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Optimal temperature for growth and feed conversion of immature
cod (Gadus morhua L.)

Björn Björnsson, Agnar Steinarsson, and Matthı́as
Oddgeirsson

Björnsson, B., Steinarsson, A., and Oddgeirsson, M. 2001. Optimal temperature for
growth and feed conversion of immature cod (Gadus morhua L.) – ICES Journal of
Marine Science, 58: 29–38.

Five size groups of hatchery reared cod (2–109 g) and three size groups of wild cod
(447–2213 g) were reared at a range of constant temperatures. All groups were fed to
satiation, the hatchery fish on dry feed and the wild fish on capelin and shrimp. The
optimal temperature for growth decreased linearly with fish weight on a log scale from
17�C for 2 g fish to 7�C for 2000 g fish. Similarly, the optimal temperature for feed
conversion decreased with fish weight, from 15�C for 2 g fish to 7�C for 2000 g fish.
Growth rate at optimal temperature declined linearly with fish weight on a log–log
scale from 5.8 to 0.36% per day for 2 and 2000 g cod, respectively.
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Introduction

Cod (Gadus morhua L.) is a major predatory species in
the North Atlantic Ocean. There are several cod stocks
which occupy widely different geographic areas ranging
from the Subarctic (Greenland, northern Labrador and
the Barents Sea) to the Temperate (Georges Bank, Gulf
of Maine, North Sea, Eastern Channel) with mean
annual temperature ranging between 2 and 11�C
(Brander, 1994). The temperature experienced by indi-
vidual fish may vary highly within each stock, both with
geographic location, depth, season, year-to-year changes
and age of the fish (Malmberg and Blindheim, 1994;
Ottersen et al., 1998); thus, cod may be found at
temperatures ranging from �1 to 20�C (Jónsson, 1992;
Rose et al., 1994).

Most of the stocks tend to spawn within a narrow
temperature range, 5–7�C (Jónsson, 1992; Serchuk et al.,
1994) during late winter or spring. The pelagic cod
larvae generally experience increasing temperature
which reaches a maximum in late summer or autumn
when the cod fry are approximately 1 g. At the onset of
demersal life ambient temperatures decline and large cod
are found more often in deep and cold waters than small
cod (Pálsson, 1980; Sigurdsson et al., 1997).
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In laboratory experiments, the optimal temperatures
for growth have been found to decrease with size of cod
(Pedersen and Jobling, 1989; Björnsson, 1997) and sev-
eral other species of fish, such as plaice Pleuronectes
platessa L. (Fonds et al., 1992), halibut Hippoglossus
hippoglossus L. (Björnsson and Tryggvadóttir, 1996),
turbot Scophthalmus maximus L. (Imsland et al., 1996)
and common wolffish Anarhichas lupus L. (McCarthy
et al., 1998).

The main purpose of this study was to determine how
optimal temperature for growth and feed conversion
varies with size of cod.
Methods
Experimental design

The experiments were carried out indoors at the
Mariculture Laboratory of the Marine Research
Institute branch at Grindavı́k, southwest Iceland. The
seawater supply, obtained from a 50-m deep well, has
constant temperature (7�C) and salinity (32‰). The
rearing temperatures were measured daily and the
oxygen concentration once a week. Water exchange was
regulated so that the oxygen concentration in the outlet
� 2001 International Council for the Exploration of the Sea
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Table 1. Mean temperature (T), initial and final number of fish (n1, n2), mortality (m, % of initial
number), mean weight (W1, W2), coefficient of variation (CV=100s.d./W) of fish weight (CV1, CV2),
number of days in the experiment (d). Initial and final dates in the different experiments: A.
6.08–27.08.1996, B. 24.09–29.10.1996, C. 28.07–7.09.1995, D. 1.11–20.12.1996, E. 16.01–12.03.1997, F.
16.02–31.05.1994, G. 17.02–31.05.1994, H. 3.05.1993–12.01.1994 or 19.01.1994.

