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Cod Gadus morhua population in the Barents Sea was found to be spatially structured with
regard to length-at-age. Results were based on data collected during research surveys in the
Barents Sea between 1982 and 1997. The identified spatial structure was most pronounced for
age groups 2-4 years and decreased for the older age groups with higher potential for migra-
tion. A positive linear correlation between mean length-at-age and mean geographical tempera-
ture was established for age groups 2-4 years. This correlation was shown to be strongest when
based on mean temperatures during 3 year periods ending with the year of capture. The spatial
structure in length-at-age was shown to follow the temperature gradient of the Barents Sea.
A large part of the observed area effects could be explained by temperature variation between
areas. Evidence is also presented which indicates that the predictability and sensitivity of the
dependence of length-at-age on temperature increases under extreme environmental conditions,
i.e. in the northern and eastern areas of the Barents Sea. © 2003 The Fisheries Society of the British Isles
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INTRODUCTION

Cod Gadus morhua L. in the Barents Sea, known as north-east Arctic cod, is one
of the commercially most important fish stocks in the world. As they are the
most northern of all cod stocks, they are exposed to the extreme environmental
conditions of the Barents Sea. Is this stock geographically structured with
respect to size at age? If such a structure exists, can the observed life-history
patterns of the fish be explained and, if so, to what extent by the temperature
gradients over the stock’s range?

North-east Arctic cod are a highly migratory fish stock. Mature individuals
start their spawning migration in late autumn or early winter. It takes them
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from their feeding grounds in the Barents Sea towards the spawning grounds off
the northern coast of Norway, with spawning taking place between February
and April. The small size of the spawning grounds relative to the feeding
grounds appears to ensure, in each generation, an efficient genetic mixing of
the cod population. After spawning, eggs and larvae drift with the water
currents into the Barents Sea and settle at nursery and feeding areas; these are
located along the west coast of Spitsbergen and in the northern and eastern
Barents Sea. These areas are strongly influenced by the polar front where
relatively warm Atlantic and cold Arctic waters meet. Plankton feeders, such
as capelin Mallotus villosus (Miiller), benefit from the high productivity in the
zone affected by the polar front (Loeng, 1991), and cod, in particular from age 2
years onwards, feed heavily on the high capelin concentrations near the polar
front (Bogstad & Mehl, 1997). Yet, the colder water masses there also result in
physiologically unfavourable conditions. Cod in the south-western areas of the
Barents Sea will experience more favourable temperatures but not the extreme
productivity of the polar front (Bergstad et al., 1987).

Annual mean temperatures experienced by cod range from 7° C at the spawn-
ing grounds along the Norwegian coast to temperatures as low as 0° C along the
polar front (Michalsen et al., 1998). Mature fish therefore experience significant
differences in temperature as they migrate between the relatively warm spawn-
ing grounds and the cold feeding grounds; it has been shown that ambient
winter temperatures are higher for older fish with increased migratory potential
(Nakken & Raknes, 1987; Shevelev et al., 1987; Michalsen et al., 1998; Ottersen
etal., 1998). The migration of immature fish gradually increases in scope
(accompanying the mature portion of the stock for part of its spawning migra-
tion) and is normally triggered by following the winter migration of capelin
towards the western coasts of Russia and northern Norway (Ottersen etal.,
1998). Cod at ages 1 and 2 years have a more limited migratory potential and
feed to a large extent on local sources of krill, amphipods and other small-sized
prey, although capelin already is the primary food source at age 2 years
(Bogstad & Mehl, 1997). Age 1 year fish appear to remain in the areas where
they settled after the pelagic phase at age 0 years (Maslov, 1944, 1960;
Baranenkova, 1957).

