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Spawning time (onset of spawning) in Atlantic cod (Gadus morhua L.) was monitored in an experimental setup and combined with
modelled spawning time estimates from the wild. The experiment broodstock were collected from several geographical areas and kept
in a common environment. Their spawning times in 2004 were compared with the spawning times of their daughters in 2009 and
2010. Daughter spawning time was highly correlated with that of the mother, indicating genetic regulation of spawning time.
However, large individual variation in spawning time was observed. The modelling data suggests a north-south gradient in onset
of spawning along the Norwegian coast, driven by differences in temperature, i.e. later dates of spawning in the north.
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Introduction
Temporal differences in spawning time between different fish
populations of the same species, including the Atlantic cod
(Gadus morhua), are well documented (Brander, 1993; Brander,
2005). For many species, spawning at the right time is crucial
for the survival of their offspring. Larval feeding conditions may
vary considerably throughout the year, so it will be of great im-
portance for the survival of the larvae and juveniles to be born
at a time when plankton conditions are favourable (Cushing,
1969; Wright and Trippel, 2009; Kristiansen et al., 2011). Hence,
the ability to change spawning time according to what is
optimal for the offspring is vital if the environment changes unex-
pectedly, for instance due to a rapid climate change.

Whether this local flexibility in spawning time is a result of
phenotypic plasticity of the individuals or genetic divergence of
the population is much less documented. Knowledge about the
genetic control of spawning time and its influence on population
structure in marine fish is very limited, although some studies have
been performed on salmonids (eg. Hendry and Troy, 2005).
Photoperiod and temperature are believed to be the main oper-
ational factors for synchronizing spawning time in temperate
fishes (Wang et al., 2010), and it can therefore be hypothesized

that such environmental cues may very well induce genetic diver-
gence in populations living along a latitudinal gradient.

Cod aquaculture is in its infancy, with a total annual produc-
tion of a few thousand ton. This species is, however, the key
object in the traditional demersal fishery on both sides of the
North Atlantic Ocean. This fishery typically targets both resident
(coastal/local) and long-migratory (oceanic) populations
showing different levels of productivity and thereby maximum
sustainable yield. The varying quantity of fish landed throughout
the year has stimulated interests in successful rearing techniques
for delivery of high price farmed cod to the market. For cod in
aquaculture, on-growing is carried out in sea cages as for
Atlantic salmon (Salmo salar) farming. This means that escapes
may occur, and in addition mature cod will spawn naturally in
the cages and spread fertilized eggs to the surroundings (Jørstad
et al., 2008). The selection of broodstock is therefore of concern
not only for the fish farmer, but also for the fishermen and the
rest of the community. The possible genetic interaction between
small and vulnerable local cod populations and escapees from
farmed cod is a major issue in the debate of how to make the
cod aquaculture industry sustainable and profitable (Bekkevold
et al., 2006).
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In a previous experimental study on cod, Otterå et al. (2006)
found indications of genetic control of spawning time for speci-
mens originating from four regions in Norway. Spawning time
remained different between the groups even at their second spawn-
ing after the broodfish had been translocated to a common envir-
onment. In the present paper we utilize these spawning data
further and include similar data for their offspring in order to pos-
sibly reveal further evidence of genetic control of spawning time in
cod. In addition, we also include some modelling of spawning time
in the wild.

Material and Methods
Wild broodstock collection and spawning
During spring 2002, several hundred adult Atlantic cod (Gadus
morhua L.) specimens were collected from selected spawning
grounds along the Norwegian coast (Figure 1). Four regions
(Porsangerfjord, Tysfjord, Helgeland and Øygarden) representing
a wide range of environmental conditions were chosen for the sub-
sequent spawning experiment. The fish were kept in the same sea
cage until the spawning experiment started in spring 2003. The
spawning performance (including spawning time) of 40 selected
pairs of naturally spawning cod was monitored in 2003 and
2004. Further details about the broodstock collection and spawn-
ing of the F0 generation are given in Otterå et al. (2006) and Dahle
et al. (2006).

