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Vikebø, F., Sundby, S., Ådlandsvik, B., and Fiksen, Ø. 2005. The combined effect of trans-
port and temperature on distribution and growth of larvae and pelagic juveniles of Arcto-
Norwegian cod. e ICES Journal of Marine Science, 62: 1375e1386.

Temperature has been identified in field studies as the physical parameter most influential
on growth and recruitment of Arcto-Norwegian cod. However, it has been pointed out by
many authors that temperature in this context has not only direct effects on the cod, but also
indirect effects through lower trophic levels. Moreover, it has been said that temperature
might also be a proxy for other climatic parameters. The present paper analyses the direct
quantitative effects of temperature on larval and pelagic juvenile growth from spawning in
Lofoten until the 0-group fish settle in the Barents Sea. The approach taken is that of a mod-
elling study, supported by analysis of existing data on fish stocks and climate. It is shown
that transport and temperature alone can reproduce key features of the 0-group weight dis-
tribution and concentration in the Barents Sea for two consecutive years. The extent of the
dispersion of the larvae and pelagic juveniles, as well as the ambient temperature they ex-
perience on their route, are shown to depend upon their depth in the water column and, to
a lesser degree, the time of spawning.
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Introduction

The spawning grounds of the Arcto-Norwegian cod (ANC)

are located along the coast of middle and northern Norway

(Figure 1a), particularly in the Lofoten and Vesterålen area,

where up to 70% of the spawning occurred between 1983

and 1985 (Sundby and Bratland, 1987). Compared with

other Atlantic cod (Gadus morhua L.) stocks, there is

a long route of pelagic-free drift for the offspring from

spawning in March until early May along the coast, until

the juveniles settle to the bottom in the Barents Sea in Sep-

tember to October. During this critical period, with respect

to the formation of year-class strength, the eggs, larvae, and

pelagic juveniles drift from between 600 to 1200 km.

Eggs, larvae, and pelagic juveniles are carried north-

eastwards by the Norwegian Coastal Current (NwCC,

Figure 1a). Lateral spreading takes part of the population

into the Norwegian Atlantic Current (NwAC), which flows
1054-3139/$30.00 � 2005 International Coun
parallel to the NwCC and is warmer than the NwCC at the

time of spawning. Five months after spawning, they are

surveyed pelagically by the international 0-group survey

and are found spread over the entire area occupied by At-

lantic Waters in the Barents Sea (ICES, 1985, 1986). At

that time of the season, the NwCC has become the warmer

water mass of the two. After this stage, they settle to the

bottom. Abundance indices of ANC at the early juvenile

stage (2e3 months), 0-group stage (4e5 months), and

for three-year-old fish are estimated based on trawl sur-

veys and virtual population analysis. Correlation analysis

indicates high correlation of both the early juvenile stage

and 0-group stage with the three-year-old fish (Sundby

et al., 1989). Ottersen and Loeng (2000) show that there

is a close link between abundance and length of cod at

the 0-group stage and between length at the 0-group stage

and the year-class strength of the three-year-old fish.

Hence, the year classes of cod are generally determined
cil for the Exploration of the Sea. Published by Elsevier Ltd. All rights reserved.
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Figure 1. Spawning and nursery grounds of the ANC in relation to the Norwegian Atlantic Current and the Norwegian Coastal Current (a).

Influence of ocean climate parameters in trophic transfer (b) (from Sundby, 2000).
during the drift phase from the spawning grounds to the

nursery grounds.

During the last decade or so, several studies have shown

that numerical models are suitable tools in the study of

transport of fish larvae. This includes modelling studies

concerning gadids on Georges Bank (Werner et al., 1993;

Lough et al., 1994), in the North Sea (Heath and Gallego,

1998; Gallego et al., 1999), and in the Baltic (Voss et al.,

1999; Hinrichsen et al., 2002, 2003). These studies have

contributed to the development from simple particle drift

to individual-based models (IBM) including dependency

on biotic and abiotic parameters (Werner et al., 2001).