Exp. T (�C) n1 n2 m W1 (g) W2 (g) CV1 (g) CV2 (g) d

A* 7.5 100 96.5 3.5 0.91 1.64 48.0 47.8 20
A* 10.2 100 96.0 4.0 0.82 1.98 43.2 42.2 20
A* 13.0 100 93.0 7.0 0.93 2.72 46.1 41.0 20
A* 15.9 100 99.0 1.0 0.86 2.78 45.0 41.5 20
B* 7.6 100 99.0 1.0 6.30 13.69 34.0 35.2 35
B* 10.0 100 100.0 0.0 6.24 16.12 35.8 32.4 35
B* 13.0 100 100.0 0.0 6.60 20.72 34.3 30.2 35
B* 15.7 100 99.5 0.5 6.45 20.90 31.4 28.8 35
C* 4.2 143 140.0 2.1 6.21 8.91 31.7 30.2 41
C* 7.5 143 143.0 0.0 6.16 13.59 29.5 29.5 41
C* 10.0 143 142.0 0.7 6.20 18.01 29.8 29.9 41
C* 13.0 143 139.0 2.8 6.26 22.92 30.2 28.2 41
C* 16.0 143 135.0 5.6 6.12 22.12 31.6 26.0 41
D* 7.3 100 99.5 0.5 17.0 35.8 30.4 32.6 49
D* 10.0 100 100.0 0.0 17.6 48.0 28.6 28.0 49
D* 13.0 100 99.0 1.0 17.0 50.8 30.8 31.8 49
D* 15.2 100 96.5 3.5 17.0 49.1 27.6 27.2 49
E* 7.0 100 99.5 0.5 88.4 125.4 25.3 26.3 55
E* 10.0 100 98.0 2.0 87.7 134.8 24.4 24.6 55
E* 12.8 100 100.0 0.0 87.2 125.1 24.4 26.0 55
E* 15.0 100 94.5 5.5 86.8 110.8 25.7 30.8 55
F 3.2 47 46 2.1 325 550 39.4 35.5 104
F 5.1 47 44 6.4 306 617 35.6 30.7 104
F 6.8 47 45 4.2 304 612 37.3 32.7 104
F 9.0 47 44 6.4 309 648 35.9 36.8 104
F 11.2 48 43 10.4 318 656 35.7 29.2 104
G 1.3 32 32 0.0 619 851 19.1 17.7 103
G 3.2 33 33 0.0 639 1032 21.4 21.2 103
G 5.1 33 32 3.0 602 1119 19.4 22.4 103
G 6.8 33 33 0.0 637 1190 24.1 26.2 103
G 9.0 33 31 6.1 628 1217 20.0 23.5 103
G 11.2 33 29 12.1 634 1161 20.3 25.1 103
G 13.4 33 27 18.2 633 1027 22.9 26.7 103
H 1.1 32 31 3.1 1519 2037 27.4 27.4 254
H 3.2 31 24 22.6 1412 2524 28.5 24.5 254
H 5.1 32 31 3.1 1550 2421 31.8 25.7 254
H* 7.2 32 27.0 15.6 1512 3294 25.9 28.8 261
H 9.9 31 23 25.8 1503 3154 31.6 28.4 254
H 12.8 31 22 29.0 1517 2810 32.4 27.4 254
H 15.6 33 4 87.9 1500 2137 35.2 28.7 254

*Means of two replicates.
of each tank was always above 6 mg l�1. The fish
subject to the highest and lowest temperatures were
gradually acclimated to the final temperatures in two
days.

Five experiments were carried out with cod hatched in
the laboratory and three experiments with wild cod
brought to the laboratory some months prior to the
experiments. The brood stock and the wild fish were
collected near the southwest coast of Iceland in the
autumn of 1992 and 1993. The hatchery reared fish were
hatched in April 1995 and 1996 from eggs collected from
the brood stock tank. The larvae were initially fed
on rotifers (Brachionus plicatilis) enriched with algae
(Isochrysis sp.) after which Artemia metanauplii were
used as feed until the fry had been weaned onto dry feed.

Four size groups of hatchery reared cod from the 1996
year class (experiments A, B, D and E) and one from the
1995 year class (experiment C) were reared at 4–5
constant temperatures ranging between 4–16�C (Table
1). Three size groups of wild cod (experiments F, G and
H) were reared at 5–7 constant temperatures ranging
between 1 and 16�C (Table 1). In experiments A–E there
were two replicates for each treatment. In experiments
F–H only one of the treatments was replicated but the
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fish were individually tagged with anchor tags to
measure the variability in growth rate. The initial mean
weight�s.d. of the fish in the eight experiments was
0.88�0.05, 6.4�0.2, 6.2�0.1, 17.2�0.4, 87.5�1.4,
312�9, 627�13 and 1503�46 g, respectively. The
duration of the experiments varied from 20–254 days
(Table 1) to keep the relative weight increase of similar
magnitude in all the experiments. The fish were weighed
individually without anaesthesia at the start and termin-
ation of each experiment.