Production of F1 generation
A subset of the spawned egg batches in the 2004 spawning was
hatched and start-fed in a communal setup. In order to minimize
size differences of the larvae during start-feeding, larval groups
that hatched almost simultaneously (within three days) were spe-
cifically selected. By this restriction we were able to hatch sufficient
numbers of 13 full-sib crosses that could be used in an experiment
(four from Porsangerfjord, two from Helgeland, five from Tysfjord
and two from Øygarden). These larval groups were mixed and
reared further in a common garden setup. At the juvenile stage,
these fish were identified to family of origin by microsatellite ana-
lysis (Dahle et al., 2006), being individually tagged using Passive
Integrated Transponder (PIT) tags, and kept together in the
same cages for the rest of the experiment (not reported here).

Spawning F1
By spring 2009 we had access to 254 individuals from the original
population of several thousand produced in 2004. The reduction
in numbers from 2004 to 2009 was due to natural mortality, use
in other experiments, and thinning of the biomass. No deliberately
biased removal of fish was undertaken at any step in this period. In
spring 2009 all the offspring had become well-established spawners
(Svåsand et al., 1996), and the available broodstock was repre-
sented by females from 11 out of the 13 families present at hatch
in 2004. However, some of the F1 families were represented in
low numbers (Table 1).

In spring 2009 a subset of 30 pairs representing different fam-
ilies/regions were used in a spawning experiment in the same way
as their parents were in 2004 (Table 1). Each female was placed to-
gether with a male from the same region (but not a sibling), with
the exception of the females from Øygarden that were placed with
males from Porsangerfjord since all Øygarden broodfish were
siblings.

The pairs were placed in separate compartments (1.8 m3),
allowing natural spawning. The number of eggs spawned each
day, egg diameter, fertilization rate, and egg malformation rate
was monitored in the same way as for their parents (Otterå
et al., 2006). In addition to the monitoring of the entire spawning
season for these 30 pairs, date for start of spawning was estimated
in advance using ovary “biopsy” (see below) on all females.
Complete observation of spawning activity was not performed in
2010, but ovary biopsy was performed on all females in order to
indicate start of spawning. These estimates were validated by strip-
ping the fish during the spawning season. Thus, we have a two-year
spawning record of these fish, as well as of their parents.

Oocyte development measurements
By measuring the growth of developing oocytes the start of
spawning in cod can be predicted (Kjesbu, 1994; Kjesbu et al.,
2010) from the average diameter of the most advanced oocytes,
commonly named as the leading cohort (LC). The broodstock
was anaesthetized and an ovarian sample (�0.5 ml) removed by
a specially designed plastic tube (Pipelle de Cornierw) inserted
through the genital pore. The samples were stored for at least
two weeks in 3.6% buffered formaldehyde before the oocytes
were photographed digitally and size subsequently measured by
automatic particle analysis (Thorsen and Kjesbu, 2001). In add-
ition to LC diameter (95 percentile), the mean diameter of all
the 200 measured oocytes per sample was extracted from the
data produced.

Prior to the 2010 spawning season we took four biopsy samples
from each of the females (at 16 Dec, 12 Jan, 4 Feb and 18 Feb).
Date of first spawning could then be estimated either directly
from the linear regression of LC diameter vs. calendar date estab-
lished for individual fish, or from each of the four oocyte measure-
ment points separately by applying Equation (1) (see next section
for method details). In both cases the day of the year that corre-
sponds to an LC value of 875 mm was defined as the first spawning
day for that fish (Kjesbu et al., 2010). In 2009 start of spawning was
estimated from the one and only gonadal biopsy taken just before
spawning (3 Feb). An ambient temperature of 58C was used both
for 2009 and 2010, which gives an oocyte growth rate of 3.56 mm
day21 according to Equation (1).