For the ANC, an earlier attempt to model the transport of

larvae and pelagic juveniles from the spawning grounds

in Lofoten to the nursery ground in the Barents Sea was

partly successful (Ådlandsvik and Sundby, 1994). They

concluded that their model failed to resolve key features

along the continental shelf because of insufficient horizon-

tal resolution, although the interannual variability in the lo-

cation of the concentrations of 0-group cod seemed to be

quite consistent with field data from surveys. However,

none of the previous modelling studies of the ANC includ-

ed the growth of larvae and pelagic juveniles.

Individual growth of cod larvae and juveniles shows

functional relationships to biotic and abiotic parameters

(Figure 1b). The biotic parameter of importance for growth

is food availability. Abiotic parameters of importance are

ocean climate parameters such as advection, temperature,

turbulence, and light conditions, the last-named varying

with cloud conditions and latitude. One of the most impor-

tant effects is felt through the influence of temperature on

feeding intensity, metabolic rates, and thereby growth
(Otterlei et al., 1999). Moreover, light conditions and

wind-induced turbulence are other important abiotic param-

eters in relation to behavioural responses affecting growth

of fish (Sundby and Fossum, 1990; Suthers and Sundby,

1996; Fiksen et al., 1998). Indirect effects of temperature,

through lower trophic level interactions, are similarly im-

portant, particularly the production at lower trophic levels.

The copepod Calanus finmarchicus is the dominant meso-

zooplankton in the Subarctic Gyre of the northern North

Atlantic and the main prey item for the ANC larvae and

juveniles. It is adapted to the spring bloom of the region

with feeding and reproduction during spring and summer,

and hibernation at depth during winter. Through advection

by the NwAC, the C. finmarchicus production spills over

from the core regions onto the adjacent shelves, e.g. the

shelf off Norway and the Barents Sea. Therefore, Sundby

(2000) suggested that the recruitmentetemperature relation

for the Atlantic cod is a proxy for the food abundance dur-

ing the early stages, explained by the advection of warm

C. finmarchicus-rich waters from the core production

regions to the habitat of cod.

Only small year classes are produced when temperatures

in the early larval distribution areas are low, while year

classes of all strengths are produced under higher tempera-

tures (Ottersen and Loeng, 2000). This implies that high

temperatures are a necessary, although not a sufficient, con-

dition for the formation of strong year classes. Ellertsen

et al. (1989) relate this to the delay in spawning of C. fin-

marchicus during cold years, and the subsequent mismatch

with the spawning of ANC. However, there is less chance

for the formation of a strong year class unless there is

a high spawning-stock biomass (Ottersen and Sundby,
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1995). Generally, pelagic juveniles are smaller in the north-

eastern region of the nursery grounds than those closer to

the spawning grounds farther to the southwest (Bjørke

and Sundby, 1987; Suthers and Sundby, 1993). In fact, ju-

venile size is proportional to the degree-days (integrated

temperature along the drift route) after hatching (Suthers

and Sundby, 1993). However, these distribution patterns

might also be influenced by indirect effects such as food

abundance (Sundby, 2000). Increased understanding of

how temperature influences the recruitment of ANC under

present climate conditions is a prerequisite for studying

the effect of possible climate changes on the cod stock in

the future.

The purpose of this study is to investigate the direct ef-

fects of transport and temperature on distribution and

growth of ANC. In order to do so, we used a circulation

model combined with an individual-based larval and juve-

nile model. The models simulate transport of larvae and pe-

lagic juveniles for two subsequent years, while keeping

a record of the individual temperature histories, permitting

calculation of temperature-dependent growth, from spawn-

ing until settlement at the nursery grounds. The years 1985

and 1986 were chosen for the modelling exercise because

of their differences both in distribution and individual

weight of the 0-group cod (Figure 2). Also, the total abun-

dance of 0-group cod was higher in 1985 than in 1986, and

the centre of biomass was farther to the west. The distribu-

tion in 1985 covered a larger area than in 1986, and the av-

erage length of 0-group cod, and therefore the weight

(Ellertsen et al., 1989), was significantly lower in 1986

than in 1985 (Ottersen and Loeng, 2000). By doing this,

we wish to answer the following questions. Will the model

be able to reproduce observed 0-group distributions? In

what way will vertical distribution of larvae and pelagic ju-

veniles affect 0-group distribution and weight? Will the
time of spawning affect growth and distribution of 0-group

cod?

