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Abstract Many re-introduction programs used for conser-
vation of populations and species threatened with extinc-
tion advocate the use of enriched rearing environments to
train animals how to behave appropriately in the wild. Cu-
riously, most of the current fish re-stocking programs have
paid little attention to lessons previously learned in bird and
mammal re-introductions. Many rehabilitation programs
that use releases of hatchery fish observe higher mortal-
ity in released fish compared to wild, with most mortality
arising shortly after release. One explanation for this mor-
tality is based purely on selection processes; many hatchery
fish normally selected out of the population thrive in the
predator free, food-rich hatcheries. Alternatively, mortali-
ties may be high because hatchery nursery environments
fail to shape fish behaviour appropriately. Here, we empir-
ically address the effect of enrichment in the early rear-
ing environment in coastal cod (Gadus morhua). We find
asymmetries in aggressive behaviour when fish reared in
plain or enriched environments are allowed to interact. Fur-
thermore, cod reared in standard, impoverished, hatchery
environments spend less time in shelter, are more active,
and show weaker anti-predator responses than fish reared
with access to heterogeneous spatial cues. These results
suggest that the constant, plain environments of fish farms
may generate behavioural deficits that could reasonably
be expected to be associated with lower survival in fish
released into the wild.
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Introduction

There is growing evidence that what an animal experi-
ences in its early life can have considerable effects on its
behaviour as an adult. For example, the conditions expe-
rienced by juvenile homing pigeons influence the types of
cue these birds use to encode spatial information. Birds
reared in environments that have plenty of free flowing air
typically learn a map based on olfactory information, oth-
ers provided with the opportunity to view rich visual land-
scapes show a preference for maps based on visual cues
(Wiltschko et al. 1987; Braithwaite and Guilford 1995).
Similarly, there are sensitive phases during which the fu-
ture phenotypic preferences for a sexual partner are shaped.
Here, the animal forms preferences that are similar to, but
slightly different from, the parental phenotype (e.g. ten Cate
and Vos 1999).

The consequences of early life experience have more re-
cently caught the attention of bird and mammal conserva-
tion biologists that have re-introduced captive-reared indi-
viduals (e.g. Nicoll et al. 2003; Britt et al. 2004). Such work
has illustrated how increasing environmental complexity in
the captive environment, sometimes referred to as environ-
mental enrichment, can increase both behavioural and neu-
ronal plasticity, improve cognitive performance, and that
together these ultimately improve the survival chances of
the re-introduced species (Hunter et al. 2002; Kempermann
et al. 2002; Bredy et al. 2003; Rabin 2003).

In contrast, the related field of re-stocking in fish, that
attempts to counter the effects of over-fishing and environ-
mental degradation, has typically relied on releasing large
numbers of juveniles that have been reared in featureless
hatchery environments. Despite the widespread use of this
practice, there is considerable evidence that it does not work
because of the high mortality experienced by the released
individuals (Godin 1978; Nordeide et al. 1994; Phillipart
1995; Olla et al. 1994; 1998; Hilborn 1998; Brown and
Laland 2001).

There are two main explanations underlying the mortality
of released fish. First, owing to the relaxed selection pro-
cesses occurring in the hatchery environment (for example,
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the safe, food rich environment allows more fish to survive
than would do naturally, Weber and Fausch 2003) a propor-
tion of the hatchery fish will be unsuited to life in the wild,
and these fish are quickly removed from the population af-
ter release. Alternatively, fish reared in hatcheries have only
experienced impoverished environments, and they may be
unable to develop appropriate behavioural repertoires to
enable them to survive in the variable and complex nat-
ural environment. To distinguish between these two ex-
planations is important because they have very different
implications for the policies directed towards re-stocking.
Whether or not to concentrate on imposing stricter selection
in the hatchery, and/or to improve hatchery environments
to increase the quality of fish produced for release in terms
of improving their behavioural flexibility.