Spawning time in the wild
In order to compare spawning time in the experiments with
spawning time at different field locations we utilized a
temperature-based oocyte growth model and recorded tempera-
ture data from the Norwegian coast. The typical calendar day of
spawning commencement was estimated from temperature-
dependent LC oocyte growth rates (R, mm . d21) given in Kjesbu
et al. (2010). These were determined from studies on both local
fish held in tanks (Bergen) as well as fish landed in connection
with the traditional Lofoten fishery (Andenes). The applied envir-
onmental temperature data (accuracy: +0.018C) were extracted
from the IMR database (1–2 measurements per month for the
period 1935/44–1993). Seven out of eight fixed oceanographic
stations considered in the series (two stations are located very
closely to each other) were selected for analysis. Hence, virtually
the entire coast of Norway was covered (Figure 1). The mean tem-
perature per station for this time series (Tnew) was calculated,
restricting the analysis to the period from 1 October to 1 March,
i.e. to the main part of vitellogenesis (Kjesbu et al., 2010), and
the depths 50 and 100 m. Thereafter oocyte growth rate (Rnew)
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at Tnew was found by application of the Q10-law (setting the
Q10-value to 1.44 and the initial R (9.608C) to 4.21 mm.d21) (cf.
Equation 8 in Kjesbu et al., 2010):

Rnew = 4.21 × 1.44(Tnew−9.60)/10

Finally, calendar day of start of spawning (EDvit) was given by (see
Kjesbu et al., 2010):

EDvit = (625/Rnew) − 84

where EDvit is elapsed days since 8 October (first microscopic
manifestation of yolk granules in cytoplasm) but subtracting the
number of days up to 31 December, i.e. 84, to get the calendar
day in the new year. Furthermore, vitellogenesis was assumed, as
for the experimental material described above, to start at an LC
diameter of 250 mm and end at 875 mm (spawning), i.e. covering
an increase in vitellogenic oocyte diameter of 625 mm. This esti-
mation of date of spawning should be considered adequate at
the population level (provided the females stay in the assumed
temperatures) while individual figures may deviate by +1

Figure 1. Collection of broodstock (red squares). For each of the seven locations where start of spawning was modelled (green circles), average
sea temperature from 1 October to 1 March at 50 m depth, and the corresponding estimated spawning date (day of the year) is given. Values
for 100 m depth are given in parentheses.
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month around this predicted date, mainly due to differences in
start of vitellogenesis (Kjesbu et al., 2010).

Statistics
All calculations, plots and statistics were done with the statistical
package R, version 2.12.1 (R Development Core Team, 2010).
Spawning times of the daughters were compared with the
spawning times of their mothers using a linear mixed model
with family (mother) as a random term and spawning time of
the mother and year of spawning (2009 or 2010) as fixed effects.
Possible violations of the underlying assumptions in the linear
regression models were assessed by inspection of residuals.
Region was not included in any of the statistical tests reported
here, due to the low number of families per region.

Results
Experimental spawning time
For eleven of the mothers that spawned in 2004 we have corre-
sponding spawning data for their daughters in 2009 and 2010
(Figure 2, [mothers’ spawning dates are partly overlapping]).
These data indicate that mothers that started spawning early in
the spawning season had daughters that also, on average, start
spawning early, and vice versa for late spawners (Figure 2, linear
mixed model, slope ¼ 1.02, s.e. ¼ 0.4, p ¼ 0.02). However, the
variation within each mother (family) was large. The established
regression lines indicated that predicted offspring spawning time
in 2009 was on average 34 days later than actually observed for
their respective parents. The corresponding number in 2010 was
42 days later.

In 2010 we had four separate measurements of oocyte size that
presumably should have given a more precise prediction of oocyte
growth rate and thereby start of spawning than the single point
used in 2009. However, combining all four points into a
common oocyte growth rate, which was the original intention,
or using each point separately in Equation (1), gave approximately
the same result. Thus only the result from the measurement taken
on 4 February, which is most comparable with the 2009 sampling
in Figure 2, is presented. The other three regression lines based on
Equation (1) give slope estimates between 0.96 and 1.01 d21, all
being significant (p , 0.05). The first set of points on the x-axis
may seem to have a high leverage on the regression (Figure 2),
but removal of this early spawning mother only slightly influenced
the regression. The length or weight of the daughters did not con-
tribute significantly when included as a covariate in the regression
model.

