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Lay-person overview
Millions of fish are currently released in NSW waters to support recreational fisheries. However, due
to the challenges of surveying stocked fish, little is known about the likelihood of these fish surviving
for any length of time.
In order to survive after stocking, fish need to find shelter and food, avoid predation and explore and
occupy appropriate habitat. We have developed a model based on the known life-history of Murray
cod and golden perch to predict, from laboratory tests, how likely fish are to survive when released.
We tested Murray cod and golden perch reared in outdoor earth dams in two hatcheries at six
different ages ranging from one week to 20 weeks, as well as 20 week-old wild-caught Murray cod,
to evaluate their survival behaviour.
Murray cod showed a clear developmental shift towards greater exploration and risk taking at 6 and
10 weeks of age, and reduced risk taking at 16 weeks of age. These findings suggest an “exploration”
sensitive phase when fish naturally move to find new habitat between 6 and 16 weeks of age. Our
findings suggest that plants and boulders are the preferred habitat for juvenile Murray cod. If
exploration behaviour is conducive to young fish finding suitable habitat and food, then perhaps the
best time to release them, based on experimental findings, is between 6 and 16 weeks of age.
Behaviour of juvenile golden perch showed a typical pattern governed by physical and motor
maturation. Development before 6 weeks of age is rapid and mostly linked to physical and motor
maturation. After 6 weeks of age, behavioural changes in golden perch are more gradual and steady
improvements in predator avoidance and exploration were observed. If predator avoidance and
exploration are deemed as important characteristics for the survival of stocked fish, then our
laboratory findings suggest that golden perch mostly lack these abilities before 6 weeks of age, and
that these abilities gradually improve as fish mature up to 20 weeks of age.
The findings support the use of tests of survival behaviour to inform stocking practices, which can be
extended to other native fish species. The main benefit to recreational fishing will be the improved
returns, in terms of more surviving fish, for the money invested in re-stocking programs.

Stated deliverables in proposal
•
•
•

The project will reveal the age at which Murray cod and golden perch show behaviour that
would enhance their chances of survival post-release.
Provide recommendations on how hatchery management practices influence behaviour
critical for survival.
Provide the foundation for future hatchery and wild fish research which: 1) will evaluate the
survival of hatchery released fish in different conditions (e.g. flowing water, natural
conditions); and 2) test new and emerging approaches to maximising the success to restocking programs
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Executive summary
•

•

•

•

•

In laboratory experiments, hatchery-reared Murray cod that are able to feed on natural prey
showed changes in behaviour in the first 20 weeks of age that are appropriate for the
species and age. A small sample of wild-caught Murray cod tested at 20 weeks of age also
showed similar behaviour to hatchery-reared fish, though further testing of a larger sample
of wild fish is required to confirm these findings.
Murray cod showed a clear developmental shift towards greater exploration and risk taking
at 6 and 10 weeks of age, and reduced risk taking at 16 weeks of age. These findings suggest
an “exploration” sensitive phase when fish naturally move to find new habitat between 6
and 16 weeks of age.
If exploration behaviour is conducive to young fish finding habitat and food, then perhaps
the best time to release them, based on experimental findings, is between 6 and 16 weeks
of age. It is however possible that cod behaviour will be different during the night, or under
low light, and this is an important follow-up question that should be addressed.
Behaviour of juvenile golden perch showed a typical developmental pattern governed by
physical and motor maturation. One week-old fish were very unresponsive in our tests and
development before 6 weeks of age is rapid and mostly linked to physical and motor
maturation.
After 6 weeks of age, behavioural changes in golden perch are more gradual with steady
increases in predator avoidance and exploration behaviour. If predator avoidance and
exploration are deemed as important characteristics for the survival of stocked fish, then our
laboratory findings suggest that golden perch reared and dams and able to feed on live prey
develop these abilities gradually between 6 and 20 weeks of age.