The model system

The circulation model used in this study is the Regional

Ocean Modelling System (ROMS), version 2.0 (Shche-

petkin and McWilliams, 2005), http://marine.rutgers.edu/

po/models/roms/. This is a free-surface, hydrostatic, primi-

tive equation ocean model that uses stretched terrain-

following coordinates in the vertical and orthogonal

curvilinear coordinates in the horizontal. The model solves

the primitive equations by the finite differences method on

an Arakawa C-grid. Mode splitting between the external

barotropic mode and the internal barotropic mode is ap-

plied. A third-order accurate predictor (Leap-frog) and cor-

rector (AdamseMolton) algorithm is used for the time-

stepping. The level 2.5 MelloreYamada turbulence closure

scheme (Mellor and Yamada, 1982) is also used.

Monthly mean climatological values of velocity, temper-

ature, salinity, and water elevation in addition to four dom-

inant tidal constituents (M2, S2, K1, and N2) are used to

specify the lateral boundary conditions. The model forcing

also includes daily NCEP/NCAR reanalysed windstress, air

pressure, and oceaneatmosphere heat exchange for the

years 1985 and 1986 (Kalnay et al., 1996). The short-

wave radiation is multiplied by a factor, which decreases

linearly from 1 at the southernmost boundary to 0.5 at the

northernmost boundary, in order to reproduce measured

temperature distributions. The rationale behind this is that

the NCEP/NCAR cloud cover for the Barents Sea seems

to be too low (Budgell, 2005). Additional forcing is given

by prescribed river run-off from 12 freshwater sources

along the coast. The initial description of water elevation,
Figure 2. Distribution of 0-group cod for 1985 (a) and 1986 (b). The outer isoline indicates one fish per nautical mile of tow, whereas the

hatched area indicates more than 85 fish per nautical mile of tow (ICES, 1985, 1986).

http://marine.rutgers.edu/po/models/roms/
http://marine.rutgers.edu/po/models/roms/
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velocity, temperature, and salinity is taken from the 20-km

DNMI-IMR diagnostic climatology (Engedahl et al., 1998),

so no interannual variations are imposed through the lateral

boundaries. Relaxation towards climatology at the lateral

boundaries is done with a flow relaxation scheme (FRS;

Martinsen and Engedahl, 1987) for the baroclinic variables

including tracers (Ådlandsvik and Budgell, 2003) and

a combination of Chapman and Flather conditions for the

free surface and the barotropic variables (Flather, 1976;

Chapman, 1985). Flow relaxation is performed throughout

the water column at the ten outermost cells adjacent to

the boundary. The model grid consists of 148! 318 cells

(Figure 3) with 25 vertical sigma-layers. The resolution in-

creases from about 3.8 km in the southernmost parts,

5.3 km in the Vestfjord, and up to 8.5 km in the northern-

most parts of the model domain. The bottom topography

is taken from Etopo2, which gives a horizontal resolution

of about 3.5 km.
Ageneral evaluation of themodel shows that it reproduces

the observed hydrography and current metre measurements

at stations and sections (Vikebø, 2005). More specifically,

it reproduces the seasonal variation of temperature through-

out the water column at the spawning ground in the Vestf-

jord, the observed vertical distribution of temperature

at the Gimsøy section off western Norway, and the Fugløy

section at the western entrance to the Barents Sea, as well

as the volume flux trough in the Fugløy section (Figure 3).

An individual-based model is implemented into the lar-

val and pelagic juvenile drift module to simulate how

growth is influenced by changes in the ocean climate.