In 2009 we had observations from the 30 pairs that spawned
naturally in the tanks, as well as estimates of start of spawning
from all females based on oocyte size as reported on 3 February

2009 (Figure 2, left panel). The correlation between observed
spawning and oocyte-estimated spawning in 2009 was high
(r2 ¼ 0.68) but the apparently high slope indicates that the latter
estimates give unrealistically late start of spawning (Figure 3).
The relationship between start of spawning in 2009 and 2010 for
the same individuals, using the same methodology, appeared to
be highly correlated (Figure 4).

Field predictions of spawning time
The outputs from the modelling of spawning time in the wild
showed that there would be a gradual northward delay in start
of spawning of stationary cod along the Norwegian coast
(Figure 1). The maximum observed delay was around two
weeks: 17 d at 50 m depth and 13 d at 100 m depth, associated
with a difference in vitellogenic temperature of 2.9 and 2.18C, re-
spectively. All estimates showed initiation of spawning in March,
but from early to late in the month. In Southern Norway speci-
mens staying in the upper water masses apparently start to
spawn a few days earlier than those potentially staying deeper,
but such an effect was absent in Northern Norway. This was
related to a temperature difference of 0.5–0.9 and 0.18C,
respectively.

Discussion
The positive and significant correlation between mother and
daughter spawning time provides evidence for a genetic compo-
nent in spawning time for Atlantic cod. This is in accordance
with the sparing literature on spawning time in fish, which
mainly comes from studies on salmonids. High heritability
values are reported (h2 � 0.5–0.9, pooled 0.65) along with a
daughter–mother regression coefficient for spawning date of
0.35 for pooled data in three experimental lines of rainbow trout
(Oncorhynchus mykiss) (Su et al., 1999). O’Malley et al. (2003)
found several quantitative trait loci (QTL) in rainbow trout for
spawning date. In a selection program for spawning date in
rainbow trout Siitonen and Gall (1989) observed a heritability
value of 0.54. Quinton et al. (2004) found, when crossing different
strains of rainbow trout, that hybrids generally had an intermedi-
ate spawning date compared to their pure strain combinations,
suggesting a largely additive inheritance of spawning time.
Heritability has been investigated for several morpho-
physiological traits in Atlantic cod (Kolstad et al., 2006; Garber
et al., 2010), but to our knowledge not for spawning time
heritability.

A comparison of estimated start of spawning between the 2009
and 2010 spawning season for the same individuals shows that spe-
cimens that tend to start spawning early in the season one year
tend to do the same the next year, and, correspondingly, for late

Table 1. Overview of the broodstock (females only) used in the experiment.

F0 (mothers)

P10 P17 P8 P9 H1 H33 T2 T29 T37 T40 Ø11 Total

F1 (daughters) 2009-tank 4 1 5 0 1 4 3 2 2 3 5 30
2009-oocyte 6 23 7 14 1 4 21 6 8 15 16 121
2010-oocyte 1 18 5 12 0 3 13 4 6 13 12 87

The top row shows the name of the mothers that spawned in 2004, and gave birth to the F1 generation whose spawning was monitored in 2009 and 2010.
The mothers are named according to origin of the actual mother (P ¼ Porsangerfjord, H ¼ Helgeland, T ¼ Tysfjord, Ø ¼ Øygarden) and spawning tank in
2004. The number of daughters from each mother used in the tank experiment in 2009, as well as number examined for oocyte growth in 2009 and 2010 is
given in the following rows.
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spawners (Figure 3). This was also indicated in an earlier, similar
type of tracking study, but temperature and fecundity variation ap-
parently act in different directions (Kjesbu, 1994) complicating a
direct comparison. However, Quinton et al. (2004) made similar
observations on rainbow trout, with repeatability estimates of
0.72. Even though the correlation between years is quite strong,
the very late estimated start of spawning in 2010 suggests that

there are methodological issues to consider. First of all, Equation
(1) as used here is said to give realistic estimates when applied
to wild specimens (Kjesbu et al., 2010). Our along-the-coast ana-
lysis of spawning time variation gives reason to believe that this
statement is correct; estimated onset of spawning time in
Lofoten matches closely with earlier reports based on egg
surveys and gonad maturity sampling programmes (Pedersen,

Figure 2. Start of spawning for the mothers in 2004 on the x-axis plotted against start of spawning of their daughters in 2009 and 2010 on the
y-axis. The mother spawning time was observed from natural spawning, while the daughter spawning time was estimated by applying Equation
(1) on the oocyte size at 3 February 2009 (2009 spawning, left panel), and 4 February 2010 (2010 spawning, right panel) (see text for details).
Linear regression lines were estimated from a linear mixed model.