In experiment A, the fish were reared in rectangular
fibreglass tanks (90�90�30 cm); in experiments B–H,
they were reared in circular fibreglass tanks 2.9 m in
diameter and 0.8 m deep. In all the experiments, natural
photoperiod (64�N) was maintained, except in exper-
iment A, where a fixed photoperiod of 12L:12D was
maintained. In all the experiments the light intensity at
the surface was about 25 lux.

The hatchery reared fish (experiments A–E) were fed
3–5 times a day on commercial dry feed (Table 2). As it
is difficult to wean wild cod onto dry feed they were fed
on their natural prey, capelin, Mallotus villosus (Müller),
and shrimp, Pandalus borealis Krøyer. In experiments F
and G, the fish were fed capelin four days a week
(Monday–Thursday) and shrimp two days a week
(Friday–Saturday) while in experiment H, the fish were
fed capelin three times a week (Table 2). Periodically,
the wet diet was supplemented with vitamins (experi-
ments F–H) according to Björnsson et al. (1992). In all
the experiments, the fish were handfed to satiation. In
experiments F–H, any uneaten food was removed from
each tank a few minutes after each feeding and sub-
tracted from the daily ration. This was not possible
in experiments A–E, but the feeding was carefully regu-
lated to minimize the daily leftovers.
Table 2. The proximate composition of the dry feed according to the manufacturer’s specifications
(Ewos Ltd., Iceland) and for the whole capelin and shrimp according to analysis by the Icelandic
Fisheries Laboratories.

Experim. Feed type Protein Fat Water Carbohydrates Fibre Ash

A Vextra start 2 and 3 53.0 18.5 9.0 7.5 1.0 11.0
B Vextra mini 1.6 & 2 mm 50.0 22.0 9.0 9.5 0.5 9.0
C Vextra mini 1.6 & 2 mm 50.0 22.0 9.0 9.5 0.5 9.0
D Vextra mini 2 & 3 mm 47.5 23.5 9.0 11.5 0.5 8.0
E Vextra trout 4 mm 42.0 26.0 9.0 14.5 1.0 7.5
F capelin 73% & shrimp 27% 14.7 10.5 72.3 0.0 0.0 2.5
G capelin 69% & shrimp 31% 14.9 10.1 72.4 0.0 0.0 2.6
H capelin 14.6 16.6 66.9 0.0 0.0 1.9
Data analysis

Specific growth rate (G) was calculated as percent per
day according to the formula:
G=100(lnW2�lnW1)/(t2�t1) (1)

where W1 and W2 are the weights of the fish at times t1

and t2. The feed conversion ratio (FC) of each group
was calculated as the total feed intake divided by the
total weight gain of the fish during the growth period,
including the weight of the fish which died during the
period.

The relationships between (a) growth rate and tem-
perature and (b) feed conversion ratio and temperature
(T) were fitted with a second order polynomial
(Y=a+bT+cT2), thus giving the optimal temperature as
Topt= �b/2c. The confidence interval for Topt was taken
equal to the set of values which cannot be rejected in
hypothesis tests of the form H0: Topt=T0 for a specified
T0 or equivalently H0: 2cT0+b=0 is a test of a linear
combination of parameters in a linear model. The
resulting confidence set (C) is thus

C={T0:�2ĉT0+b|�(4�̂2
ĉT2

0+�̂2
b|+4T0�̂b|�̂ĉ�̂b|ĉ)

1/2<t} (2)

where t=tn�3, 1��/2. Equivalently, a confidence interval
is given by those values of Topt which satisfy

4T2
opt(ĉ

2�t2�̂2
ĉ)+4T2

opt(b|ĉ�t2�̂b|�̂ĉ�̂b|ĉ)
+b|2�t2��̂2

b|<0 (3)

in accordance with Stefánsson (1983).
Maximum growth rate, Gmax, i.e. the growth rate at

optimal temperature, was regressed against geometric
mean weight, W=(W1*W2)1/2 (of the fish group main-
tained at the temperature nearest to the optimal tem-
perature), on a log–log scale and thus the relationship
could be described by the following formula:

Gmax=aWb (4)

Therefore, 100(lnW2�lnW1)/(t2�t1)=aWb and, if the
calculation is performed for the short period of one day
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(t2�t1=1), W can be approximated as W1. Thus

W2=W1ek where k=(a/100)Wb
1 (5)

This recursion formula (5) was used to calculate weight
as a function of time for cod reared at optimal tempera-
ture for growth. The slope and elevation of the two
linear regression lines (i.e. Topt.G vs. W and Topt.FC vs.
W) was compared with a t-test (Zar, 1996).
Results

Mortality was generally low in the experiments, 0–18%,
except in experiment H. In four of the eight groups in
experiment H mortality was 23–29% and in the group at
the highest temperature mortality was 88% (Table 1).
For the smallest fish (experiments A–C) mortality did
not change with temperature (r=0.134, n=26, p>0.05),
but increased with temperature for medium (exper-
iments D–E, r=0.607, n=16, p<0.05) and large fish
(experiments F–H, r=0.650, n=20, p<0.01), respect-
ively. The coefficient of variation of fish weight was
usually around 30% both at the start and at the end of
the experiments (Table 1).

The optimal temperature for growth (Topt.G), i.e. the
temperature giving maximum growth, declined with
weight, as did the maximum growth rate (Gmax), i.e. the
growth rate at Topt.G (Figure 1, Table 3). Furthermore,
the optimal temperature for feed conversion (Topt.FC),
i.e. the temperature giving the lowest feed conversion
ratio, also declined with size (Figure 2, Table 4). The
minimum feed conversion (FCmin), i.e. the feed conver-
sion ratio at Topt.FC, was less than 1 for the fish receiving
dry feed (experiments A–E) and between 2–3 for fish
receiving wet feed (experiments F–H) (Figure 2). How-
ever, when FCmin was calculated in terms of dry weight
of feed it ranged between 0.55–0.84 with no significant
change with fish size (Table 4).

For the smallest fish (experiments A–B) superoptimal
temperatures were not tested and, thus, these estimates
of optimal temperatures are subject to some error. In an
experiment F the polynomial was too flat to give an
accurate estimate of optimal temperature. However, in
the remaining experiments the optimum temperatures
were reasonably well defined with 95% confidence limits
ranging 1.0–3.1�C (Tables 3 and 4).

The results do not suggest that thermal sensitivity
of cod changes much with fish size, since the relative
shape (flatness) of the polynomial relationships did not
change consistently with fish size. A temperature
deviation of �2�C from Topt only had a 1.4–5.2%
(mean: 2.7%) effect on the growth rate and a
1.2–9.4% (mean: 5.2%) effect on the feed conversion
ratio (calculations based on the equations in Tables 3
and 4).
The optimal temperature for growth decreased lin-
early with fish weight on a log scale (Figure 3), from
17.3�C for 2 g fish to 7.4�C for 2000 g fish. Similarly, the
optimal temperature for feed conversion (Topt.FC)
decreased with log fish weight (Figure 3), from 15.1�C
for 2 g fish to 6.6�C for 2000 g fish. No significant
difference in the slopes of the two regression lines was
found (t=0.21, p>0.5) and although Topt.G was higher
than Topt.FC in all of the eight experiments, the eleva-
tions of the two regression lines, were not statistically
significant (t=0.32, p>0.5).

There was a highly significant relationship between
Gmax and fish weight on a log–log scale (Figure 4). Thus,
Gmax calculated for 2 and 2000 g cod was 5.8 and 0.36%
per day, respectively. A growth curve was calculated
from the above relationship, assuming that it takes
about two months under optimal conditions for newly
hatched cod to grow to 1 g. These calculations indicate
that cod reared continuously at Topt.G may grow to
2100 g in two years from hatching (Figure 5). In com-
parison, the mean weight of two years old cod in the
main nursery area in Icelandic waters is less than 200 g
(Jónsson et al., 1997).