This model simulates individual growth of larvae and pe-

lagic juveniles from the functional relationships to biotic

and abiotic parameters, e.g. Fiksen et al. (1998). Particles

are released as a patch at a well-known spawning site inside

the Vestfjord (Figure 3), covering about 15! 15 km,

equally distributed at 10-, 20-, and 30-m depth. The input
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of particles has a Gaussian distribution in time in order to

simulate observed spawning intensity (Figure 4).

Particles are moved forward by the updated velocity fields

from the hydrodynamic model. Earlier work had included

a random walk in addition to advection in order to parame-

terize Fickian diffusion (Csanady, 1973; Ådlandsvik and

Sundby, 1994). The diffusion coefficient, K, could be tuned

in order to increase the correspondence between simulations

and observations. There is no added random walk to the ve-

locity field transporting particles in this study, which may

cause an underestimation of the spread of particles. Howev-

er, with decreasing grid size, the need for artificial diffusion

is reduced, as the range of resolved eddies and velocity shear

is increased, leading to greater spreading of the particles.

The ambient temperature history of each particle is re-

corded as it moves. Growth of each larva and pelagic

juvenile can then be estimated by combining the tempera-

ture-dependent growth functions presented in Otterlei

et al. (1999) and Björnasson and Steinarsson (2002). In

both these laboratory studies, cod were reared in tanks at

fixed temperatures with unlimited food. Otterlei et al.

(1999) reared larvae for eight weeks at fixed temperatures
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Figure 4. Averaged observed spawning intensity of cod (eggs m�2)

in Lofoten for the years 1976 to 1983 as presented in Ellertsen et al.

(1989) (solid line) and simulated spawning intensity (dashed line).
ranging from 4 to 14(C, with steps of 2(C, and initial

weight of 0.030 mg (dry weight). A Gompertz function

was fitted to the data:

ln DW
�
t
�
Zln DW0

�ACA

�
ln DWinf � ln DW0CA

A

�ð1�e�ðaCbTÞtÞ
; ð1Þ

where DW0 is the initial weight of the larvae, DWinf indi-

cates the range of the data set used to fit the function,

and T is the temperature (Figure 5a). The parameter values

were DW0Z 0.030 mg, DWinfZ 250 mg, AZ 0.198,

aZ 0.0061, and bZ 0.0044. Björnasson and Steinarsson

(2002) reared larvae for several years and came up with

a functional relationship for the size range 2e5000 g (wet

weight) for temperatures ranging from 2 to 16(C, with ir-

regular steps of between 2 and 3(C. Specific growth rate

was presented as per cent per day:

GZaWðbCcTÞ; ð2Þ

where W is the wet weight, T the temperature, and a, b, and

c are constants with the following values: aZ 0.5735,

bZ�0.1934, and cZ�0.02001 (Figure 5b). The smallest

initial weight of larvae in the study was about 1 g and,

therefore, the model does not apply to cod larvae !1 g.

As we wish to estimate the temperature-dependent growth

of larvae and pelagic juveniles from newly hatched to 0-

group stage (4e5 months), we combined the two tempera-

tureegrowth functions. The ratio of dry weight to wet

weight is size dependent, but, at the interface between the

two models, it is about 1:5. Figure 6 shows the combined

growth of cod during 200 days from an initial weight of

0.030 mg dry weight with the interface between the two

models at three different weights: 100, 150, and 200 mg

dry weight. These functional relationships between growth

and temperature are based on fixed temperatures throughout

the growth period, though this is obviously not the case for

the particles in our simulations. Therefore, the subsequent
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daily growth is found as the difference between its current

weight and its weight one day later, deduced from its last

updated ambient temperature. When daily growth exceeds

100/150/200 mg dry weight, further daily temperature-

dependent growth is calculated using Equation (2). It

appears that the decrease in growth rate with size in the

Otterlei-model may be too strong, as juveniles grow at

higher rates in the Björnasson and Steinarsson model.