On the one hand, growth of fishes is obviously dependent on the availability
of prey, which, because of the upwelling of nutrient-rich water masses at the
polar front, is negatively correlated with temperature. On the other hand, the
performance of the physiological (in particular digestive) processes that are
necessary for utilizing sequestered food is strongly dependent on temperature
(Clarke, 1993; Jobling, 1994). Despite this trade-off, several authors have sug-
gested a positive relationship between temperature and growth, a claim based
on observations of greater length-at-age at high temperatures (Nakken & Raknes,
1987; Loeng, 1989; Jargensen, 1992; Brander, 1995). Using data from acoustic and
bottom-trawl surveys conducted in February from 1988 to 1995, Michalsen et al.
(1998) showed that for age groups 2—6 years, the mean length-at-age increased with
annual temperature. Michalsen et al. (1998) also suggested geographical variation
in mean length between cod caught west of 20°E and east of 35°E.

The aim of the present study was to elaborate on the earlier studies in two
main respects: (1) by geographical structuring of juvenile cod with respect to
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length-at-age in a grid of 11 squares within the Barents Sea; (2) by explaining
the regional differences in length-at-age by using a new temperature atlas of the
Barents Sea (G. Ottersen & B. Adlandsvik, unpubl. data). The atlas can be used
to calculate aggregated temperature values which in turn can be used as indices
of climatic conditions prevailing in different regions and in different years. The
atlas-based temperature indices are different from those of Michalsen etal.
(1998) in that the geographical and temporal variations in the temperature
regime are characterized, rather than the ambient temperature of fishes at the
time of capture. This is a sensible approach given that the distribution of cod is
dynamic, and their ambient temperature at the time of capture may not be
representative of the ambient temperature during the whole growing season. In
addition investigation was made of whether the influence of temperature was
strongest under the most severe environmental conditions.

MATERIALS AND METHODS

DATA

The cod data used in this study originate from immature individuals caught during the
annual surveys in late winter and early spring conducted during the years 1982-1997 in
the Barents Sea (69° to 77°N; 15° to 51°E) by the Institute for Marine Research, Bergen,
Norway. Captured fish were measured for total body length (Lt cm), sex was determined
by examination of gonads, and age was determined by otolith readings. Conspicuous
errors in age and length readings were removed prior to the analysis by checking length-
at-age distributions for outliers. Such outliers were few and easily distinguished; <0-1%
of all records had to be removed in this way.

The temperature data used in this study are based on a three-dimensional ‘temperature
atlas’ compiled by the Institute of Marine Research for the Barents Sea (G. Ottersen &
B. Adlandsvik, unpubl. data). It has been extracted from the atlas through the programme
‘Tempagg’ (B. Adlandsvik, unpubl. data), which aggregates temperatures into rectangles
of two degrees in longitude and one degree in latitude. All available depth intervals from
surface to the bottom have been used to calculate the grand mean for such areas. Only
temperatures from February to June in each year were used, corresponding to the period
during which most of the growth experienced by the fish in this study took place
(Jorgensen, 1992). Whereas, for some areas, the atlas contains data from partly different
positions in different years, grand means for the geographical areas used in this study are
based on only those positions that are consistently available throughout all years, thus
avoiding any bias. In areas for which the actual distribution of cod was geographically
limited (primarily in the north and east), positions incorporated into grand means were
selected to conform to this information.

SPATIAL RESOLUTION

For statistical analysis the total study region was divided into different areas. The
chosen partitioning gave maximum resolution while retaining, within each area, sample
sizes sufficiently large for statistical analysis. Based on this criterion, a 3 x 4 grid was
defined (Fig. 1). As most of the sampling was done south of 74°N, the latitudinal width of
areas north of 73°N has been increased; the same applies to the longitudinal width of sub-
areas east of 37°E. Very few samples were recorded from the north-east corner of the
study area; therefore the area D2 was extended towards the north to include these
observations (Fig. 1).
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Fic. 1. Map of the study region and the areas into which it is partitioned. The grey line shows the mean
position of the polar front (Loeng, 1989).

STATISTICAL ANALYSES

ANOVA was used to investigate the effects of age, geographical area, year and sex on
the expected length-at-age of cod. In a first set of ANOVAs, all ages were analysed
separately. Model selection was started with a full model including all factors and first-
level interactions. A stepwise procedure was followed to remove interaction terms that
were not significant (P >0-05); factors were retained even when insignificant. This
resulted in a model incorporating a year x area interaction term: for each age group
‘age’, the length L, of fish was estimated as:

LTAge = 0l0,Age + %Area,Age T XYear,Age T OSex,Age T XYear x Area,Age T &, (1)

where the constants o, ag. are regression coefficients for the factor or interaction x
(estimated separately for each age group and with oy e denoting an age-specific
constant); ¢ is the residual error component.