As there was no overlap in the weights of hatchery
reared cod (experiments A–E) and cod of wild origin
(experiments F–H) some effects of different origin and
diet (dry feed, wet feed) on growth rate and optimal
temperatures cannot be ruled out. To accurately deter-
mine the effects of weight on growth rate and optimal
temperature it is necessary to study a wide variation in
fish weight. In the whole data set there was a 1000-fold
difference in mean weight, a 55-fold difference for the
hatchery fish but only a five-fold difference for the fish of
wild origin. Thus, regressions of optimal temperature
and fish weight are inaccurate for the two subsets of
data. However, the coherent change in Gmax, Topt.G

and Topt.FC with fish weight for the whole data set
indicates that the effects of origin/diet were of minor
importance.
Discussion

No change in mortality with temperature was found for
the smallest cod, whereas mortality increased with tem-
perature for the larger fish. The results indicate that the
highest temperature tested (16�C) had no adverse effect
on survival of the smallest fish, little effect on the
medium sized fish but a severe effect on the largest fish.
For the first two weeks, there was no mortality in this
group (experiment H, 16�C) but then 2–5 fish died every
month for the next six months. The results suggest that
large Icelandic cod (�2 kg) do not tolerate prolonged
exposure to 16�C, perhaps due to the size limitation set
by the gill area to volume ratio as proposed by Pauly
(1984).
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Figure 1. Relationship between growth rate and temperature in eight different experiments with cod ranging in geometric mean
weight (W) from 2 to 2213 g. The data were fitted with a second order polynomial (see Table 3). In experiments F–H 95%
confidence limits of the means are shown. Optimal temperature for growth is indicated with an arrow.
The results indicate that the optimal temperature for
growth decreases substantially with size of cod, from
17�C for 2 g fish to 7�C for 2000 g fish. Pedersen and
Jobling (1989) suggested that Topt.G for large cod (1.5–
2.5 kg) was 9–12�C but 11–15�C for small cod (50–
1000 g). Otterlei et al. (1994) estimated the temperature
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Table 3. The relationship between specific growth rate (G) and temperature in �C (T) estimated by a
second order polynomial (G=a+bT+cT2) for different geometric mean weights of cod in g (W) in
experiments A–H.

Experim. W a b c r2 n Topt.G 95% c.i. Gmax

A 1.54 �3.36 1.057 �0.0311 0.99 8 17.0 15.3–21.5 5.63
B 11.6 �0.77 0.509 �0.0156 0.98 8 16.3 14.5–24.2 3.38
C 11.7 �1.23 0.569 �0.0183 0.99 10 15.5 14.3–17.4 3.18
D 29.4 �1.27 0.529 �0.0200 0.99 8 13.2 12.8–14.0 2.23
E 108.7 �0.58 0.269 �0.0133 0.94 8 10.1 9.3–10.5 0.77
F 447 0.29 0.094 �0.00533 0.92 5 8.8 7.7–18.4 0.70
G 874 0.18 0.111 �0.00684 0.99 7 8.1 7.7–8.7 0.63
H 2213 0.08 0.050 �0.00294 0.93 8 8.6 8.0–9.0 0.30

Optimal temperature for growth (Topt.G with 95% confidence interval) was the temperature giving
maximum growth rate (Gmax).
preferendum of juvenile cod (5.5 g) as 13.7�C. However,
by fitting their data with a second order polynomial, as
in the present paper, a Topt.G of 19�C was obtained. In
contrast, an increase in Topt.G with the weight of larval
cod has been observed (Steinarsson and Björnsson
1999). Growth studies of several other fish species have
also shown a decrease in the optimal temperature
with weight, e.g. yellowtail, Seriola quinqueradiata
Temminck et Schlegel (Oshima and Ihaba, 1969; cited
in Brett, 1979), plaice (Fonds et al., 1992), common
wolffish (McCarthy et al., 1998), halibut in the range:
10–5000 g (Björnsson and Tryggvadóttir, 1996) and
5–70 g (Jonassen et al., 1999) and turbot in the range:
25–75 g (Imsland et al., 1996). However, no shift in
Topt.G with weight was observed for 1–50 g sockeye
salmon, Oncorhynchus nerka (Walbaum) (Brett et al.,
1969; Brett, 1974) and 11–250 g brown trout, Salmo
trutta L. (Elliott, 1975).