Remaining work on this project
•

As foreshadowed in our progress reports, we have been able to test only 17 wild Murray cod
at one age, as this was all the wild Murray cod fish we were able to obtain. We have
extended our collection permit, and have contacted other researchers who may be able to
supply wild fish to us, and will endeavour to obtain and test the remaining wild Murray cod
from October 2021-February 2022.

Follow-up questions for future research projects
•

•

It is likely that juvenile Murray cod disperse and show a greater range of behaviour at night.
It would be useful to confirm if the behavioural changes we observe are also seen when
Murray cod are tested in the dark (using non-visible infra-red lighting to record behaviour).
Trout cod show a life-history, and associated behaviour, that is intermediate between those
of Murray cod and golden perch. It would be useful to undertake all the same behavioural
tests on trout cod to reveal how hatchery rearing influences the development of survival
behaviour in this species.
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Predicting the survival of stock fish
Many freshwater fish populations face significant population pressure from a range of factors, such
as habitat degradation, altered hydrology, invasive species and climate change. The behaviour of fish
is the first line of defence in response to these challenges and the type and timing of behavioural
responses will determine whether fish survive, and ultimately explain population dynamics.
There are four main facets to behaviour that are crucial for the survival of fish in freshwater systems:
the ability to 1) find and use shelter, 2) explore and find food and other resources3) avoid predation
and 4) find and exploit appropriate habitat. Behaviour along these four facets can be risky (referred
to as “bold”), such as not using shelter in the presence of predators, to not-risky (referred to as
“shy”).
The extent to which individual species behave in a bold or shy manner along each facet determines
their chances of survival. Concomitant with variation in the four facets necessary for survival, is the
life-history of each species. There are trade-offs in survival behaviour along these facets. For
example, staying in shelter may protect a fish from predation, but they may not acquire the food
necessary to grow and survive. Therefore, survival behaviour along these four facets is closely
predicted by life-history (Figure 1). In our study we use this ability to evaluate the most likely
behavioural strategy to enhance survival to predict if hatchery-reared fish are likely to survive after
stocking.

Figure 1: Model to predict survival behaviour of stock fish and prediction of optimum behaviour for
survival of Murray cod and golden perch.
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Materials and methods
Subjects:
A total of 247 Murray cod and 205 golden perch from Narrandera Fisheries Centre (Narrandera,
NSW), Uarah Fisheries (Grong Grong, NSW) and the Ovens river were used (Table 1). All hatchery fish
were F1 generation of wild-sourced parents and reared for stocking programs. Hatchery fish were
reared in larval troughs until three weeks of age before being moved into outdoor earthen ponds.
Fish were fed artemia for the first three weeks, and thereafter ate zoo plankton and other foods
obtained from the earthern ponds.
Fish were transported to CSU’s Freshwater laboratory and kept in 43L aquariums at 200C, pH=8 and
oxygen levels at approximately 8.3mg/L. Aquariums were fitted with a biofilter and water was
sterilised by UV treatment. API testing kits for ammonia, nitrite, nitrate and alkalinity was used to
monitor water parameters every second day. Other water parameters were monitored with a Horiba
U-52 multi-parameter water quality meter.
Table 1: Source, age and number of fish that undertook behavioural tests.
Source of fish
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Narrandera hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Uarah hatchery
Wild (Ovens)

Species
Murray cod
Murray cod
Murray cod
Murray cod
Murray cod
Murray cod
Golden perch
Golden perch
Golden perch
Golden perch
Golden perch
Golden perch
Murray cod
Murray cod
Murray cod
Murray cod
Murray cod
Murray cod
Golden perch
Golden perch
Golden perch
Golden perch
Golden perch
Golden perch
Murray cod

Age
1 week
3 weeks
6 weeks
10 weeks
16 weeks
20 weeks
1 week
3 weeks
6 weeks
10 weeks
16 weeks
20 weeks
1 week
3 weeks
6 weeks
10 weeks
16 weeks
20 weeks
1 week
3 weeks
6 weeks
10 weeks
16 weeks
20 weeks
20+ weeks