In a second approach data on age groups 1-9 or 2-4 were used, age was treated as a
factor, and all interactions were removed:

LTAge = 0p + XArea + Xyear + USex + OlAge +&. (2)

In this model the regression coefficients for year, sex and age do not depend on age; all
age effects are thus accounted for by the regression coefficient oage.

In the analyses of covariance (ANCOVA), temperature was included in model (1) as an
additional explanatory variable and the year x area interaction was removed so as not to
mask the effect of the covariate T

LTAge = 0l0,Age T %Area,Age T OYear,Age T OSex,Age T ﬁAgeT +e. (3)
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The fourth estimation was based on model (2) with temperature as a covariate:

LTAge = 0o + OArea T Ayear 1 Osex + BT + & 4)

this model was applied to data from age groups 1-9 or 2—4 years.

A simple linear regression of length-at-age on temperature revealed the basic effect of
temperature on length-at-age. For this analysis, length-at-age data were used either in the
form of area-specific means for all years or as year-specific means for all areas. Tem-
perature data were used to determine the mean temperature during the year of capture
and the two preceding years. For an age 2 years cod this would mean including the
temperature in the year of capture and from its two preceding growth seasons as a 0+
and 1 year fish. Standardized regression coefficients (regression coefficients in which both
the dependent and independent variable were standardized to zero mean and unity
variance) and coefficients of determination (R?, defined as the ratio between the variance
explained by the model and the total variance in the data) were used as test statistics.

The growth of cod is known to depend strongly on the biomass of capelin, its main
prey species. This applies in particular to age 3 year individuals, whose growth is affected
by capelin abundance for a period of 2 years. According to Bogstad & Mehl (1997), age 3
year individuals predate mostly on age 2 and age 3 year capelin. The residuals from the
area-specific regression analysis between mean Lt of cod at age 3 years and mean
temperature were therefore linearly regressed on the average biomass of age 2 and age
3 year capelin in the years when the individual cod, captured at age 3 years were 2 and 3
years old (ICES, 2001).

RESULTS

THE SPATIAL STRUCTURE WITH RESPECT TO
SIZE-AT-AGE

Length-at-age of juvenile north-east Arctic cod exhibited strong temporal and
regional variability (TableI). In the ANOVA based on model (1), the year effect
was very significant at all ages, whereas the area effect was most prominent for
age groups 2-4 years and weaker at ages 1, 5 and 6 years. The interaction
area X year was significant at all ages; in other words, year effects differed
between areas. Sex had a statistically significant effect (P < 0-05) on length at
ages 2, 4 and 5 years, although the quantitative effect was very small at ages 2
and 4 years. All other interactions were insignificant and were removed during
the process of model selection.

Temporal variation in length-at-age within areas was far greater than spatial
variation within years for juvenile cod of age 2-4 years (Fig.2). The response
time to environmental change also appeared to be shorter in younger fish: in
many areas there was a time lag between peaks of length at age 2 years and the
corresponding peaks at age 4 years. Temporal variation in mean length showed
a similar pattern in all areas.

To facilitate comparison between areas, all data were analysed based on
model (2). The effects of all categorical variables (area, year, sex and age)
were highly significant (P <0-001). The mean lengths-at-age for all areas as
predicted by this model are given in Fig. 3; they decreased from the areas in the
south, west and central Barents Sea toward the areas located most north and
east (areas A3, B3, C3 and D2). Model (2) was also used to analyse the data of
cod at ages 24 years for comparison with the results of the analysis on all age
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TaBLEl. ANOVA results for (a) model (1) (age 1-6 years) and (b) model (2) (all ages
and ages 2-4 years)

