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ABSTRACT: Temporal variability in environmental conditions met by early life stages is consid-
ered a key driver of fluctuations in recruitment and abundance of fish stocks. Variability in spawn-
ing grounds selected by the parental population can change the environmental conditions
encountered by the offspring, with consequences for recruitment. We compared how changes in
spawning ground distribution and interannual climatic variation influenced the temperature
exposure of eggs and larvae of Northeast Arctic cod Gadus morhua along the Norwegian coast.
By using a general circulation model and 20 yr of forcing data, we tracked eggs and larvae from
various spawning grounds and mapped temperature exposure, potential growth rate and theoret-
ical survival probabilities in space and time. We found that the temperature history integrated
over the early larval stages decreased by almost 4°C from southern to northern spawning grounds.
Thus, variations in spawning ground usage have the potential to outweigh the interannual envi-
ronmental variability, and consequently, shifts in spawning grounds may be more important than
climatic variability in determining recruitment success. The long-term northbound shift and trun-
cation of spawning grounds of the Northeast Arctic cod is thought to be caused by a size-selective
trawl fishery in the Barents Sea, which promotes smaller and early maturing individuals to spawn
farther north. This selection could increase offspring vulnerability to climatic changes, thereby
strengthening the link between climate and recruitment.
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INTRODUCTION

Environmental heterogeneities are regularly ex-
ploited by animals to maximize either feeding rates,
reproduction success or both. In polar and subpolar
regions, such heterogeneities typically occur across
latitudes, promoting regular southbound and north-
bound migrations in a range of animals, including
birds, mammals and fish (Dingle 1996). In reproduc-
tive migrations, ideal nursery areas are often less
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profitable or even completely unsuitable as habitats
for the parents, and finding an optimal migration dis-
tance that maximises individual fitness becomes a
classic trade-off between parental cost and offspring
benefit (Lack 1954, Williams 1966). General theory
suggests that reproductive strategies, including mi-
gration length and location, are optimised decisions
based on individual size or physiological state (Dod-
son 1997), which in fish has been found in a range of
families, including clupeids (Nottestad et al. 1999),
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gadoids (Jergensen et al. 2008), salmonids (Forseth et
al. 1999) and scombrids (Block et al. 2005).

For marine species, translatitudinal spawning
migrations are typically directed towards warmer
ocean temperatures (i.e. Skjoldal 2004), which is
thought to enhance offspring growth rate (Otterlei et
al. 1999, Folkvord 2005) and potentially survival
(McGurk 1986, Houde 1989). Ever since Hjort's
(1914) hypothesis of the ‘critical period', the concept
that fast growth increases survival probabilities for
early stages of fish has been a paradigm in fisheries
oceanography (Leggett & Frank 2008). From an evo-
lutionary perspective, this implies that spawning fish
should seek conditions that maximise offspring
growth rates through an adaptive choice of spawning
time and area (Lasker 1981, Bailey & Houde 1989,
Sinclair & Iles 1989, Cushing 1990, Jorgensen et al.
2008). However, costly parental investments warrant
a concurrent advantage in order to balance costs
with potential fitness benefits (Sutherland 1996).

For the Northeast Arctic (NA) cod Gadus morhua, a
northern stock of Atlantic cod, this cost is paid in
terms of reduced feeding opportunities and energy
used for migration between feeding grounds in the
Barents Sea and spawning grounds along the Nor-
wegian coast (Jergensen & Fiksen 2006, Jorgensen et
al. 2008). At present, the vast majority of spawning
by NA cod takes place around the Lofoten archipel-
ago (~68°N) and northwards (Bogstad 2009). How-
ever, historic records suggest that up to 60 % of the
spawning has taken place in areas south of Lofoten,
including Vest-Agder (~59°N), more than 1000 km
south of Lofoten (Opdal 2010). Based on 104 yr of
catch data (1866 to 1969), Opdal (2010) hypothesised
that a size-selective trawl fishery in the Barents Sea,
which lowered the age at maturation (Heino et al.
2002) and truncated the size distribution (Jergensen
1990), could have caused this significant change in
the spawning ground distribution. Interestingly,
changes in the spawning stock age and composition
of NA cod may also cause increased influence of cli-
mate on recruitment (Ottersen et al. 2006). Longer,
more southbound spawning migrations might in-
crease larval survival through increased tempera-
ture-dependent growth rates (Opdal et al. 2008).
Also, in a state-dependent life history model, Jor-
gensen et al. (2008) predicted that larger fish and fish
in better condition before the spawning migration
would profit more from spawning farther south.