The results also show that the optimal temperature for
feed conversion decreases substantially with weight,
from 15�C for 2 g fish to 7�C for 2000 g fish. A similar
trend has been found for immature halibut (Björnsson
and Tryggvadóttir, 1996). In the present study Topt.FC

was 1.5�C lower on average than Topt.G, although this
difference was not statistically significant. Topt.FC has
been found to be lower than Topt.G for sockeye salmon
(Brett et al., 1969), brown trout (Elliott, 1976), halibut
(Björnsson and Tryggvadóttir, 1996) and several other
species of fish as reviewed by Jobling (1995). The
minimum feed conversion ratio was low in all the
experiments, 0.55–0.84 in terms of dry weight, suggest-
ing good rearing conditions and minimal overfeeding. In
comparison, the feed conversion ratio has been esti-
mated as 0.9–1.1 for immature Atlantic salmon (Salmo
salar L.) and rainbow trout, Oncorhynchus mykiss
(Walbaum) (Austreng et al., 1987) and as 0.66–0.92 for
immature halibut at optimal temperature (Björnsson,
1993).
The growth rate at Topt.G (Gmax) decreased with
weight on a log–log scale, with a slope of �0.40. Similar
slopes have been found for cod (�0.45, Braaten, 1984),
immature halibut (�0.46, Björnsson and Tryggvadót-
tir, 1996), immature turbot (�0.50, Nijhof, 1994), sal-
monids (�0.32 to �0.45, Brett and Shelbourn, 1975)
and for fish in general (�0.4, as suggested by Jobling,
1983). The growth curve for cod at optimal temperature
(Figure 5), as derived from the above relationship, may
be useful in predicting maximum growth of immature
cod under optimal rearing conditions. However, equa-
tion (5) will overestimate somatic growth of mature cod.
The growth curve is similar to that constructed for
farmed cod in southwest Norway from hatching to first
maturation, which occurred at an age of 23 months and
a weight of 1.9 kg (Braaten, 1984). In comparison, the
mean weight of two-year-old cod on the main nursery
grounds north of Iceland is less than one tenth of the
weight of cod of the same age reared at optimal
temperature and an unrestricted food supply (Figure 5).

The distribution of cod in Icelandic waters indicates
that most of the stock occupies much colder waters,
0–6�C, than the Topt.G found in this study, 7–17�C
(Jónsson et al., 1997; Sigurdsson et al., 1997). According
to optimal foraging theory, fish should maximize their
surplus energy, i.e. their somatic growth and their repro-
ductive effort (e.g. Ware, 1980; Ware, 1982). Thus, if
food availability was unlimited in Icelandic waters, cod
would be expected to migrate from the cold areas off the
north and east coasts to the warm areas south and
southwest of Iceland to increase their growth rate and
reproductive effort. However, except during the spawn-
ing season, the Icelandic cod stock is concentrated in the
cold waters off the northwest, north, east and southeast
coasts (Sigurdsson et al., 1997). There is some evidence
that the growth of cod is food limited in Norwegian and
Icelandic waters (Braaten, 1984; Björnsson, 1999). How-
ever, in the present laboratory experiments, the fish were
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Figure 2. Relationship between feed conversion ratio and temperature in eight different experiments with cod ranging in geometric
mean weight (W) from 2 to 2231 g. The data were fitted with a second order polynomial (see Table 4). The values for experiments
A–E and F–H are derived from dry feed and wet feed, respectively. Optimal temperature for feed conversion is indicated with an
arrow.
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Table 4. The relationship between feed conversion ratio (FC) and temperature in �C (T) estimated by
a second order polynomial (FC=a+bT+cT2) for different geometric mean weights of cod in g (W) in
experiments A–H.

Experim. W a b c r2 n Topt.FC 95% c.i. FCmin

A 1.54 2.90 �0.282 0.0088 0.94 8 16.0 13.7–NA 0.64 (0.58)
B 11.7 2.50 �0.290 0.0111 0.88 8 13.1 12.2–15.7 0.60 (0.55)
C 12.0 5.25 �0.718 0.0297 0.99 10 12.1 11.7–12.8 0.91 (0.83)
D 29.4 3.04 �0.384 0.0156 0.96 8 12.3 11.9–13.0 0.67 (0.61)
E 108.7 3.77 �0.581 0.0297 0.95 8 9.8 8.9–10.3 0.92 (0.84)
F 431 2.99 �0.139 0.0092 0.69 5 7.5 NA–NA 2.46 (0.68)
G 871 3.24 �0.244 0.0172 0.96 7 7.1 6.5–7.6 2.37 (0.65)
H 2231 3.72 �0.385 0.0240 0.93 8 8.0 7.2–8.7 2.18 (0.72)