Age (years) Source d.f. MS F P
(a) 1 Area 10 5241 1-337 0-204

Year 12 65-45 16-70 <0-001
Sex 1 10-24 1-150 0-295
Year x area 101 12-00 3-060 <0-001
Residual 2959 3.93

2 Area 9 65-06 4-350 <0-001
Year 15 980-2 65-54 <0-001
Sex 1 32.76 3-343 0-011
Year x area 122 49-84 3.332 <0-001
Residual 6102 14-96

3 Area 10 50-36 2-405 0-008
Year 15 2403 114-8 <0-001
Sex 1 14-56 1-670 0-276
Year x area 121 80-20 3.831 <0-0001
Residual 7168 20-94

4 Area 10 105-5 4-461 <0-001
Year 15 2273 96-17 <0-001
Sex 1 96-24 6-017 0-009
Year x area 120 1473 6-231 <0-001
Residual 8037 23-64

5 Area 6 55.92 2-151 0-045
Year 15 1736 66-78 <0-001
Sex 1 550-7 14.75 <0-001
Year x area 124 120-6 4-638 <0-001
Residual 6562 26-00

6 Area 9 62-89 2-050 0-031
Year 15 1089 35.53 <0-001
Sex 1 20-83 2:132 0-156
Year x area 116 88-41 2-882 <0-001
Residual 4410 30-68

(b) All ages Area 10 3360 114-5 <0-001

Year 15 25410 8659 <0-001
Age 8 932200 31760 <0-001
Sex 1 2750 74-58 <0-001
Residual 38422 29-35

2-4 Area 10 2392 96-84 <0-001
Year 15 17350 702-5 <0-001
Age 2 768 700 31130 <0-001
Sex 1 2216 62-34 0-007
Residual 22018 24-70
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groups. Again all effects were highly significant (P < 0-001). While the spatial
pattern of predicted lengths-at-age for ages 2—4 years was the same as for all ages,
differences between areas were larger in the analysis of ages 24 years (Fig. 3).

THE DEPENDENCE OF LENGTH-AT-AGE ON
TEMPERATURE

The spatial structuring in length-at-age appears to follow the south-north
and west—east climatic gradients of the Barents Sea. Therefore an analysis was
made on whether regional differences in length-at-age could be explained by
temperature differences.

The temporal fluctuations in mean annual temperature superimposed on the
length at age data for the period 1982-1897 are shown in Fig.2. The tendency
of the mean annual temperature to decrease toward the northern and eastern
parts of the Barents Sea is evident. It should be noted that the temperatures in
the central areas (A2, B2 and C2) deviated little from those in the southern
areas (Al, Bl and C1), whereas there was a pronounced drop in temperature
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from the central areas to the northern areas (A3, B3 and C3). Similarly, the
easternmost areas (D1 and D2) stand out as having much lower temperatures
than those in the central Barents Sea. In all areas, fluctuations in length-at-age
appeared to be correlated with fluctuations in mean temperature (Fig. 2).

To test if disparities in growth between areas can be accounted for by
temperature differences, temperature was included as a covariate in model (1)
(TableI), resulting in model (3). The resulting ANCOVA (TablelIl) demon-
strates that temperature differences between areas accounted for a major part
of the spatial variability in length-at-age. The effect of temperature was sig-
nificant for ages 2—4 years (P < 0-05) and the explained variance attributed to
area effects decreased for all age groups.

Temperature was also included as a covariate in model (2), resulting in model (4).
All factors remained highly significant (P < 0-001), except for sex in the regression of
data for ages 24 years, and 67% of observed area effects were explained by tem-
perature (Table II). Differences between areas are significantly reduced as compared
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TaBLeIl. ANOVA results for (a) model (3) (age 1-6 years) and (b) model (4) (all ages
and ages 2-4 years)