In this study, we employ a newly developed ocean
model covering the North Sea, Norwegian Sea and
the Barents Sea (Vikebg et al. 2010). Coupled to a
behavioural model, we track drift trajectories and

temperature exposures for virtual eggs and larvae
released at all spawning grounds of NA cod, ranging
from 71°N to 59°N. This approach allowed us to
investigate differences in offspring survival between
spawning grounds, as well as understand the poten-
tial consequences that historical changes in spawn-
ing grounds have had for larval fitness. Because the
model includes 20 yr of forcing data, the importance
of multiannual environmental variability for off-
spring survival can be evaluated and compared with
the latitudinal effect of spawning ground location.

MATERIALS AND METHODS
The ocean model

We used a 3-dimensional hydrodynamic model, the
Regional Ocean Modeling System (ROMS) (Haidvo-
gel et al. 2008), in which a model domain covered the
North Sea, the Norwegian Sea, the Barents sea and
partly the Arctic. This model domain has recently
become available with improved resolution (4 x
4 km) and climatological data for 20 yr (1989 to 2008).
The model was first presented in Vikebg et al. (2010)
in which more elaborate descriptions of the model
parameters and performance are available. The
model explains observed salinity and temperature
transects along the Norwegian coast, and also accu-
rately reproduces known hydrographic and circula-
tion features. The model uses stretched terrain-fol-
lowing coordinates in the vertical, and orthogonal
curvilinear coordinates in the horizontal. Monthly
mean lateral boundary conditions are taken from a
global version of ROMS in the North Atlantic and
Arctic oceans (~20 km resolution) and include veloc-
ity, temperature, salinity and water elevation. Eight
dominant tidal constituents (Egbert et al. 1994,
Egbert & Erofeeva 2002) are added at the lateral
boundaries. A Lagrangian particle-tracking model
(Adlandsvik & Sundby 1994) is used to track drift tra-
jectories, depth and temperature exposure of virtual
eggs and larvae (particles) released at the different
spawning grounds along the coast.

Spawning grounds and larval drift

Before the 1930s, NA cod spawned over a large
range of spawning grounds, including outside the
southwestern parts of the Norwegian coast (Opdal
2010). To assess the potential fitness benefits associ-
ated with these spawning grounds, and consequently
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the long spawning migrations, we compared drift tra-
jectories and temperature exposures of particles re-
leased at the historical as well as contemporary
grounds (Fig. 1). The model did not account for prey
and predator distribution, and was assumed constant
throughout the model domain. Particles were re-
leased in batches of 300 per spawning ground every
third day from the beginning of March through April,
and for each year from 1989 to 2008 in order to cap-
ture interannual variation. A total of ca. 100 000 parti-
cles was released each year. Particles were released
in equal numbers at all spawning grounds in all
years, and depth and temperature exposure was
recorded until 1 September. The subsequent drift and
final distribution in the Barents Sea for the different
years was used to estimate potential interannual en-
vironmental variation from possible spawning sites.
Note that the distribution of particles was idealised
with equal number of particles across all sites. This is
because realised spawning ground distribution is un-
known for the time period used for simulations.
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Fig. 1. Gadus morhua. Location of Northeast Arctic (NA) cod
spawning grounds along the Norwegian coast, from south to
north: (1) Vest-Agder, (2) Rogaland, (3) Hordaland, (4) Sogn,
(5) Buagrunnen (Mere), (6) Yttergrunnen, (7) Vikna, (8)
Vega, (9) Vestfjorden, (10) Restbanken, (11) Moskenes-
grunnen, (12) Malangsgrunnen, (13) Breivikbotn (West-
Finnmark), (14) Central-Finnmark, (15) East-Finnmark.
Bottom topography is indicated by 100 m depth contours

