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INTRODUCTION

The energy yield of anaerobic glycolysis is only
10% that of aerobic metabolism (Hochachka &
Somero 2014), thus animals depend on a consistent
supply of oxygen from their surroundings to achieve
optimal performance. In the aquatic environment
however, where diffusion happens slowly and photo-
synthesis can only partially meet the metabolic de -
mands of organisms in the surface waters (Richards
et al. 2009), dissolved oxygen (DO) concentration
varies both vertically and horizontally with changing
light, temperature, currents (Johansson et al. 2007),
wind and rainfall (Diaz 2001). For these reasons, DO

is a major limiting factor affecting the growth, distri-
bution and survival of fishes.

Hypoxia, defined in the marine environment as a
drop in DO saturation which reduces metabolic
scope (Pollock et al. 2007, Richards et al. 2009),
occurs naturally in coastal environments (e.g. Johan-
nessen & Macdonald 2009, Silva & Vargas 2014,
Brown et al. 2015). Poor DO conditions are exacer-
bated in aquaculture cages due to restricted water
movement, nutrient loading and locally increased
biomass (Johansson et al. 2006, 2007, Oppedal et al.
2011b, Burt et al. 2012), and are becoming more com-
mon as global temperatures rise (Gruber 2011). In
extreme cases, acute hypoxia results in mass mortal-
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ABSTRACT: Dissolved oxygen (DO) conditions in marine aquaculture cages are heterogeneous
and fluctuate rapidly. Here, by temporarily wrapping a tarpaulin around the top 0 to 6 m of a mar-
ine cage (~2000 m3), we manipulated DO to evaluate the behavioural response of Atlantic salmon
Salmo salar to hypoxia. Videos were recorded before, during and after DO manipulation at 3 m
depth while vertical profiles of temperature, salinity, DO and fish density were continuously meas-
ured. The trial was repeated 4 times over a 2 wk period. Temperature and salinity profiles varied
little across treatment periods; however, DO saturation was reduced at all depths in all replicate
trials during the tarpaulin treatment compared to the periods before or after. In 3 out of 4 trials,
swim speeds were 1.5 to 2.7 times slower during the tarpaulin treatment than the before or after
periods. Significant changes in vertical distribution of fish density and DO were observed between
treatment periods in all replicate trials; salmon swam either above or below the most hypoxic
depth layer (59 to 62% DO saturation). In a regression tree analysis, the relative influence of DO
in determining fish distribution was 17%, while temperature (39%) and salinity (44%) explained
the majority of variation. Our results demonstrate that salmon are capable of modifying their dis-
tribution and possibly activity levels in response to intermediate DO levels, but that DO is not a
primary driver of behaviour at the saturation levels examined in this study.
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ity (Thronson & Quigg 2008, Stauffer et al. 2012); in
less extreme cases, sub-optimal DO concentrations
result in decreased growth, appetite, immune func-
tion, swimming performance and fish welfare (Oppe -
dal et al. 2011a, Remen et al. 2012, 2014, Burt et al.
2013, Kvamme et al. 2013).

Fish utilize numerous strategies to mitigate the
impacts of hypoxia, including physiological adjust-
ments, morphological adaptations, molecular de fences
and behavioural modifications (Richards et al. 2009).
The most immediate strategies to minimize acute
hypoxic stress are behavioural adaptations such as
avoidance, aquatic surface respiration, air breathing
and altered activity levels (Kramer 1987). Many spe-
cies of fish can actively avoid hypoxic conditions (Pihl
et al. 1991, Wannamaker & Rice 2000, Brown et al.
2015), but not all (Kramer 1987, Butler et al. 2001).
For example, Atlantic cod Gadus morhua L. did not
avoid extremely hypoxic conditions when a normoxic
refuge was available (Herbert et al. 2011), whereas in
a similar trial, rainbow trout Onchorhynchus mykiss
displayed avoidance behaviour beginning at 80%
DO saturation (17 to 19°C) (Poulsen et al. 2011). Even
among fish that avoid reduced DO concentrations,
the point at which behavioural responses are initi-
ated varies greatly with species, lifestyle and habitat
(Whitmore et al. 1960, Richards et al. 2009).