Age (years) Source d.f. MS F P
(a) 1 Area 10 28-77 6-90 <0-001
Year 15 205-1 4918 <0-001
Sex 1 9-31 1-025 0-309
Temperature 1 8-79 2-11 0-147
Residual 3056 4-17
2 Area 10 213-8 13-69 <0-001
Year 15 3052 195-5 <0-001
Sex 1 30-25 3.156 0-023
Temperature 1 117-6 7-53 0-006
Residual 6223 15-62
3 Area 10 139-0 6-35 <0-001
Year 15 6714 306-5 <0-001
Sex 1 15-45 1-834 0-232
Temperature 1 139-3 6-36 0-012
Residual 7286 21-90
4 Area 10 2277 895 <0-001
Year 15 9455 371-6 <0-001
Sex 1 96-02 621 0-009
Temperature 1 130-5 513 0-024
Residual 8157 2545
5 Area 10 196-8 7-13 <0-001
Year 15 8890 3222 <0-001
Sex 1 559-3 15-34 <0-001
Temperature 1 56-90 2-06 0-151
Residual 6682 27-59
6 Area 10 2257 7-02 <0-001
Year 15 6069 188-8 <0-001
Sex 1 20-96 2-147 0-148
Temperature 1 14-64 0-46 0-500
Residual 4524 3215
(b) All ages Area 10 1119 38-15 <0-001
Year 15 25350 863-9 <0-001
Age 8 928 800 31650 <0-001
Sex 1 2690 71-12 <0-001
Temperature 1 0-499 0-02 0-896
Residual 38421 29-35
2-4 Area 10 511-8 20-72 <0-001
Year 15 16370 662-8 <0-001
Age 2 767900 31090 <0-001
Sex 1 2168 60-97 0-012
Temperature 1 15-84 0-64 0-423
Residual 22017 24-70
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to the lengths-at-age predicted when not taking temperature into account. It can
therefore be concluded that the spatial structure in length-at-age observed in the
models without temperature is largely explained by temperature differences.

The hypothesis of a mechanistic dependence of length-at-age on temperature
was further strengthened through a series of linear regressions based on data
pooled with respect to area and sex. It is expected that the size of an individual
reflects the temperatures it has experienced throughout its entire life. Therefore
mean temperatures were considered, averaged over the year of capture and a
varying number of preceding years. For ages 24 years, the highest degree of
explanation for the regression model (measured in terms of R*) was achieved
when considering mean temperatures based on the year of capture and the two
preceding years. The resultant regression lines for the temperature-dependent
length of cod at ages 2-4 years are shown in Fig.4. The underlying statistical
relationship between length-at-age and temperature is significant (P < 0-05), e.g.
th26 simple regression model explains the variability in length at age 3 years with
R-=582.

THE EFFECT OF SEVERITY ON PREDICTABILITY

To test the hypothesis that the effect of temperature on length-at-age is
strongest and most predictable in extreme environments, changes in its effect
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Fi1G.4. Linear regressions of mean length-at-age and mean temperature for age groups 2 (¢), 3 (2) and 4 (A)
years. Mean temperatures are based on the year of capture and the two preceding years. This choice
gave the highest R’ for the three age groups: 0-492 for age 2, 0-582 for age 3 and 0-546 for age 4.
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and significance from south and west towards the north and east (areas where the
environment is most extreme in terms of low temperatures) were investigated.

Regression analysis was carried out between length at age 3 years and
temperature for each area. The slopes of linear regressions indicate the strength
of the temperature effect: the higher this coefficient, the stronger is the regres-
sion of length-at-age on temperature. The R? in this regression increase with the
amount of variability in length-at-age that is explained by temperature. Both the
regression coefficient for temperature and the corresponding R showed a clear
increase toward north and east, i.e. with decreasing temperature (Fig.5). Pat-
terns along other transects were more complex and were probably affected by
the impact of the polar front on food supply.

Following this, a test was made of whether inconsistencies in the temperature
dependence between areas could be explained by data on prey biomass. Speci-
fically, a check was made if the residuals resulting from the area-specific
regressions could be explained by capelin abundance. Linear regressions
between these residuals and capelin biomass available to cod at age 3 years all
had positive slopes (Table I1I). Slopes were highest for areas C3 and D2, and
these areas also had the highest coefficients of determination.