N of fish tested
30
30
20
15
15
22
15
15
15
15
22
20
12
12
15
15
23
20
15
15
15
16
22
20
17
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Emergence, exploration, habitat choice and predator avoidance tests
Two behavioural testing tanks were used which contained water from the same system as the
aquariums. Video cameras (Dahua 5231 Startlight) were fitted above the testing tanks to record
behaviour. After recovering from transportation, fish received five behavioural tests. Four
behavioural tests were performed sequentially in a Plus maze (Figure 2) to minimise fish handling.
The fifth test was undertaken the following day in a large square tank. A brief description of the
behavioural tests is provided in Appendix 1.
Figure 2: Plus maze used for emergence, exploration, habitat choice and predator avoidance tests.

The emergence test involved the fish being placed into the refuge (marked R, Figure 2). After 5
minutes, a guillotine door was raised allowing the fish to exit the refuge into A1. The latency to
emerge from the refuge area was recorded. The fish was then allowed to swim around the entire
Plus maze and the latency to initiate exploration, and the total number of arms of the Plus maze that
the fish entered was recorded in 10 minutes.
Following the exploration test, the fish was confined in the centre of the plus maze and four
substrates (gravel, pebbles, plants or no substrate) placed in each arm of the Plus maze. The position
of each substrate was randomly selected for each fish. The fish was allowed to acclimatise in the
centre for 5 minutes and then released and its location recorded for 10 minutes.
Finally, the fish was confined at one end of the plus maze for 5 minutes in view of a 20cm Murray
cod (in PT, Figure 2). The divider was then removed which allowed the fish to swim away from the
predator (avoidance behaviour). The latency to move away from the predator was recorded.

6

Large habitat choice test (for fish 6 weeks of age and older)
Fish were placed in the centre of a large 80x80cm tank (Figure 3). In each quadrant were placed
small rocks (gravel), pebbles (polished, 50mm), plants (anubis on driftwood) or no substrate (empty).
After 5 minutes of acclimatisation the fish was released and its location was recorded for one hour.

Figure 3: Square tank used for the large habitat choice test.

Statistical analysis
Statistical models included source of fish (Narrandera or Uarah, and for Murray cod, also wildcaught) and age (1, 3, 6, 10, 16 and 20 weeks) as factors. Dichotomous variables such as
approach/avoid or emerge/hide were analysed using a Generalised Linear Model in SPSS (IBM
statistics). Continuous variables such as latency to emerge were analysed using a General Linear
Model after ensuring that assumptions for parametric analysis were met.
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Results: Murray cod
Emergence and exploration
The percentage of Murray cod that emerged from shelter peaked at 3 and 6 weeks of age (Figure 4a,
χ2=28.7, P<0.001). After this age, Murray cod were increasingly reluctant to leave shelter, with less
than 50% of fish older than 16 weeks leaving shelter. At 20 weeks of age, the percentage of wild fish
that emerged was no differently to hatchery-reared fish (χ2=3.4, NS).
Murray cod initiated exploration sooner at around 6 and 10 weeks of age than at other ages (Figure
4b, F5, 232=15.9, P<0.001). Sixteen week old Murray cod initiated exploration after a similar amount of
time as 20 week old wild fish. At 20 weeks of age, there was some evidence that hatchery-reared
fish initiated exploration sooner than wild fish (F5, 232=4.7, P=0.01). Murray cod showed greater
exploration at 6 and 10 weeks of age than at other ages (Figure 4c, F5, 234=7.1, P<0.001). No
difference was found between wild fish and hatchery-reared fish at 20 weeks of age (F2, 232=2.2, NS).