Growth, survival and vertical behaviour

Larval growth was calculated as a function of
temperature (Folkvord 2005) and presented as spe-
cific growth rate (SGR, d7!). All individuals are ini-
tialized with the same length of 5 mm and a dry
weight of 0.093 mg (Folkvord 2005). To calculate spa-
tial and temporal variation in survival probability to a
given size (i.e. the stage-duration hypothesis of
recruitment), we used a daily mortality rate (M) for
Atlantic cod larvae estimated by Sundby et al. (1989)
as M= 0.2 d"%. The larvae were followed to a length
of 18 mm, the size to which the growth function
remains valid.

Egg buoyancy, and consequently its vertical move-
ment, was calculated as a function of egg density,
salinity and turbulence, as described by Thygesen &
Adlandsvik (2007). The eggs were initialised at 10 m
depth. After the egg stage, which was set to last 22 d
(Iversen & Danielssen 1984), the larvae exhibited a
diel vertical migration pattern (Fig. 2), in which
depth and range increased with larval length (Lough
& Potter 1993, Vikebgo et al. 2007).
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Fig. 2. Gadus morhua. Depth boundaries during NA cod egg
stage (black dotted line), and for day (grey line) and night
(black line) during larval stage, as a function of larval length.
From larval length, upper and lower depth boundaries are set
for day and night in concurrence with a size-dependent
depth distribution as in Vikebg et al. (2007). Night is defined
as light levels <1.0 pmol photons m~ s~!. Within the set depth
boundaries, larvae move directionally up at night and down
at day at a speed of 0.1 body lengths (BL) per time step (dt),
where dt = 1 h. In addition, there is also a random vertical
movement at a speed of 0.33 BL per time step. In total, the
vertical distance moved (dZ) within a time step is defined as
dZ/dt = o.- 0.33BL - 0.1BL, during the day, and dZ/dt = o.-
0.33BL + 0.1BL, during the night, where o is a behavioural
variable defined as random number between -1 and +1
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RESULTS
Drift patterns and distributions in the Barents Sea

Buoyant NA cod eggs, which later become verti-
cally mobile larvae, were released from 15 different
spawning grounds (Fig. 1) and experienced various
drift patterns depending on spawning ground, year
and season. From the 20 yr (1989 to 2008) mean lar-
val distribution on 1 September (Fig. 3), it was evi-
dent that most eggs and larvae released at the south-
ern spawning grounds (Fig. 3a) distributed closer to
the coast and low densities were found in the eastern
parts of the Barents Sea. There was also a fraction
that experienced a southeastern drift, away from the
southern Norwegian coast, which is topographically
steered by the deep trench, Norskerenna, at the
southern tip of Norway (see Fig. 1 for topography).
Larvae from the northern spawning grounds (Fig. 3c)
were almost exclusively distributed along the Finn-
mark coastline and into the eastern Barents Sea,
whilst larvae from intermediate grounds (Fig. 3b)

had a significant component that ended up in the
western Barents Sea.