However, there is also a third variable that should be
considered in relation to re-introduction work; the genetic
background of the population to be released. In natural
populations it is known that behaviour like other life his-
tory traits varies as a function of both genotype and the
environment (Immelmann 1975; Carrol and Cornelli 1999;
Salvanes et al. 2004). Populations adapt to local selection
pressures, and phenotypic traits can be expressed differ-
ently in different areas (e.g. Odling-Smee and Braithwaite
2003). Thus re-introduction work should also take into ac-
count the genetic background of the individuals, for the
geographical area in which the animals are to be released
(Machordom et al. 1999; Svåsand et al. 2000; Aprahamian
et al. 2003).

A related area that has received considerable attention is
the aggressive behaviour of hatchery fish; hatchery fish can
be more aggressive than wild fish, and there are concerns
that they out-compete wild fish when they are released
(Berejikian et al. 1996; Einum and Fleming 1997; Fleming
and Einum 1997; Metcalfe et al. 2003). A number of stud-
ies have investigated what might underlie the aggressive
behaviour of hatchery reared fish. On the whole, however,
these studies have not separated genetic background, envi-
ronment, density, life stage and other contributing effects
(see review in Weber and Fausch 2003). Some work has
looked at genetic and environmental effects in pair-wise
contests between fish from different backgrounds (Swain
et al. 1990; Berejikian et al. 1996, 2000, 2001; Einum and
Fleming 1997; Rhodes and Quinn 1998; Metcalfe et al.
2003). These studies have shown that domesticated strains
can dominate, however experience with a complex envi-
ronment can also make individuals more likely to win ag-
gressive interactions.

Overall, there seems to be little consensus about the
effects of enrichment on aggression and territoriality. In
rainbow trout, territory size is smaller in fish from en-
riched environments (Imre et al. 2002), and in zebra fish,
increased habitat complexity reduces aggression and the
ability to monopolize resources (Basquill and Grant 1998).
Moreover, in brown trout, growth rate in aggressive fish is
lower in more complex habitats (Höjesjö et al. 2004), and
swimming activity and feeding rate are lower in enriched
compared to non-enriched environments (Sundbaum and
Nasund 1998). Furthermore, Pacific salmon (steelhead) fry

reared in enriched environments showed higher frequen-
cies of threat displays, and were socially dominant over
fry reared in conventional tanks (Berejikian et al. 2000,
2001). Finally, truly wild Atlantic salmon are found to
dominate wild-origin or domesticated individuals reared in
conventional hatcheries (Metcalfe et al. 2003). The effect
of habitat complexity could thus depend on species and the
context; whether contestants that meet come from similar
or different nursery environments.

One way to disentangle environmental influences from
genetic background is to use offspring from wild fish reared
in captivity, and to divide larvae from one spawning stock
equally between different types of controlled rearing envi-
ronment. In this way, the effects of genetic differences are
minimized, and exposure to different rearing environment
will be controlled. Later examination of behaviour when
individuals reared in different environments interact in
“common-garden” experiments then identifies the environ-
mental influence on behaviour. “Common-garden” experi-
ments have successfully been used to identify genetic dif-
ferences in growth between fish populations. For example,
offspring from wild parents from different geographical ar-
eas reared in common environments show different growth
rates (Conover and Schultz 1995; Foster and Endler 1999)
and different feeding behaviours (Salvanes et al. 2004).

Here, we use these types of method to disentangle the
effects of rearing environment from genotype for coastal
cod, a species which has been over-fished for a long time,
and that has been used in re-stocking attempts (Svåsand
et al. 2000). Effects of enrichment of hatchery habitats on
the behaviour of cod have also been studied by Braithwaite
and Salvanes (2005). Here, the nursery environment was
manipulated with respect to spatial cues and food distribu-
tion. This demonstrated that hatchery fish need to experi-
ence both variability in how and when food is available, and
spatial variability to promote flexible behaviour. The work
reported here, focuses specifically on the influence of the
underwater spatial environment alone during the nursery
period and its effects on later social interactions. This is
done by disentangling the effect of spatial cues in the rear-
ing environment, whilst controlling for genotypic effects,
by rearing fish from the same spawning stock in two types
of nursery habitat that differed in one factor; spatial cues.
Fish grew up in either enriched or conventional hatchery
tanks for 28 weeks and were tested afterwards in interac-
tions in common experimental tanks (“common-garden”).
They were tested for i) differences in response to aggres-
sive interactions, and whether these changed over time; ii)
potential bias in attacks; iii) response to simulated predator
attacks.