Figure 4: Emergence and exploration behaviour of Murray cod. (a) Percentage of fish emerging from
shelter, (b) latency to initiate exploration and (c) number of exploration tank arms entered is shown.
(N=Narrandera, U=Uarah and W=wild-caught).
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Predator avoidance
Over 90% of fish showed a “freeze” response to the sight of a predator at one week of age, and this
percentage dropped to about 50% by 10 weeks of age (Figure 5, χ2=33.0, P<0.0001). From 10 weeks
of age onwards hatchery-reared fish, and wild fish at 20 weeks of age, showed a similar response
with about half the fish “freezing”, and the remainder moved away from the predator.
Figure 5: Percentage of Murray cod moving away from a predator fish.

Habitat choice
In the small habitat choice tank, the most obvious developmental change in habitat choice occurred
around 10 weeks of age, when fish completely avoided open water and instead took shelter in plants
and boulders (Figure 6a, χ2=21.2, P<0.0001). After this age, fish preferred the plant habitat, but also
spent time in the other three habitats. At 20 weeks of age, hatchery-reared fish chose similar
habitats to wild fish.
In a large habitat-choice tank, fish on the whole preferred large rocks and plants, with small
differences at different ages (Figure 6b, χ2=9.8, P=0.02). At 20 weeks of age, hatchery-reared fish
chose similar habitats to wild fish.
Figure 6: Percentage of time Murray cod spent in different habitats in the (a) small and (b) large
habitat-choice tests.
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Results: Golden perch
Emergence and exploration
The majority (>90%) of golden perch older than 6 weeks of age emerged from a shelter within 10
minutes (Figure 7a). At younger ages, fish were less likely to emerge from shelter than after 6 weeks
of age (χ2=35.1, P<0.001). There is a difference between fish from the two hatcheries at 3 weeks of
age, probably due to slightly different timing of when fish are placed in outdoor ponds.
Golden perch were reluctant to initiate exploration at one week of age, but after 6 weeks of age
initiated exploration within about 100 seconds (Figure 7b, F5,188=69.1, P<0.001). Golden perch
showed very little exploration at one week of age, but exploratory behaviour increased thereafter
(Figure 7c, F5,193=10.0, P<0.001). Although there is some unexplained variation between fish from the
two hatcheries, on the whole fish explored about 5 or 6 arms after 6 weeks of age.

Figure 7: Emergence and exploration behaviour of golden perch. (a) Percentage of fish emerging
from shelter, (b) latency to initiate exploration and (c) number of exploration tank arms entered is
shown. (N=Narrandera, U=Uarah).
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Predator avoidance
At one week of age, most fish (>90%) showed a “freeze” response to the sight of a predator fish
(Figure 8). Fish increasingly adopted a more active antipredator response as they aged, with around
45% of fish moving away from the predator at 20 weeks of age (χ2=27.9, P<0.0001).
Figure 8: Percentage of golden perch moving away from a predator fish.