Temperature exposure, growth and survival

The more southerly spawning grounds gave rise to
higher temperature exposures during the pelagic
phase, and interannual variation was apparent
(Fig. 4a). Within a single year, the mean temperature
exposure could vary by almost 4°C between spawn-
ing grounds, whilst interannual variation within the
same spawning ground never exceeded 2°C. Also,
temperature exposure appeared to vary more be-
tween years in the south compared with the north.
The cumulative survival probability up to a larval
length of 18 mm was calculated for all years and
spawning grounds (Fig. 4b). Larvae spawned in the
south under these assumptions experienced an over-
all lower mortality, and survival probability for eggs
and larvae spawned in the most southern areas was
3 to 4 orders of magnitude higher compared with that
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Fig. 3. Gadus morhua. Aggregated mean NA cod larval distributions (1989 to 2008) on 1 September from the spawning
grounds (a) 1, 2, 3 and 4, (b) 5,6, 7, 8,9, 10 and 11, and (c) 12, 13, 14 and 15 (see Fig. 1). Colours denote the log;, transformed
abundance (number of individuals) per cell (4 x 4 km)
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Fig. 4. Gadus morhua. (a) Integrated mean temperature
exposure for NA cod eggs and larvae up to 18 mm length
for all years and spawning grounds. (b) Survival probability
as a function of spawning ground and year. The cumula-
tive survival probability of larvae up to 18 mm length was
calculated from a fixed daily mortality rate, M = 0.2 d*
(Sundby et al. 1989), and purely temperature-driven growth
(Folkvord 2005). Colouring reflects the value of the vertical
axis (blue: low; red: high) to give a clear representation of
the surface shape

in the most northern area. The interannual variation
in survival was closer to 1 order of magnitude, and
weak compared with the latitudinal gradient.

DISCUSSION

The historically important southern spawning
grounds of NA cod may harbour significant fitness
benefits in terms of increased temperature condi-
tions, larval growth potential and survival, compared
with the contemporary, more northern, dominant
spawning grounds. We concluded that latitudinal

1989

shifts in spawning migrations by far outweigh inter-
annual fluctuations in terms of temperature exposure
for eggs and larvae.

Ocean model and larval drift patterns

This is the first study to track the environmental
history of larvae drifting from all spawning sites of
NA cod. Earlier modelling studies (e.g. Adlandsvik &
Sundby 1994, Vikebg et al. 2007, Opdal et al. 2008)
have been limited to only a few years of forcing data
and constrained by model domain, as they covered
only a small part of the Nordic seas. With 20 yr of cli-
matology data we captured effects of relatively warm
and cold periods on drift and temperature exposure
during the early life of fish. The hydrodynamic model
performed well in reproducing observed interannual
ocean temperatures along the Norwegian coast, both
from offshore transects (Vikebe et al. 2010) and
from stationary temperature recordings along the coast
(@. Skarseth pers. comm., www.imr.no/forskning/
forskningsdata/stasjoner/). The inclusion of egg
buoyancy and larval vertical positioning contributed
to a more realistic scenario, considering that varia-
tions in vertical behaviour can influence drift pat-
terns and larval distributions (Fiksen et al. 2007,
Vikebg et al. 2007, Johansen et al. 2009).

Drift patterns from the spawning grounds were
generally northbound towards the Barents Sea, even
from the most southern spawning grounds, suggest-
ing that larvae from these grounds could also recruit
to the NA cod population in the Barents Sea (Berg-
stad et al. 1987). However, the most southern areas
also experienced some dispersion east and south
towards the Swedish coast, away from the Barents
Sea. This could indicate that the southern spawning
areas selected in the model are not representative of
the actual spawning grounds, or that these areas pro-
pose areal risk in terms of reduced recruitment to the
NA cod stock.

Spawning ground distribution

We used ocean temperature as a coarse proxy for
environmental variation and calculated larval tem-
perature-dependent growth and the cumulative sur-
vival for NA cod up to 18 mm in length. Egg develop-
ment time and hatching was held constant at 22 d,
independent of temperature, and was likely to have
caused a hatching date that was too early in the north
and too late in the south. However, this assumption is
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considered conservative, and an inclusion of tem-
perature-dependent hatching would in any case
strengthen the results of the study considering that
egg development time is generally found to decrease
with increasing temperature.