Such effects could arise if the prey in the rearing experi-

ment were too small for optimal growth of the largest

larvae. Therefore, we chose to extrapolate the Björnasson

and Steinarsson model down to 100 mg. Growth for a parti-

cle experiencing a linear increase in temperature from 4 to

14(C and a decrease from 14 to 4(C is shown on all Fig-

ures as dotted curves.
Results and discussion

Transport and growth of larvae
and pelagic juveniles

Particles released at the spawning site inside the Vestfjord

and transported by the circulation model result in 0-group

distributions as shown in Figure 7. The colours indicate

the individual simulated wet weights, based on the temper-

atures experienced along the route and the temperature-de-

pendent growth relationships described in Equations (1)

and (2). This figure and the ones that follow show distribu-

tions in late August, five months after peak spawning. Com-

parison of the simulated 0-group distributions with the

observed distributions (Figure 2) reveals many of the

same features. The centre of gravity for the 0-group
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Figure 7. Simulated distribution of 0-group cod in late August, four to six months old depending on spawning, with atmospheric forcing

from 1985 (a) and 1986 (b), and all particles released inside the Vestfjord, the main spawning site. The colour scale indicates wet weight in

milligrams.
distribution in 1986 is more southeastern (71(77#N
29(61#E) than in 1985 (72(30#N 26(07#E). Both the

simulated and the observed northernmost limits of the

pelagic juveniles east of Spitsbergen (Figure 3) are around

76(N. Observed distributions stretch farther east than those

simulated, probably because of the limited extent of the

model domain in this direction. For 1986, many larvae

are retained around the spawning ground in the simulation,

resulting in a delayed advection towards the north. Many

pelagic juveniles were distributed on the western side of

Tromsøflaket, while few were found in the Bear Island

trough, consistent with the observations. Also, it is clear

from both simulations and observations how the fronts in

the northeastern parts of the Barents Sea limit the

distributions.

Simulated weight distributions show, in general, a higher

weight of pelagic juveniles in the western Barents Sea than

farther east, consistent with the observations presented in

Suthers and Sundby (1993). Those authors discuss two hy-

potheses causing the observed distribution: differences in

water temperature and food availability. Only temperatures

were measured during the surveys where the data were col-

lected, and they found a high correlation between growth

and temperature. However, Sundby (2000) argues that tem-

perature is a proxy for food abundance, since the core re-

gion of the C. finmarchicus has a higher temperature

during the early juvenile stages than the adjacent shelves,

i.e. the high correlation is due to advection of warm C. fin-

marchicus-rich water onto the shelf where the spawning

and nursery grounds of cod are located.
The NwAC flows along the shelf edge, bifurcating north-

west of the Tromsøflaket, with a branch entering the

Barents Sea adjacent to the wedge-shaped NwCC close to

the Norwegian coast, and the other branch following the

shelf edge towards west Spitsbergen. Part of the NwAC

flowing towards Spitsbergen enters the Barents Sea through

the Bear Island trough (73(N 18(E, extending eastwards).

Spawning in the Vestfjord occurs during MarcheMay in

the NwCC, which is colder then than the NwAC and re-

mains so until about June. Owing to horizontal mixing
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caused by wind and topographic effects, part of the larvae

released in the NwCC will be displaced into the NwAC.

Larvae transported northwards may therefore either be ad-

vected by the colder NwCC to the eastern parts of the

Barents Sea, by the warmer NwAC to the central and west-

ern parts of the Barents Sea, or by the NwAC along the

shelf edge to the west of Spitsbergen. The route greatly af-

fects the degree-days and hence the growth.
The simulated average and standard deviations of the

ambient temperature for larvae and pelagic juveniles as

a function of time are shown in Figure 8. ANC spawning

in the Vestfjord are located where the water temperatures

range from about 4 to 6(C, quite consistent with the simu-

lated values. As the larvae and pelagic juveniles are trans-

ported from the spawning ground towards the nursery

ground, both the average and standard deviation of ambient
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temperature increase. Larvae trapped in the NwCC during