Uncertainty exists regarding the extent to which the
world’s most farmed marine fish, Atlantic salmon
Salmo salar, respond behaviourally to hypoxia. One
field trial which investigated the relationship be tween
environmental parameters and vertical salmon dis -
tribution observed no consistent response to DO, de-
spite reaching levels as low as 57% saturation (Jo-
hansson et al. 2006). However, an alternate study at 4
commercial farm sites found that salmon avoided spe-
cific depth ranges in the water column where lowest
DO concentrations (60% saturation at 15°C) occurred
(Johansson et al. 2007). Given that DO  concentrations
reach severely hypoxic levels in commercial cages for
extended periods of time (Oppe dal et al. 2011a, Burt
et al. 2012, Stien et al. 2012, Dempster et al. 2016),
and that commercially viable  mitigation options are
limited (Bergheim et al. 2006, Srithongouthai et al.
2006, Oppedal et al. 2011b), it is critical to know
whether salmon avoid hypoxic areas for farmers to
maximize welfare and production  performance.

Salmon in sea cages alter their distribution and
behaviour in response to numerous stimuli, including
light (Oppedal et al. 2007), temperature, salinity,
feeding (Oppedal et al. 2011a), water current velocity
(Johansson et al. 2014), sound (Bui et al. 2013) and
sea lice infestation level (Bui et al. 2016). Given the

myriad factors affecting salmon in sea cages, experi-
mental testing within the marine cage environment
is required to understand the behavioural trade-offs
made by salmon in response to hypoxia and other
environmental factors. Here, we manipulated DO
levels within a sea cage to determine if salmon
altered their behaviour to avoid areas of low DO con-
centration among the other environmental factors
which control their vertical distribution.

MATERIALS AND METHODS

Experimental setup

The experiment was performed in a research scale
12 × 12 × 29 m marine cage at the Institute of Marine
Research’s Solheim cage environment laboratory,
stocked at a density of 7.67 kg m−3 with 13 428 (mean
mass = 2.4 kg) Atlantic salmon Salmo salar. At the 15
to 21 m depth band, below which the majority of fish
were observed to aggregate during preliminary
observations, a tarpaulin was permanently attached
to the cage net to create a barrier to oxygen replen-
ishment. To reduce DO below ambient levels and
create a gradient, the entire net cage was raised by
crane until the tarpaulin surrounded the upper 0 to
6 m depth band where fish schooled at high densi-
ties. During DO reduction periods, the total available
cage depth was 14 m (Fig. 1) with a stocking density
of 15.34 kg m−3. For each trial, data was recorded
during 3 periods: 40 min prior to raising the tarpaulin
(before), 60 min with the tarpaulin secured at the sur-
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Fig. 1. Cage setup during each of the 3 dissolved oxygen re-
duction treatment periods: ‘before’ (control), ‘during’ (treat-
ment) and ‘after’ (control). Throughout all trials and treat-
ment periods, temperature, salinity and dissolved oxygen
measurements were collected within the top 0 to 6 m of the
cage. Vertical distribution of Atlantic salmon Salmo salar
was estimated by calculating relative echo intensities within
the uppermost 6 m depth band during each treatment pe-
riod. The white band represents the position of the 6 m deep 

tarpaulin
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face (during) and 40 min after the tarpaulin was
dropped (after). Four replicate trials were conducted
between 30 October and 9 November 2015. All tri-
als were performed in daylight between 09:00 and
16:00 h and were timed to co-occur with slack tide to
avoid deformation of the cage.