Figure 3. Comparison of observed start of spawning in 2009 from
the 30 spawning tanks (x-axis) versus estimated start of spawning
from the oocyte measurements (y-axis). Pearson’s product moment
correlation, r ¼ 0.83, p , 0.01).

Figure 4. Start of spawning for the same individuals in 2009 and
2010. Spawning day was estimated by applying Equation (1) on
oocyte measurements from respectively 3 February 2009 and 4
February 2010 (Pearson’s product moment correlation, r ¼ 0.90,
p , 0.01).
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1984), although one should not exclude the possibility that there
has been changes in the spawning pattern in this area since then.
So why does Equation (1) currently de facto underestimate the
time of onset of spawning? Here the gonad growth is apparently
characterized by being slow for a long period of time followed
by a fast acceleration close to initiation of spawning. This in con-
trast to the more stable linear oocyte growth seen in those females
which were originally used to establish these sets of equation, re-
ferring to individuals maintained either at stable deep-water tem-
peratures in tanks or sampled randomly in the field. Further
studies are needed to investigate these seemingly irregular patterns.
One particularly interesting candidate factor is summer tempera-
ture. In the present study, using net pens floating in the surface
layer meant that the females were exposed to high temperatures
(Otterå et al., 2006), probably slowing down, among other
aspects, cytoplasmic preparation of sex cells for subsequent matur-
ation (see McPherson and Kjesbu, 2012 and references therein).

Results from the modelling analysis suggest a north-south gra-
dient for the start of spawning along the Norwegian coast, driven
by differences in temperature. This is generally supported by pre-
viously published data obtained from the experimental spawning
in 2003 and 2004; it was demonstrated that the broodstock from
the four different regions had different peaks in spawning time,
even though they had been held in the same cages since captured
in 2002 (Otterå et al., 2006). It was evident that broodstock from
the Øygarden region, western Norway spawned about one month
earlier, compared with broodstock originating from the Helgeland
region, northern Norway. However, cod from the northernmost
region, Porsangerfjord had a peak spawning in between, making
the picture more confusing (Otterå et al., 2006). Monitoring of
the spawning performance of their offspring in 2009 tended to
reveal a similar pattern, an early peak spawning for the
Øygarden group, a late peak spawning for the Helgeland group,
and the other two regions in between (data not shown). Due to
the low number of families per geographical group we cannot gen-
eralize regarding spawning time between these regions. However,
the data enable us to contrast spawning time between two genera-
tions of closely-related individuals, mothers and their daughters,
and therefore advance the understanding of the strength of the
genetic regulation of spawning time in cod, irrespective of geo-
graphic origin.

So even though the data clearly point to an important genetic
component in the regulation of spawning time in cod, they also
give a clear impression of the large variation in spawning time
between siblings. Thus, cod is a species with great plasticity regard-
ing spawning time and ability to live in various ecosystems.
Further, individual cod spawn over a long period of time
(Kjesbu, 1989), contrary to most salmonids, and should therefore
be well-adapted to varying environmental conditions. However,
this plasticity in spawning time may very well be significantly
reduced after some generations of breeding. In such case, escapees
from aquaculture may have reduced fitness in the wild compared
to native specimens. The consequences this would have on the
local population of cod are unclear at the moment, but great
care should be taken when using non-native cod in aquaculture
systems that could be subject to escapes.

Acknowledgements
We appreciate the skilled technical assistance provided by Bjørnar
Skjold and Jan Pedersen during the spawning experiments, and by
Bente Njøs Strand for oocyte measurements. Also thanks to Drs
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