Habitat choice
In the small habitat-choice tank, golden perch mostly occupied open water at one week of age,
perhaps due to their lack of active movement, but from 6 weeks of age onwards they showed a
strong preference for plants and boulders (Figure 9a, χ2=33.1, P<0.0001). In the large habitat-choice
tank, fish showed a similar strong preference (mostly about 50%) for the plants and boulders at 6,
10, 16 and 20 weeks of age (Figure 9b, χ2=3.1, NS).
Figure 9: Percentage of time golden perch spent in different habitats in the (a) small and (b) large
habitat-choice tests.
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Discussion
Murray cod
Our findings on shelter use, exploration behaviour, predator avoidance and habitat choice suggest
that hatchery-reared Murray cod show the expected natural behavioural characteristics. Although
we were only able to test 17 wild fish at 20 weeks of age, it was pleasing to find that hatchery fish
showed similar predator avoidance and habitat choices as wild fish at this age.
Hatchery-reared fish showed a clear shift towards fast emergence and exploration at 6 and 10 weeks
of age. Behaviour changed towards significantly less exploration at 16 weeks of age, suggesting a
sensitive “exploration” phase around 6-10 weeks of age. Whether this sensitive period is also seen in
wild fish remains to be confirmed. If confirmed that this age is indeed a sensitive age for exploration,
the practical application of these findings is that if fish are stocked at these ages, they may be likely
to naturally move away from the release site and explore suitable habitat.
Combined, our findings of emergence and exploration at first sight indicate that wild fish are slightly
shyer than hatchery fish at 20 weeks of age. The behaviour of wild fish at 20 weeks was however
quite similar to that of hatchery-reared fish at 16 weeks. The slight differences in behaviour between
hatchery-reared and wild fish at 20 weeks of age may be due to hatchery-reared fish prolonging the
“exploration” phase. That is, because hatchery fish are not managing to find new habitat in ponds,
the “exploratory” phase may not be being “switched off”. Plant habitat was preferred by cod in our
trials, possibly indicating the importance of this type of habitat to wild fish though plant habitat is
also the most difficult to rehabilitate. An important question that remains to be examined is if
providing a “plant habitat” in rearing ponds switches off the above exploration phase. It would also
be important to note that our fish fed on natural prey in ponds, and that behaviour could be
markedly different in pellet-fed fish.
Golden perch
At one week of age, golden perch show very little active behaviour. At this age golden perch larva
are very small and under-developed, and either do not show much active behaviour, or simply were
not mature enough to show the active responses in our tests. Activity increased at three weeks of
age, with some differences between fish from the two hatcheries. It appears that the moving to
outdoor ponds at a younger age at Uarah hatchery was eliciting a faster development in movement
ability.
At 6, 10, 16 and 20 weeks of age fish showed similar shelter and habitat use, and the previous
difference between hatcheries was not observed. Movement in the exploration and predator
avoidance tests increased gradually from 6 weeks of age, perhaps simply related to better swimming
ability. Habitat choice in both tests was also largely as expected, with fish choosing plants and
boulders over other habitats.
The above findings are consistent with a typical developmental maturation process. That is, physical
and motor abilities increase sharply before 6 weeks of age. After this age, developmental changes
mainly concern an increasingly “active” predator avoidance and greater exploration with age. The
findings suggest that between 6 and 20 weeks of age, golden perch become increasingly better able
to avoid predators and explore their environment. If predator avoidance and exploration are
deemed as important characteristics for the survival of stocked fish, then our laboratory findings
suggest that golden perch develop these abilities not before 6 weeks of age, and that these abilities
gradually improve as fish mature up to 20 weeks of age.
12
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Appendix 1
Brief description of the five behavioural tests
Test
Emergence

Acclimatisation/start
Fish confined to “refuge” area for 10
minutes. Guillotine door then lifted
allowing access to plus maze through
10x60cm opening.

Apparatus

Measures recorded
Latency (seconds) for
the whole body to
emerge from the
refuge.

Exploration

Immediately after the emergence test.
Fish were prevented from returning to
the Refuge area by a guillotine door.

Latency to cross into
the centre and
number of arms
entered.

Small habitat
choice

Fish confined to “centre” area to
acclimatise and clear doors (hashed
lines) were then removed. Different
substrate in each arm: 1) pebbles, 2)
vegetation, 3) small rocks and 4) empty
(order and position randomised).

Number of entries into
each arm and total
time spent in each
arm.

Predator
avoidance

Fish confined to an area beside a
predator (large Murray cod) visible
through the clear sides of the tank for 5
minutes. The guillotine door is then
removed allowing the fish to move
away from the predator.

Latency to move away
from the predator and
distance moved
recorded.

Large habitat
choice

Fish confined to “centre” area for 5
minutes, then released for one hour.
Four different substrates used as in the
small habitat treatment.

Total time spent in
each quadrant
(substrate) recorded.
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