Though data were collected throughout the entirety
of the cage, all analyses were confined to the top 0 to
6 m depth band where the tarpaulin was located dur-
ing treatment. This strategy was chosen to minimize
the potentially confounding effect of the tarpaulin on
fish behaviour. If the entire cage area was considered
it would have been impossible to distinguish between
a response to the reduced DO concentrations within
the tarpaulin and a response to the tarpaulin itself. By
focusing only on fish which were within the tarpaulin
area, we were assured that any changes in distribu-
tion could be attributed to environmental variations
and not as a result of a response to the tarpaulin.

During each replicate trial, water temperature, DO
and salinity were continuously recorded by a CTD
(SD204, SAIV AS) vertically profiling between 0 and
13 m at 0.6 m min−1 on an automated Belitronics
winch. The CTD DO probe was calibrated prior to the
start of each trial.

Fish density measurements

Vertical fish distribution was quantified as de scribed
by Bjordal et al. (1993) using an echo-integration
 system (Lindem Data Acquisition) connected to an
upward-facing transducer with a 15° acoustic beam
positioned beneath the cage at a fixed depth of 30 m.
Echo intensity was recorded once per minute in 7 cm
depth intervals from 0 to 29 m. The sum of all echo
intensity measurements between 0 and 6 m for each
minute was then calculated and mean values of
every 7 cm depth band were used to calculate rela-
tive echo intensity as a measure of percent fish bio-
mass. Mean echo intensity values for each 0.21 m
depth band between 0 and 6 m were calculated for
all treatment periods (before, during, after).

Swimming speeds

Fish swimming speed was monitored using an
underwater 360° pan/tilt Orbit Subsea camera con-
trolled from the surface by a winch. Videos during
each treatment period were recorded at a depth of
3 m. Instantaneous swimming speeds were calcu-
lated as body lengths per second (BL s−1) based on

the time required for the snout and tail of an individ-
ual to pass a vertical reference line within the cage
(Dempster et al. 2008). Swimming speed was calcu-
lated for 20 individuals haphazardly chosen in each
treatment period, totalling 240 individuals.

Data analyses

For each trial, differences in vertical distribution
between treatment periods of temperature, salinity,
DO saturation and fish density were tested for with 
2-sample Kolmogorov-Smirnov tests. To correct for
multiple comparisons, statistical significance (α =
0.05) was determined at a Bonferroni-corrected p-
value of 0.007. Instantaneous swimming speeds were
compared using repeated measures ANOVAs. Sig-
nificant ANOVA results were further analysed using
Tukey’s HSD (honest significant difference) test for
specific pair-wise comparisons.

To determine the relative influence of each envi-
ronmental factor in explaining vertical fish distribu-
tion, data from all trials during the oxygen reduction
period were pooled and fish density was modelled as
a function of temperature, salinity and DO using a
non-parametric regression tree method (Therneau &
Atkinson 1997, Johansson et al. 2006, 2007). Briefly,
this involves identifying a single variable which best
divides the data into 2 groups based on reduction of
relative error. The data is separated and the same
process repeated, separately, for each sub-group until
no further improvements can be made. Cross-valida-
tion is then used to ‘prune’ the tree to the final model.
In a graphical presentation, each split is seen as 1
stem dividing into 2 branches. The branch to the left
is written out in the split, and the one to the right the
opposite. Branch length is proportional to reduction
in relative error. The ‘leaves’ at the end of each
 terminal branch are predicted fish density, scaled
between 0 and 1.

RESULTS

Throughout all trials, a consistent pycnocline was
observed with a cool, brackish (~10°C, 20 ppt salin-
ity) surface layer which transitioned to warmer sea-
water (~13°C, 30 ppt) at a depth between 2 and 4 m.
Temperature and salinity varied little between treat-
ment periods, whereas DO saturation was reduced
by 10% on average during the tarpaulin treatment
compared to the before and after periods in all repli-
cate trials (Table 1). Fish density observations of the
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entire 29 m deep cage area found that, on average,
81% of the fish biomass swam shallower than 14 m
prior to the tarpaulin being raised to the surface, and
that total fish density was lower in the top 0 to 6 m
during treatment than either before or after in all 4
trials. However, during all 4 trials, fish density in the
0 to 2 m surface band was higher during tarpaulin
treatment than in either the before or after periods.