Methods

Origin of the fish

To control for the genetic background, we used offspring
from brood stock of wild-caught individuals, spawned on
the same day. These were divided randomly between two



252

types of rearing environments that differed only with re-
spect to spatial cues. We used wild parents to minimize
any domestication effects, so that the natural genetic varia-
tion of the fish used did not deviate greatly from wild cod.
There will, nevertheless, always be individual variation in
a group of fish, even among full-siblings, so to control for
this we used individuals as fixed effects in the statistical
analyses. In this way, we were able to separate each indi-
vidual’s constant genetic characteristic from the effect of
nursery background (see Statistical Analysis below).

Larvae were initially housed for 8 weeks in 7,000 l tanks
before a sub sample of 200 fish were divided equally be-
tween two types of rearing tanks (95×95×60 cm) and
maintained on a diet of fish pellets for 28 weeks. Tanks
were supplied with aerated; flowing seawater (c.10±1 ◦C)
at a depth of 40cm, and the room was maintained on a 12:12
L:D photoperiod with daylight fluorescent tubes positioned
1.5 above the center of each rearing tank.

For both rearing environments we created food variability
by varying the position of the feeder and the time at which
fish were fed. Food could be presented in four possible
2-h intervals across the day (between 08:00–16:00 h). A
pseudorandom feeding schedule that created large variation
in food encounter was used. Although this could not be
regarded as strictly random from a statistical point of view,
it introduced the impression of being “variable” for the fish
that could not have any a priori expectation of when and
where they got food. Fish could receive food in one meal
in the first 2 h, or this could be spread across two, three
or four feeding intervals. All fish had access to the same
amount of food per day.

Fish were raised in two types of nursery environment;
one with spatial cues to create a heterogeneous environ-
ment (HET-fish), and one recreating the regular, homo-
geneous hatchery environment (HOM-fish). Pebbles and
rocks (cobble) and a weighted, plastic model of kelp pro-
vided the spatial environment, and the position of these was
randomly changed once a week. To control for handling ef-
fects, HOM-fish were also disturbed for the same length
of time. The tanks were situated side-by side in a climate-
controlled room and experienced the same levels of distur-
bance. Disturbance occurred while flushing tanks for de-
bris every third day, while loading feed on the feeders, and
when cleaning tanks. Tanks were cleaned every 8-weeks
and this involved removing the fish using a black hand net
(25×30 cm). We ensured that fish from both backgrounds
had similar experiences of being captured by this net.

Owing to space constraints, we were limited to using
one rearing tank per treatment (HET, HOM), thus we can-
not rule out tank effects. We have therefore assumed that
any non-specific effect of tank is less likely to explain
the differences observed than the effects of the treatments
themselves. We believe that this assumption is justified be-
cause the original 200 larvae were randomly distributed
between the treatments to ensure that fish of differing com-
petitive ability and/or learning potential would be equally
represented in each tank. In addition, considerable care was
taken to ensure that the only factors that differed between
rearing tanks were the treatments themselves (e.g. both

tanks were situated side-by-side to minimize differences
in environmental disturbance; the tanks received identical
lighting, temperature, noise and vibration). Furthermore,
we have previously found effects of enrichment in two in-
dependent experiments using the same types of tank and
materials as those used here (Braithwaite and Salvanes,
in press).

The experiment

36 individual HET-fish (weight 44.3±1.2 g) and 36 HOM-
fish (weight 52.6±1.7 g) were anaesthetized using a solu-
tion of Metacaine (MS222) and colour tagged externally.
After recovery, the cod were randomly divided among 12
test tanks (95×95×60 cm), with three individuals from
each background in each tank, and all individuals with dif-
ferent coloured tags. Release of fish to their respective test
tanks took approximately 5 min from the first to the last
fish. The fish were then acclimated overnight before the
first observations were made. Observations of behaviours
were performed on experimental days 1–4, and 7 and 8.
Observers were blind to fish nursery background. The ob-
servation tanks were plain when observing aggressive in-
teractions, but were supplied with plastic kelp about 3 h
later when examining stress responses. To avoid bias in the
observations, the order in which the fish in the tanks were
observed was rotated randomly between days.