the initial stages of the pelagic-free drift phase experience

the lowest average ambient temperature. At the 0-group

stage, juveniles that are advected farthest to the northeast

in the Barents Sea enter Arctic Water, which limits their av-

erage ambient temperature. The stepwise increase in stan-

dard deviation of ambient temperatures reflects the

horizontal variance of the distribution. The low-frequency

change in the average and standard deviation of the ambient

temperature, from a steady low level through an increase up

to a higher level, is caused by the combined effect of sea-

sonal warming and the advection of larvae and pelagic ju-

veniles from the shelf area outside the spawning ground to

the Barents Sea waters. Temporary retention above the

Tromsøflaket, which concentrates larvae and pelagic juve-

niles through topographic effects, prolong the transport

time towards the nursery grounds (Bjørke and Sundby,

1987). The superimposed high-frequency changes in the

time-series are caused by variability in the atmospheric

forcing.

Depth-dependent transport

Eggs are hatched and become larvae in about three weeks

after they are spawned. This transition will affect their ver-

tical distribution and hence their horizontal transport. The

vertical distribution is also affected by winds (Sundby,

1983). During calm conditions, eggs were found in the en-

tire upper mixed layer, with highest concentration at the

surface and most eggs above 20 m. During windy condi-

tions, eggs are mixed deeper in the water column. Increased

winds will not only affect the vertical distribution, but also

the amount of horizontal spreading. Larvae are also found

in the upper mixed layer, with the majority distributed in

the upper 30 m. Concentrations peak between 10 and

20 m, with a low concentration above 5 m (Ellertsen

et al., 1989). There is little evidence of diel migration of
larval and pelagic juvenile cod in this region, probably re-

lated to the 24-h daylight during summer. The egg stage is

not included in this study, but the fact that, generally, eggs

are distributed higher in the water column than larvae,

means that an initial transport close to the surface is more

representative than transport at greater depths.

Figure 9 shows the area-dependent weight distributions

five months after peak spawning for the depths 1, 10, 20,

and 30 m. Clearly the depth of larvae and pelagic juveniles

has a great effect on both their horizontal concentrations

and their area-dependent weight distributions. All the pe-

lagic juveniles that were kept fixed at 1-m depth (Figure

9a) have left the spawning ground and are spread out in

the entire Barents Sea, away from the coast. Most of

them are limited by the continental shelf edge and the fron-

tal areas to the north and east in the model domain. The 0-

group distributions indicate higher weights in the western

than in the eastern parts of the Barents Sea. At 10-m depth

more pelagic juveniles are retained close to the spawning

ground. The distribution is located closer to the coast,

and farther away from the shelf edge and the frontal zones.

Also at this depth, however, higher weights are found in the

southwestern parts of the nursery ground. At 20- and 30-m

depths, pelagic juveniles stay close to the coast as they are

advected northwards. The larger ones are still found to-

wards the southwest. Water temperature decreases with

depth, and so does larval and pelagic juvenile growth. If

a prescribed horizontal diffusion (random walk) was added

independent of depth, it would still result in faster growth

and more dispersion closer to the surface, but deeper in

the water column, more larvae and pelagic juveniles would

be transported away from the coast.

Figure 10a shows the average temperature for the larvae

and pelagic juveniles for each depth as a function of days

from initialization. The near-surface ones have the highest

average temperature increase until peaking in late July,

around day 150. It is clear that seasonal warming occurs
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with a time-lag and decreasing amplitude down through the

water column. Also, the peak is earlier for the near-surface

larvae and pelagic juveniles because an increasing number

of them reach the colder waters in the northern and eastern

parts of the Barents Sea.