Analysis of variance tests on instantaneous swim-
ming speeds detected significant variation between
treatment periods in 3 of the 4 replicate trials (F >
21.4, p < 0.001). In all 3 cases, swimming speeds
were 1.5 to 2.7 times slower (p < 0.05) during the
 tarpaulin treatment (range: 0.35 to 0.36 BL s−1) than
in the before or after periods (0.53 to 0.95 BL s−1;
(Fig. 2).

In the regression tree model,
salinity and temperature had
the largest relative influences on
fish density, at 44 and 39%
respectively, while DO was only
17%. Node 1 of the tree, salinity
<28.47 ppt, explained the largest
amount of variance; however, the
surrogate split of temperature
<12.58°C had 97% agreement
with the primary split, suggesting
that both variables were criti -
cal drivers of salmon distribution
within the cage. Of the 11 nodes
in the tree, 4 splits were attrib-
uted to salinity, 5 to temperature
and 2 to DO saturation (Fig. 3).
The most preferred environment

was salinity > 30.43 ppt, temperature < 13.14°C and
DO saturation > 65.17%. In both cases where DO
 saturation was attributed a split, higher levels of DO
were the preferred condition.

Trial 1

Environmental conditions between periods were
the most variable during Trial 1, with significantly
different distributions in both salinity and tempera-
ture (Fig. 4). Vertical distribution of fish density also
differed significantly during each of the measure-
ment periods. In the period before the tarpaulin
treatment, lowest fish density was observed at the
surface and increased with depth. During the tar -
paulin treatment, minimum fish density occurred at
1.8 m and markedly increased with depth to a maxi-
mum at 6 m. In the period after the tarpaulin treat-
ment, fish density distribution was bimodal with min-
imum density at the surface and maximum density
peaks at 2 and 5.4 m (Fig. 5).

Trial 2

Temperature and salinity distributions did not differ
significantly between any of the treatment periods
(Fig. 4). Vertical distribution of fish biomass was simi-
lar during the before and after periods, with  minimum
fish densities occurring at the surface and increasing
with depth. During the tarpaulin treatment, vertical
fish distribution differed  significantly from the period
after, with minimum fish density occurring at 3 m
and bimodal peak densities at 1 and 6 m (Fig. 5).
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Period Sample Mean Standard Range Median Coefficient 
size deviation of variation

Temperature (°C)
Before 87 12.2 1.1 10.2−13.5 12.7 0.09
During 116 11.6 1.1 9.9−13.4 11.4 0.10
After 116 11.6 1.4 9.6−13.6 11.6 0.12

Salinity (ppt)
Before 87 25.7 5.0 15.9−31.2 27.8 0.20
During 116 24.5 4.4 16.3−30.9 23.4 0.18
After 115 24.1 5.1 14.8−30.8 24.1 0.21

Dissolved oxygen (% saturation)
Before 87 75.2 5.4 68.1−86.6 72.9 0.07
During 116 65.3 4.7 59.4−78.4 64.4 0.07
After 116 75.9 5.6 67.2−85.7 75.2 0.07

Table 1. Range and variation of environmental conditions experienced by Atlantic
salmon Salmo salar throughout the dissolved oxygen reduction experiment. Before,
during and after refer to the measurement period in relation to dissolved oxygen
reduction treatment (see Fig. 1 and ‘Materials and methods: Experimental setup’ for 

details)

Fig. 2. Mean ± SE instantaneous swimming speeds (body lengths
per second; BL s−1) of Atlantic salmon Salmo salar before, during and
after dissolved oxygen reduction treatment. The 4 replicate trials
are represented by (R) 30 Oct, (j) 2 Nov, (m) 3 Nov and (d) 9 Nov 2015
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Trial 3

Temperature and salinity distributions were similar
throughout all treatment periods (Fig. 4). Vertical dis-
tribution of fish biomass did not differ significantly
during the before and after periods, with minimum
fish densities occurring at the surface and maximum
densities near 4 m. During the tarpaulin treatment,
vertical fish density distribution differed significantly
from both before and after periods, with minimum
fish density occurring at 1.8 m and gradually increas-
ing with depth (Fig. 5).