Observation of aggressive interactions

The number of initiated aggressive interactions between
two individuals were noted and then pooled into one ‘at-
tack’ variable; i) initiator shows a curved body display with
pelvic fins erect on each side; ii) move towards another
fish’s body part; iii) move snout into the body of another
fish and iv) nip another fish’s body. A second variable, ‘flee’
consisted of responses shown if a fish moved backwards to
escape an attack, or if it swam toward the side and escaped.

All 12 experimental tanks were observed for 20 min each
day, and numbers of aggressive interactions were noted
for each experimental tank. On days 1–4, the number of
interactions an individual was involved in and whether it
fled or not were noted. On experimental days 7 and 8 the
observations were refined, noting for each event “who did
what to whom” and who fled. This information was used to
determine whether attacks were made towards fish from the
same or different nursery backgrounds. These observations
were made without kelp or cobble present in the test tanks.

Observation of stress response

Approximately 3 h after observing the aggressive inter-
actions, plastic kelp was placed in the rear left corner of
each tank. The swimming activity of each individual was
recorded five times separated by 2-min intervals (for exam-
ple, was a cod motionless on the bottom, swimming on the
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bottom, swimming in the water column, or using the water
inlet tube or the kelp for shelter). These data were used to
form the background pre-stressor measures.

A 30 sec chase with a net (6×6 cm green hand-net) was
used to create a mildly stressful experience. This was used
to try and mimic a chase by a predator. Recovery from
the stressor was monitored over 10 min by repeating the
type of observations as described above for individual fish.
The same type of treatment was conducted on experimental
days 1–4, and 7 and 8.

Data analysis

Aggressive interactions

Response to aggressors was measured as the number
of flees from received attacks (depending on nursery
background), number of initiated attacks, and experi-
mental day. These were analyzed using Components
of Variance Analysis (CVA) which takes into account
repeated measures (Winer et al. 1991; Diggle et al.
1994). We also used CVA to examine the proportion of
attacks made to fish from the same or different nursery
backgrounds during each of the 20-min observations on
experimental days 7 and 8. The response variable was
standardized to account for the fact that for each individual
in a tank, there were three individuals belonging to the
alternative nursery background, and two belonging to the
same nursery rearing treatment. Proportional data were
arcsine transformed. We ran analyses both including and
excluding weight as a covariate, but as it was insignificant
(p>0.6), we omitted ‘weight’ from the models.

Stress response

The probabilities of staying in shelter or being active in gen-
eral (background) and while recovering from a simulated
predator attack (mild stressor) were examined by defin-
ing a binary response variable as being 1 if two or more
individuals hid in shelter or were active, and as 0 if not.
We used logistic regression separately on shelter use and
activity (because GLM’s cannot analyze binary repeated
measures data) with each individual specified with a fixed
effect (Hamilton 1992). We ran analyses including and ex-
cluding weight as a covariate, but as it was insignificant
(p>0.9), we omitted ‘weight’ from the models.

We tested for differences between fish with different
background in size (weight) and Fulton’s condition factor
using paired t-test assuming equal variance.

Results

Comparisons of aggressive behaviour

Individuals from homogeneous nursery tanks (HOM-fish)
fled more often than those from heterogeneous tanks (HET-
fish) when they received aggressive attacks from other fish
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Fig. 1 (a) Change over experimental days for cod from hetero-
geneous (HET-fish) and homogeneous (HOM-fish) nursery back-
grounds in the number of times (±SE) an individual flees if it is
attacked by another fish. (b) Proportion of attacks (±SE) initiated to-
wards cod of the same or other nursery background on experimental
days 7 and 8. The nursery backgrounds were either heterogeneous
(cobble and kelp) or homogeneous (plain tank). Interactions were
recorded in “common-garden” experiments using plain tank

