the model predicts that juvenile cod
will initially grow much faster in West Norway than in
Northwest Iceland due to higher sea temperatures.
However, with increasing fish size and lower optimal
temperature the relative differences in growth rate become
smaller and smaller and during their third summer the
large cod are expected to grow faster in Northwest Iceland
than in West Norway. Mortality of cod increases with
increasing temperature above optimal temperatures
(Björnsson et al., 2001). Therefore, it is likely that the
risk of mortality of large and valuable cod is higher in
West Norway than in Northwest Iceland during the
summer months, especially in unusually warm summers.
Thus, it is likely that the optimal slaughtering size of cod is
larger in Northwest Iceland (perhaps 4–5 kg) than inWest
Norway (perhaps 3–4 kg).

In Iceland it may be feasible to grow cod juveniles
hatched in spring in land-based facilities until the
following spring both due to the low winter tempera-
tures and the availability of inexpensive geothermal
water. By growing the juveniles at optimal temperatures
for a year from hatching they can be stocked in May at
an average weight of 250 g which will able them to grow
to 3434 and 3684 g at the end of the second year in
Northwest Iceland and West Norway, respectively. In
this scenario of stocking sea cages with 250 g juveniles
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the mean weight at the end of the second year is only 7%
lower in Iceland than Norway whereas the difference is
24% when stocked with 30 g juveniles. Although our
model predicts that overall the temperature conditions
for farming cod are somewhat better in Norway than in
Iceland it is premature to conclude about their relative
competitiveness as several other factors than sea
temperature determine the feasibility of cod farming.
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Appendix A

Table A1 Growth data of cod (new data set) in seven
laboratory experiments. Mean temperature (T), initial and
final number of fish (n1, n2), initial and final mean weight
(w1, w2) in each tank. Initial and final dates in the
experiments: A. 1–18 July 2005, B. 20 July–16 August
2005, C. 18 August–26 September 2005, D. 19 October–
12 December 2005, E. 12 January–22 March 2006, F. 3
May–3 July 2006, G. 20 October 2005–23 March 2006.

Experiment T
(°C)

n1 n2 w1 w2 T
(°C)

n1 n2 w1 w2

A 0.4 100 93 0.98 0.93 0.5 100 94 1.08 0.98
A 4.1 101 100 1.02 1.28 4.2 101 101 1.05 1.33
A 8.1 100 98 1.11 2.28 8.1 102 101 1.10 2.20
A 12.0 104 104 1.10 3.29 12.0 100 99 1.14 3.38
A 15.7 101 100 1.12 3.57 15.8 104 102 1.10 3.48
A 20.0 101 89 0.95 1.70 20.0 102 84 1.08 1.67
B 0.0 101 100 3.81 3.58 0.1 100 98 3.59 3.39
B 4.1 101 101 3.72 4.91 4.2 100 100 3.66 5.00
B 7.9 100 99 3.67 8.38 7.9 100 100 3.73 8.20
B 11.9 100 99 3.62 12.17 11.9 100 99 3.80 12.35
B 16.0 100 97 3.75 11.99 16.0 100 100 3.63 11.69
B 19.3 100 96 3.78 6.66 19.4 100 95 3.73 6.61
C 0.1 100 90 8.98 8.66 0.2 100 98 9.30 8.63
C 4.0 100 96 8.97 9.50 4.2 100 100 8.81 9.58
C 7.9 101 101 9.19 19.05 7.9 102 98 9.01 18.05
C 12.0 100 96 8.59 23.22 12.0 100 94 8.29 21.30
C 16.0 100 96 9.19 22.84 16.0 100 94 9.07 22.45
C 19.7 100 74 9.28 12.21 19.7 100 76 9.07 11.54
D 4.1 100 100 37.0 56.3 4.1 100 100 38.2 57.3

(continued)

Experiment T
(°C)

n1 n2 w1 w2 T
(°C)

n1 n2 w1 w2

D 8.1 100 100 37.4 83.6 8.0 100 100 37.0 83.9
D 12.2 100 92 35.4 88.0 12.2 100 93 37.1 90.5
D 15.9 100 80 37.0 80.5 15.9 100 90 37.3 82.0
D 19.7 100 35 36.6 38.1 19.6 120 50 35.7 39.1
E 4.2 100 100 96.0 163.1 4.3 100 100 97.1 169.9
E 8.0 100 98 98.3 204.7 8.0 100 99 94.7 196.3
E 12.0 100 96 96.3 214.9 11.9 100 98 95.4 213.9
E 15.8 100 92 96.1 188.4 15.8 100 92 93.0 181.9
F 3.9 100 100 304.8 392.8 4.0 100 100 292.7 381.6
F 8.0 101 98 303.3 447.0 8.0 100 97 310.9 445.8
F 12.0 100 93 309.5 453.3 12.1 100 100 304.1 454.9
F 16.4 100 77 293.8 347.6 16.3 100 69 290.9 350.3
G 4.2 75 72 754.6 1245.0 4.2 76 74 788.8 1258.2
G 8.0 75 61 777.7 1436.9 7.9 75 68 773.5 1408.5
G 12.1 75 48 774.4 1349.1 12.0 76 44 775.9 1397.6
G 16.1 88 58 756.0 1178.3 15.9 62 30 747.1 1146.2
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