Trial 4

Fish densities were only recorded during 2 treat-
ment periods in the fourth trial due to equipment
malfunction. Temperature and salinity distributions
differed significantly between the tarpaulin treat-
ment period and the period after (Fig. 4). During the
 tarpaulin treatment, minimum fish densities occurred
in the top 4 m and increased sharply to maximum
density at 6 m. After the tarpaulin treatment, mini-
mum fish density occurred at the surface and
increased with depth (Fig. 5).

DISCUSSION

Behavioural responses

When at the surface, surrounding the cage perime-
ter with a tarpaulin quickly and consistently reduced

DO saturations by as much as 20% within a 60 min
period. Using this technique, our results provide evi-
dence that salmon have some capacity to modify
their behaviour in response to intermediate DO
 levels (59 to 78% saturation) well above the limiting
oxygen saturation (39 ± 1% at 12°C; Remen et al.
2013) in a marine cage environment. In all 4 trials,
vertical fish distribution shifted during the DO reduc-
tion treatment, with movement away from the depths
with the lowest DO concentrations and an increase in
fish density in surface waters.

However, whether salmon avoid depths within sea
cages with lowest DO appears to be determined by
whether a DO gradient is available within their pre-
ferred depth band based on other environmental
cues, such as temperature, which override a response
to intermediate DO concentrations (Oppedal et al.
2011a). With a regression tree model that included
temperature, salinity and DO as predictors, the rela-
tive importance of DO in deter mining fish density was
only 17%, compared to 44% for salinity and 39% for
temperature. In a more holistic model which consid-
ered all known determinants of fish distribution within
sea cages, such as artificial and natural light, hunger,
water current velocity and social cues, the relative
 influence of DO would be reduced even further.

The results of our manipulative experiment align
with previous observations that salmon remained in
the warm surface waters of a cage despite DO satura-
tion being 20 to 30% lower than in the deeper, cooler
water (Stien et al. 2012). During our trial, the hetero-
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geneity of the cage environment meant the width of
preferred depth bands was quite small, however in
environments more homogeneous in salinity and
temperature, as is typical of coastal salmon farms,
responses to DO may be more pronounced as they
will seldom be overruled by a pycnocline.

Given that previous work on healthy Atlantic
salmon suggested 70% DO saturation at 16°C as a
threshold for reduced growth, and 60% DO satura-
tion a threshold for fish welfare (Remen et al. 2012),
we conclude that salmon have a limited capacity
to align their swimming depth with DO conditions
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which would maximize production performance.
 Testing responses at lower DO concentrations, such
as the sustained low saturations (26 to 52%) recently
recorded on a commercial farm in Macquarie
 Harbour, Tasmania (Dempster et al. 2016), is re -
quired to determine if the relative importance of DO
would increase with more extreme reductions in DO
 concentration.

With regards to swim speed, behavioural reactions
of fish that encounter hypoxic conditions vary
from no response to burst swimming, depending on
the species and extent of hypoxia (Schurmann &
Steffensen 1994, Richards et al. 2009). Increased
swim speed improves an individual’s likelihood of
encountering better conditions, but also increases its
oxygen requirements. Alternatively, reduced swim
speeds in response to hypoxia  minimize the fish’s
oxygen re quirements, but also reduces its chance of
reaching more oxygenated water. In this study, a
marked de crease of instantaneous swim speed was
observed during the reduced DO treatment com-
pared to both the before and after periods in 3 of