DISCUSSION

DATA

The cod database used in this study was, in its entirety, collected on research
surveys. Although selectivity has also been demonstrated on such surveys (Gode
& Sunnana, 1992), its impact on measurements of age and length-at-age
is considered to be minor. An exception occurs for age 1 year cod, measure-
ments of which are affected by a change in mesh size during the time series. This
selectivity bias could be one reason for the unstructured behaviour of this age
group in the analysis (Michalsen ez al., 1998).

The programme used to retrieve data from the temperature database was
designed for pelagic research and does not allow weighted vertical averages to
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TasLEIIL. Linear regression coefficients of the residuals from the area-specific linear regres-
sions for the length of cod at age 3 years and mean temperature and a measure for capelin
biomass available for consumption by this age group during its life up to age 3 years

2

Area Intercept Slope R

Al 0-70 1-25 0-29
A2 0-59 1.05 0-14
A3 0-68 0-89 0-24
B1 0-90 1-60 0-34
B2 0-76 1-36 0-30
B3 1-13 2-00 0-42
Cl 1-04 1-85 0-54
C2 0-93 1-65 0-43
C3 0-77 3-00 0-71
DI 0-26 0-81 0-13
D2 0-57 2-38 0-62

be determined. Moreover, cod may experience different temperatures from what
is measured at a fixed geographical point. Also there may be large variations in
the temperature at one fixed point (e.g. in the proximity of the polar front)
while the temperature at other points may be more stable during a year. The
temperatures used in this study are therefore not to be confused with ambient
temperatures for cod but must be regarded as indicators of spatial and temporal
climatic variation.

THE SPATIAL STRUCTURE WITH RESPECT TO
SIZE-AT-AGE

The mean Lt predicted by model (3) differs only slightly between areas
(Fig. 3). This is to be expected since these results are based on all age groups
of a highly migratory stock. Swimming performance increases with age, and
older age groups (>4 years) utilize a progressively larger part of the Barents
Sea. Any spatial structuring for these age groups should therefore be more
limited: this can be seen from comparing age groups 5 and 6 years to age
groups 24 years in Tablel. By contrast, younger age groups (up to 4 years
old) have a much more restricted migratory potential (Bergstad ez al., 1987) and
are thus more affected by local environmental conditions such as temperature.
This expectation conforms well to the results presented in TableI and Fig. 3. An
exception is the lack of a significant area effect for cod of age 1 year, which
could be caused by problems with the sampling of very young individuals. The
temperature dependence of Lt at age 1 year might also be influenced by the
high and variable mortality experienced by 0+ year fish, as they descend from
the upper water layers in autumn (Ottersen ez al., 1998).

The spatial structuring of cod with respect to size at age has not until the
present investigation been studied in detail. Michalsen et al. (1998) showed that,
south of 73°N and for the years 1988-1995, fish in the western part of the
Barents Sea were in general larger than fish in the eastern part; this observation
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is corroborated by the present findings. Extending this previous research, the
fine structure of length-at-age in the entire Barents Sea by dividing this study
region into 11 areas has been analysed. How factors such as area, sex, year, age
and temperature affect the growth of cod in the study region were tested by
ANOVA, ANCOVA and linear regression. This revealed the north—south, east—west
temperature gradient of the Barents Sea. Hence a considerable amount of the spatial
variation in growth appears to be attributable to spatial variation in temperature.
Michalsen et al. (1998) showed that the distribution of cod is affected by year-
class strength: strong year classes are more widely distributed than the poor
ones. The constant observation grid for temperature used in this study does not
account for this temporal variability in the temperatures experienced by cod in the
northern and eastern areas. If it is important in the present analysis, it is expected
that this potential bias leads to underestimating the climatic effect on growth.

THE DEPENDENCE OF LENGTH-AT-AGE ON
TEMPERATURE

Temperature was included as a covariate in the ANOVA models to test to
what degree area effects can be explained and removed by temperature. The
results suggest that the spatial structure with respect to length-at-age is to a
large degree caused by temperature differences. When included in model (1),
resulting in model (3), this covariate increased the area effect on growth for all
age groups (Table IT). When temperature was included in model (2), resulting in
model (4), it diminished the area effect (Tablell). Significant area effects,
however, remained even when temperature was included. This highlights both
the limitations of simple temperature indices, and the presence of area effects
not directly attributable to temperature.