Larvae and pelagic juveniles in the near-surface habitat

grow faster and are dispersed more widely in the Barents
Sea (Figure 9). If their prey were to be distributed deeper

in the water column, cod would face a trade-off between be-

ing located where, on the one hand, there is more prey but

slower temperature-dependent growth and less dispersal

and, on the other, less prey but faster temperature-depen-

dent growth and more dispersal. Quantifying this trade-off

is important.
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Dependence on time of spawning

Distinguishing between larvae and pelagic juveniles that

were released earlier and later during spring reveals differen-

ces in the 0-group distributions. Figure 11 shows 0-group

distributions by late August for those initialized during

days 1 to 15, 15 to 25, 35 to 45, and 45 to 60. All distributions

cover a large part of the nursery ground in the Barents Sea,

though the variance decreases with a later hatching time.

Variance for the later releases is 74% of that for the earlier

releases, with decreasing variance caused by decreasing

winds towards summer and the reduced time of transport.

All distributions show higher weights in the western than

in the eastern parts of the Barents Sea. The weight range is

higher for those released early, both because they are oldest,

and because strong wind-induced initial horizontal spread-

ing has enabled them to be advected far to the east, where

the ambient temperature is low. Figure 10b shows the

time-evolving averaged ambient temperature for groups of

larvae and pelagic juveniles categorized by their time of ini-

tialization. The curves indicate that those released later get

more quickly to higher average temperature than those

released earlier because of seasonal warming. From day 70

onwards, the curves diverge, though they display the same

characteristic shifts superimposed on the general trend.

The reason for this divergence is that earlier releases stretch

farther east into the Barents Sea where the temperature is

lower. Large-scale windforcing is the reason for the super-

imposed shifts on the general trend.

Concluding remarks

The simulations reproduce the observed key features of

0-group cod distributions for the years 1985 and 1986.

(i) The simulated area-dependent weight distributions indi-

cate larger larvae and pelagic juveniles in the western parts

of the Barents Sea than farther east; (ii) the centre of gravity

is more eastern in 1986 than in 1985; (iii) the distributions

are limited to coastal and Atlantic Water masses; and (iv)

prolonged transport time from the spawning ground to the

nursery ground owing to retention above bank structures

along the shelf. This indicates that transport and tempera-

ture-dependent larval and pelagic juvenile growth alone

can reproduce key features of the 0-group weight distribu-

tion and concentration in the Barents Sea.

The vertical placement of larvae and pelagic juveniles

has a significant impact on both the later horizontal distri-

bution and weight. Larvae and pelagic juveniles drifting

close to the surface are more likely to end up in the central

or western Barents Sea, while those lower in the water

column are more likely to end up close to the Norwegian

coast or the eastern Barents Sea.

Earlier released larvae and pelagic juveniles have

a higher mean and standard deviation of 0-group weights

and are geographically more widespread as a consequence

of longer transport time and stronger winds earlier in the
year. However, the temperatures experienced by both the

individuals and the 0-group distributions by August are

less dependent on the time of spawning than on the vertical

placement of the larvae and pelagic juveniles. Food avail-

ability is not considered in the model in its present form.

However, this might affect the dependence of the growth

on time of spawning owing to the ‘‘matchemismatch’’ of

prey and predators (Hjort, 1914).

The simulations reproduce the variations in horizontal

concentration of these two years, though the differences

in average weights are not. The year 1985 produced signif-

icantly higher average weight (and length) of 0-group cod

than 1986 (Ottersen and Loeng, 2000). It is thought that

the main reason this is not captured in the simulations is be-

cause the lateral boundary conditions are taken from clima-

tology, and do not contain any interannual variations. Using

interannual variations on these boundaries, in the same way

as for the atmospheric forcing, is considered to be the most

important factor to improve the model results. This would

also enable us to estimate year-to-year variations in recruit-

ment, since this is linked to the abundance of 0-group cod

(Sundby et al., 1989) and their condition (Ottersen and

Loeng, 2000). This is one of the topics we plan to pursue.

Also, a more sophisticated individual-based model, in

which growth depends on food availability, turbulence,

and light, in addition to transport and temperature, is needed.

Among other things, this will allow us to find the optimum

behaviour concerning the trade-off between feeding and

favourable temperature.
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