the 4 replicate trials. Though the
observed reduction in swim speed
cannot be conclusively at tributed
to the change in DO, as it could
also be related to the presence
of the tarpaulin or altered social
interactions as a result of the
reduced fish den sities, it is an
interesting result for further inves-
tigation. The ana dromous lifecycle
of salmonids means that during
some portions of their lives the
fish may find themselves in rivers
(Elliott et al. 1998) and estuaries
(Priede et al. 1988) with low DO,
little vertical stratification and no
choice but to carry on. In such
conditions, an increase in activity
level could be lethal, whereas a
reduction may allow them to sur-
vive until better conditions occur.
Such an adaptation would likely
contribute to the success of fish in
aquaculture given that the cage
environment peri odically limits
their ability to es cape hypoxic con -
ditions which will often improve
with a changing tide (Johansson
et al. 2007).

Practical implications

As global sea surface temperatures continue to rise
and oxygen solubility decreases, hypoxia is expected
to become a more frequent occurrence globally
(IPCC 2014). The knowledge gained from our exper-
iment stresses the importance for the aquaculture
industry to continue developing mitigation and man-
agement practices which minimize the occurrence
and impacts of hypoxia on farmed salmon.

Potential mitigation measures include site selec-
tion to prioritize water movement so that DO
replenishment within cages is maximized (Johans-
son et al. 2007), and farming in deeper areas where
there is increased distance between the cage bottom
and decomposing organic matter in benthic sedi-
ments (Bannister et al. 2014). Frequent fallowing,
which minimizes organic enrichment beneath cages,
will also reduce biological oxygen demand and
thus formation of deep water hypoxia (Valdemarsen
et al. 2010). Further, if future research detects
that salmon display more pronounced avoidance of
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Fig. 5. Depth distribution of Atlantic salmon Salmo salar (relative echo intensity)
in a marine aquaculture cage before oxygen reduction (40 min), during reduced
oxygen treatment (60 min) and after returning to normal conditions (40 min) for
each of 4 replicate trials. Significantly different distributions between treatment
periods within each trial are indicated by different letters (p < 0.007). Hatching
indicates transitional periods during tarp movement. On 9 Nov 2015 fish densities
were only recorded during 2 treatment periods due to equipment malfunction
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depths with poor DO conditions when other envi-
ronmental factors are uniform, then selection of
locations with more vertically homo genous tem -
peratures and salinities could minimize the need for
intervention.

Preliminary work has partially tested the benefits
of supplemental aeration (Srithongouthai et al. 2006)
and oxygenation (Bergheim et al. 2006) in marine net
cages. While these techniques improve DO condi-
tions within cages at some depths and in some condi-
tions, further study and cost−benefit analyses are re -
quired to optimize performance and assess feasibility
at full commercial scale.

Finally, the use of environmental stimuli to alter fish
distribution within cages has proven very successful
(Oppedal et al. 2007, Bui et al. 2013, Stien et al. 2014).
Underwater lighting is commonly used to delay matu-
ration in salmon aquaculture. Recent studies have ex -
ploited lights for the secondary  purpose of attracting
the school to cage depths with reduced parasite load
(Frenzl et al. 2014). The same technique could be
used to attract salmon away from hypoxic depth lay-
ers, or through continuous movement of lights verti-
cally at 1 m min−1 to prevent the formation of hypoxic
layers by minimizing prolonged schooling at any one
depth (Wright et al. 2015).

CONCLUSIONS

Fish in marine aquaculture cages are exposed to
substantial environmental variation, but are spatially
restricted in their ability to adapt and respond to sub-
optimal conditions. The impact of hypoxia depends
critically on which, if any, response is undertaken.
Our manipulative, field-based experiment provides
evidence that Atlantic salmon are capable of altering
their behaviour in response to intermediate DO con-
centrations by seeking out water layers with higher
DO levels, and possibly with reduced activity levels,
but that such responses can be overridden by other
factors. These results confirm previous observation-
based studies that DO is not a primary driver of
 Atlantic salmon distribution within marine cages
 (Johansson et al. 2006, 2007).
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