Opdal (2010) showed for the time period from 1866
to the mid-1920s, before the onset of the Barents Sea
trawl fishery, that between 20 and 60% of the NA
cod's spawner biomass used southern spawning
grounds, i.e. spawning grounds 1 to 5 in this study. Be-
cause the realised spawning ground distribution for
the time period used in the simulation is unknown, we
used an idealised distribution in which an equal num-
ber of particles were released from each site. Also,
demographic effects influencing reproductive char-
acteristics of the spawning stock, such as timing of
spawning, fecundity and egg size, are unresolved in
the model. However, it is plausible that the relatively
longer larval drift routes associated with southern
spawning might cause earlier spawning in the south
compared with the north. In this case, the relative dif-
ferences in thermal exposure between north and south
would decrease. It is also likely that larger and older
individuals, thought to spawn farther south, might ex-
perience higher fecundity (Kjesbu et al. 1991), though
there may be trade-off of higher energetic cost associ-
ated with longer migrations (Jergensen et al. 2008).

Temperature exposure and offspring survival

We found that the latitudinal origin of an egg out-
weighs the interannual climatic influence on the
thermal exposure. Therefore, location of NA cod
spawning grounds could be more important than cli-
matic variability in determining the ambient environ-
mental conditions of the recruiting age class. It is
important to note that while we have assumed a con-
stant mortality rate, there is evidence that mortality
in early life stages of fish can increase with tempera-
ture (Houde 1989, van der Veer & Witte 1999). This
would reduce larval survival at the southern spawn-
ing grounds. However, studies have also shown that
early life mortality decreases with size (Folkvord &
Hunter 1986, McGurk 1986, Bailey & Houde 1989), in
which case, larvae spawned in the south would expe-
rience relatively higher survival probabilities. A pos-
itive relationship between temperature and growth is
only valid to a certain threshold, after which increas-
ing temperature is expected to have a negative effect
on growth owing to physiological constraints (e.g.
Portner & Farrell 2008). Potential future increase in
ocean temperatures might shift distributions of NA

cod even farther north, as shown for several fish spe-
cies in the North Sea (Perry et al. 20095).

By assuming a constant, nonlimiting availability of
prey, any effect of food is unaccounted for in the
model. Although Folkvord (2005) showed that most
Atlantic cod larvae captured in the field are growing
close to their maximum rate, laboratory experiments
have shown that food availability can affect survival
of NA cod larvae (e.g. Seljeset et al. 2010). Also, the
duration of spatiotemporal overlap between North
Atlantic cod larvae and their plankton prey is shown
to influence larval survival and consequently recruit-
ment, which indicates that short-term climatic fluctu-
ations are important for larval survival (Kristiansen et
al. 2011). This suggests that the short-term (approxi-
mately one generation) effect of climate on food
availability is also important for the survival of NA
cod larvae. However, this effect is not accounted for
in our model, as food availability is held constant.

In the case of the NA cod, Sundby & Nakken (2008)
suggested that northbound shifts in spawning loca-
tions are due to increasing ocean temperatures. If so,
such a shift could serve as a buffer towards the tem-
poral environmental variability. However, Jorgensen
et al. (2008) and Opdal (2010) argue that a size-selec-
tive trawl fishery in the Barents Sea has truncated the
size distribution of the stock and lowered the age of
maturation through fisheries-induced evolution,
which suggests that large, late-maturing fish and fish
in good condition would have optimal spawning
locations farther south, compared with small, early
maturing fish and those in poorer condition. Opdal
(2010) showed that before the onset of the Barents
Sea trawl fishery in the 1920s, the NA cod's spawn-
ing grounds were distributed along the entire west
coast of Norway, and that a northbound shift was evi-
dent after the fishery began. The fitness benefits of
southern spawning proposed here suggest that
intensive harvest and fisheries-induced evolution,
leading to truncated and northbound spawning
ground distribution, potentially have a greater effect
on larval survival and recruitment success than does
the long-term climatic influence. Historically, the NA
cod's use of a relatively wider range of spawning
grounds might have had a dampening effect on
potential consequences from environmental fluctua-
tions such as ocean temperatures, food availability or
predator abundance (see e.g. Schindler et al. 2010).
More specifically, the truncation of spawning ground
distribution is suggested to increase offspring vulner-
ability to climatic changes, thereby strengthening
the link between climate and recruitment, as hypoth-
esised for NA cod by Ottersen et al. (2006).
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