Optimal temperature for feed conversion (Topt.FC with 95% confidence interval) was the temperature
giving minimum feed conversion ratio (FCmin) in terms of wet weight (and dry weight) of feed;
NA=not available.
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Figure 3. Relationship between (a) optimal temperature for
growth, Topt.G (—�—) and (b) optimal temperature for feed
conversion, Topt.FC (— —) and fish weight (W).
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Figure 5. The growth curve of (a) cod reared at optimal
temperature for growth (Topt.G), calculated from the relation-
ship in Figure 4, and (b) wild cod in Icelandic waters (based on
data from Astthorsson et al., 1994; Jónsson et al., 1997).
fed ad libitum. As explained by Brett et al. (1969) and
Jobling (1994), Topt.G decreases with increased food
restriction. Therefore, the optimal temperature for
growth of cod in the wild may normally be much lower
than that observed in laboratory experiments where
food availability is kept unlimited.

In view of the large ontogenetic changes in optimal
temperature of cod, as found in the present laboratory
experiments, it might be expected that ambient tempera-
ture of wild cod decreases with fish size. Although there
is some evidence that adult cod occupy more often than
juvenile cod deep waters during the summer months
(Sigurdsson et al., 1997; Ottersen et al., 1998) there is
certainly not a simple relationship between temperature
and fish size (Rose et al., 1994; Ottersen et al., 1998;
Michalsen et al., 1998) and during the spawning migra-
tions of northeast Arctic cod in winter a positive rela-
tionship has been found between fish size and ambient
temperature (Ottersen et al., 1998; Michalsen et al.,
1998). The thermal insensitivity of growth rate and feed
conversion ratio around Topt indicates that the benefits
of selecting for T are easily outweighed by some other
opt
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crucial factors, such as food availability and predation
risk.

Although these laboratory experiments were carried
out only with fish from the Icelandic cod stock, it is
likely that similar relationships are relevant to other cod
stocks even though the maximum growth rate and
optimum temperature may differ to some extent between
stocks/areas. For some species of fish, counter gradient
variation in growth rate has been found for stocks from
different latitudes (Conover et al., 1997). However, only
minor differences in growth of larval (Otterlei et al.,
1999) and juvenile cod (Svåsand et al., 1994) were found
for Arcto-Norwegian and Norwegian coastal cod reared
under similar conditions, respectively.

Feasibility calculations indicate that at present it is
not profitable to farm cod in conventional sea cages or
landbased facilities (Knútsson, 1997). However, if the
price of cod increases sufficiently in the future, farming
of cod may become profitable. The present results could
then be applied to maximize the growth rate of farmed
cod as our data show that growth of farmed cod at
optimal conditions can be much higher than found for
wild fish.
Conclusion

In laboratory experiments immature cod receiving
unlimited ration exhibit ontogenetic variation in optimal
temperature for growth and feed conversion from
approximately 16 to 7�C for 2 and 2000 g fish, respect-
ively. However, a temperature deviation of 2�C from the
optimal temperature has only a minor effect on growth
rate and feed conversion ratio. Wild cod are usually
found at much lower temperatures than the optimal
temperatures determined in laboratory experiments
probably due to less food availability in nature than in
laboratory experiments.
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juvenile Arcto-Norwegian and Norwegian coastal cod reared
under similar conditions (Abstract). ICES Marine Science
Symposia, 198: 624–625.

Ware, D. M. 1980. Bioenergetics of stock and recruitment.
Canadian Journal of Fisheries and Aquatic Sciences, 37:
1012–1024.

Ware, D. M. 1982. Power and evolutionary fitness of teleosts.
Canadian Journal of Fisheries and Aquatic Sciences, 39:
3–13.

Zar, J. H. 1996. Biostatistical analysis. Prentice Hall, New
Jersey. 662 pp.


	Optimal temperature for growth and feed conversion of immature cod (Gadus morhua L.)
	Introduction
	Methods
	Experimental design
	Table 1
	Table 2
	Data analysis

	Results
	Discussion
	Figure 1
	Table 3
	Figure 2
	Table 4
	Figure 3
	Figure 4
	Figure 5

	Conclusion
	Acknowledgements
	References