(CVA; F1,316 = 5.6, p=0.021, Fig. 1a). The fleeing was not
dependent on the overall level of aggression (F18,316 =1.31,
p=0.214). Although there was no overall difference in ab-
solute levels of aggression (F1,316=1.14, p=0.242), there
was a difference in the type of fish that the cod directed their
attacks towards (Fig. 1b). HET-fish initiated significantly
more attacks towards fish from the HOM-nursery back-
ground (CVA, F1,28=5.10, p=0.028). This did not depend
on absolute level of aggression, (F15,28=0.79, p=0.68), or
on day (F1,28=0.01, p=0.92). The bias in HET-fish attack-
ing HOM-fish (64.2% of initiated attacks) occurred despite
HOM-fish being ca. 10% larger than HET-fish (paired t-test,
t=3.46, p<0.001). HOM-fish were larger (49±1 g) than
HET-fish (42±1 g), but there were no overall differences
in condition factor (t=0.36; p=0.72). Although HOM-fish
were larger than HET-fish, size did not contribute signifi-
cantly to the model when weight was specified as a covari-
ate in the CVA (p>0.69).

HOM-fish initiated more attacks towards fish from the
same nursery background than HET-fish did (F1,28=4.61,
p=0.036), and neither the absolute level of aggression
(F15,28=0.75, p=0.72), nor the day (F1,28=0.02, p=0.89),
or size (F1,28=0.02, p=0.61) were significant.

Responses to a mild stressor

Overall, cod from heterogeneous nursery backgrounds
had lower basic activity (logistic regression, Z=−4.00,
p<0.001, Fig. 2a) and used shelter for longer periods
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Fig. 2 The probability that (a) two or more fish are active and (b)
two or more fish use shelter before (background) and during the first
10 min after applying a simulated predator attack on cod from het-
erogeneous and homogeneous nursery tanks when they were tested
in “common-garden” experiments. Plastic kelp was placed as a po-
tential shelter in a corner of each tank. Equations of the logistic re-
gressions are as follows: probability of being in shelter (background)
= 1/(1+e−(0.989B)); probability of being in shelter after a mild stressor
= 1/(1+e−(0.306B+1.455)); probability of being active (background) =
1/(1+e−(−0.156B+0.94)) ; probability of being active after a mild stres-
sor = 1/(1+e−(−1.499B+0.078B+0.071TB)); where B=0 for HOM-fish and
B=1 for HET-fish, and T refers to time since the simulated predator
attack. Only significant parameters are included in the equations

(Z=2.71, p=0.007, Fig. 2b) than fish from homogeneous
nurseries. This effect did not change over the 8 days of
the experiment (p>0.10) and size had no effect on activity
(p=0.93), or on use of shelter (p=0.33).

Both HET- and HOM-fish responded similarly to being
chased by the net, but HET-fish were less active after the
chase (logistic regression, Z=−4.00, p<0.001, Fig. 2a).
Both reduced activity immediately after the chase com-
pared to background levels, but activity increased again
during the first 10 min after the stressor had been applied
(Z=2.36, p=0.018, Fig. 2a). HET-fish was faster in recov-
ering compared to the HOM-fish (Fig. 2a), but the esti-
mated parameter for the interaction between nursery back-
ground and time since simulated attack was not significant
(Z=1.66, p=0.097). Size had no effect on activity after
stress (p=0.93). Cod from both treatments used more shel-
ter after the simulated predator attack (Fig. 2b), and again,
HET-fish were observed to use the shelter more than HOM-
fish (Z=4.27, p<0.001). Although both groups were seen
to be recovering, neither group returned to the basic level
of activity within the 10-min observation period (Fig. 2a),
and size had no effect (p=0.32). There was a weak reduc-
tion in shelter use during the investigated time period after
exposure, but the effect of time since simulated attack was
not significant (Z=−1.74, p=0.083).

Discussion

This study reveals two key observations. First, the
behaviour of wild-origin juvenile coastal cod exposed to
spatial cues in the nursery environment over 28 weeks is
different to that observed in cod from the same genetic
background, but reared in a plain nursery environment.
Differences were observed in aggressive behaviour, in
the relative use of shelter, and whether fish were pelagic
or more associated to spatial structures on the bottom,
and was not influenced by size differences. Second, the
response to a simulated predator attack is partly influenced
by exposure to spatial cues in the environment and partly
innate.