Temporal variations in temperature within areas had a greater effect on
growth than spatial variations in temperature within years (Fig.2). This is not
unexpected since the Barents Sea is an extreme environment for cod and
seemingly small changes in temperature appear to greatly affect growth. Prob-
ably the effect of temperature is not only direct, but also correlated with higher
production in general, and with available capelin biomass in particular: inflow-
ing warmer water masses are rich with zooplankton (Gjesater et al., 1992), thus
increasing the distribution of capelin and its geographical overlap with cod. The
longer response time to temperature fluctuations at age 3 and 4 years as
compared to age 2 years (Fig.2) indicates that the temperature has more
pronounced effect on growth at early ages, and that the differences in length-
at-age that arise in the early life may be preserved for several years. The positive
effect of temperature on the length-at-age in the Barents Sea cod has earlier
been demonstrated by Jergensen (1992) and Michalsen ef al. (1998). Despite the
use of different aggregated temperature values, the influence of increasing
temperature on length-at-age in the present study (Fig.4) is of similar magni-
tude to that reported by Michalsen et al. (1998).

Because of the interaction between metabolic and ingestion rates, positive
effects of increasing temperature on growth prevail only under a certain opti-
mum temperature (Jobling, 1994). Given that the temperatures experienced by
cod in the Barents Sea are well below this optimum (c¢. 12-14° C; Jobling, 1988),

© 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 549-564



562 F. VINJE ET AL.

it is not unexpected that increasing temperature has a positive effect on the
growth. The temperature measure used in the present study, however, is only an
index of ambient temperature. The actual temperatures experienced by the fish
depend on their movements along horizontal and vertical temperature gradi-
ents. Especially in the proximity of the polar front, ambient temperature of the
fish depends critically on their vertical distribution and movements. Recent
studies utilizing data storage tags have shown that vertical movements of cod
vary markedly in space and time and among individuals (Godo & Michalsen,
2000; Stensholt, 2001). Because of this variability, temperature data from fixed
positions should only be taken as indices of climatic conditions in the sea, thereby
limiting the ability to explain growth variations with such temperature data.
Temperature preference of the fish is only one of the several factors influen-
cing its horizontal and vertical movements. Other important factors are avail-
ability of prey and avoidance of predators. Cod are known to track
concentrations of prespawning capelin (Bogstad & Mehl, 1997), and they may
also migrate to cold water layers to forage, and return to warmer water to
facilitate digestion (Stensholt, 2001). Small cod may also stay in deep, cold water
in order to avoid predation by larger cannibalistic cod (Kristiansen et al., 2001).

THE EFFECT OF SEVERITY ON PREDICTABILITY

Cod growth in the Barents Sea is not only strongly affected by temperature
(Harden Jones & Scholes, 1974; Michalsen ez al., 1998) but also by food access
(Mehl & Sunnana, 1991; Bogstad & Mehl, 1997). ‘Disentangling’ these effects is
particularly difficult for cod in the Barents Sea because the most important prey
species, capelin, are mainly distributed in very cold water (Gjeseter, 1998).
Consequently, growth could be slower at higher temperatures in the absence
of capelin than at low temperatures with an excess of capelin. Since the polar
front (Fig. 1) follows similar annual and seasonal movements as the ice edge
(Loeng, 1989, 1991) and because capelin are usually distributed close to the
polar front (Gjeseter, 1998), a more complex dependence of growth on tem-
perature is expected for the areas B3, C3 and D2.

The absence of similar confounding effects in area D1 may seem surprising as
capelin is also distributed in this area. Due to the dominance of coastal water
masses (Loeng, 1991) there is probably a lower degree of interaction between
cod and capelin in this area than in the others. In addition, the effect found for
areas B2, C1 and C2 could be caused by seasonal capelin migration through
these areas (Gjesater, 1998). Unravelling the complex dependence of cod
growth on the interplay between ambient temperature and food supply remains
an interesting challenge for future investigations.
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