Our results are in line with those reported by Berejikian
et al. (2000, 2001) who studied steelhead juveniles and
Metcalfe et al. (2003) studying Atlantic salmon. Berejikian
and co-authors showed that fry reared in an enriched
hatchery environment achieved a higher social dominance
rank than size-matched fry reared in conventional hatchery
environments. Metcalfe and co-workers (2003) found that
domesticated juvenile Atlantic salmon could dominate
wild-origin fish if they had both been raised in a common
hatchery environment, but that wild-origin fish dominated
hatchery fish if they received a 2 day period to settle before
the interactions (prior-residence effects), and furthermore,
truly wild fish could dominate hatchery-reared fish regard-
less of whether they were from a wild line or a domesticated
line. Effects of enrichment on aggression are also found
in several freshwater species (Nijman and Heuts 2000).
In contrast, Rhodes and Quinn (1998) found that hatchery
reared, Coho salmon dominated size-matched wild salmon
from the same genetic background, even when the wild
fish were prior residents. Prior experience with enrichment
therefore appears to influence dominance behaviour in
marine, freshwater and anadromous fish, but whether
enrichment promotes or reduces aggression depends on the
species and whether individuals that compete have expe-
rienced the same or different environmental backgrounds.
Here, our results show that cod after 28 weeks in a nursery
containing spatial cues produce asymmetric aggression
directed to cod that have had no experience with spatial
cues. Previous work using cod reared with and without the
same type of enrichment for shorter times, demonstrated
in two independent studies that enrichment generates fish
with more flexible behavioural capacities (Braithwaite
and Salvanes 2005). For example, experience with spatial
cues alone or in combination with variable feeding regime
produced cod that were faster at reacting to novel prey and
quicker at switching to feed on natural, wild prey. These
fish were also more rapid at recovering from a stressful
experience, and more flexible in space use.

An alternative explanation that could explain our
results is that small fish may be more motivated to fight
compared to larger fish because small fish have lower
energy status (Johnsson et al. 1996). However, we believe
that this explanation is unlikely because the observed
asymmetries in agonistic attacks arose despite there being
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no differences in condition factor between the fish from
the two backgrounds.

Other studies that have observed varying levels of ag-
gression in different groups of fish suggest that differences
in territory holding behaviour are responsible for such
differences, but this is not always the case. For example,
Deverill et al. (1999) and Metcalfe et al. (2003) found
effects of prior residence, growth and dominance in brown
trout and Atlantic salmon, whereas the study of O’Connor
et al. (1999a) reported no effect of prior residency alone
on dominance in juvenile Atlantic salmon, but they
found that prior residents did dart higher in the water
column to feed and therefore grew faster. Another study
reported that environmental enrichment in combination
with prior residency influences aggression in seven species
of freshwater fish (Nijman and Heuts 2000). In each of
these species, prior residents were more dominant if they
had been reared and tested in enriched environments
(containing sand, pebbles and opportunities to shelter)
compared to fish reared and tested in plain, impoverished
aquaria.

It has previously been shown that wild cod tend to hold
territories (Tupper and Boutilier 1995a) and that territorial
behaviour is associated with size and length of time since
settlement. Larger cod that settle early grow faster and hold
larger territories than smaller cod that settled later. How-
ever, prior residency and size benefit cannot explain our
observations. We designed our trials such that all fish en-
tered the test tank within 5 min, thus it was not possible
for fish to gain any prior residence advantage, and size did
not have a significant effect on aggression. The underlying
mechanism that influences the smaller juvenile HET-cod
to develop an asymmetric aggression towards the larger
HOM-cod is, as yet, unknown. One could argue that fa-
miliarity among fish could confound the results. However,
the length of time fish spent together during treatments
and until behavioural screening was, identical for HET and
HOM-fish. It thus seems unlikely that familiarity effects
can explain why HET fish directed asymmetric aggression
towards HOM-fish.

Wild cod prefer habitats with complex vegetation
consisting of macro algae, particularly during the daytime
(Borg et al. 1997). It has also been observed that their
survivorship depends on the complexity of the sea floor
in their nursery habitats (Tupper and Boutilier 1995b;
Lindholm et al. 2001), and survivorship increases with
spatial complexity. Along the Norwegian coast macro
algae biotopes represent the natural nursery habitats
providing juvenile cod with prey as well as providing
shelter opportunities from predation. Furthermore, survival
differences between resident wild and released hatchery
cod in these environments are considerable, and the ratio of
hatchery/wild density decreases rapidly after hatchery fish
are released (Nordeide et al. 1994). In general, hatchery-
reared fish often do not avoid predators as well as wild fish
do and, consequently suffer higher mortality rates (reviews
in Olla et al. 1998 and in Weber and Fausch 2003). When
the cod in our experiment were provided with shelter and a
simulated predator attack, we observed that HET-fish had a

higher probability of hiding and swam less than HOM-fish.
This suggests that HET-fish were more skilled in using
shelter. The results show that HOM-fish got access to
shelter, but they were less successful than HET-fish in using
it, this may be caused by the asymmetric aggressive attacks
from HET-fish, but it was unfortunately not possible to
track this once the fish moved into the cover. Although
large fish generally have lower predation risks than smaller
fish, size had no significant effect on our results, and
therefore does not explain why HOM-fish used shelter
less often than HET-fish. Field studies also reveal that cod
reared in hatcheries tend to be more active post-release
than similar sized wild fish (Svåsand et al. 2000).

The higher activity in HOM-fish may reflect escape
behaviour from the aggressive interactions by HET-fish,
but it could also be due to an inferior ability to use the
“new” shelter opportunities in a flexible way. Nøstvik and
Pedersen (1999) demonstrated using recapture data that
released hatchery cod, which had been reared without en-
richment, tended to stay shallower and be more active than
resident wild cod, particularly if they were older than 1.5
years. Svåsand et al. (2000) speculated whether the time
spent in captivity influenced the behavioral patterns af-
ter release. Our data suggest that it is not the time spent
in captivity per se that generates this result, but rather, a
combination of prior experience of spatial complexity, and
differences in the social interactions between cod reared
with different backgrounds.

It is possible that being reared with spatial structures
allows the HET-fish to experience aggressive interactions
associated with territory defence behaviour, and that this
experience provides the fish with the necessary behavioural
skills to avoid escalation of potential costly contests more
efficiently than the HOM-fish. For example, the HET-fish
may learn to show submissive behaviour more quickly
than the HOM-fish. Or, perhaps the HET-fish’s experience
with a complex spatial environment provides them with
skills associated with defense of potential territories, and
interactions relating to territory boundaries. It may also be
that HOM-fish do not signal submission towards dominant
individuals as well as HET-fish. For example in juvenile
Atlantic salmon, subordinate individuals produce signals
of submission by darkening their body colour and use this
to avoid potential costly escalated contests (O’Connor et
al. 1999b, 2000). Cod also change colouration as a fright
response (Salvanes unpublished observations), but we did
not attempt to take visual communication into account in
this study.

Predator avoidance behaviour in fish is partly innate
and partly depends on environmental characteristics with
respect to predation risk (Seghers 1974; Immelmann 1975;
Giles and Huntingford 1984; Breden et al. 1987; Magurran
1990; Berejikian et al. 2003), but it can arise through
experience (Kelley and Magurren 2003). Similarly, our
results indicate that anti-predator behaviour is a combina-
tion of innate and environmental components. Given high
predation risk of wild juvenile cod in Norwegian waters
(annual natural instantaneous mortality rate for juveniles
> 0.6 per year; Salvanes and Baliño 1998), it was not



256

unexpected that responses to predators by cod would have
a heritable component.

In summary, our results show that experience with spatial
structures can influence the development of behaviors that
are likely to be associated with survival in the wild. They
demonstrate that if the complex spatial structures are absent
in the nurseries of juvenile cod, fish tend to continue with
a pelagic life style for longer, even if they interact with fish
from other nursery backgrounds. Together, these findings
have relevance for fisheries managers that use re-stocking,
as well as for management of escapees from aquaculture.
However, our results are also relevant for the management
of marine protected areas because they suggest an impor-
tant role for the conservation of the complexity of juvenile
nursery habitats.
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