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The health and welfare of farmed fish are highly dependent on environmental conditions.

Under suboptimal conditions, the negative impact on welfare can cause changes in fish

behaviour. Acoustic tags can provide high resolution and high frequency data to monitor

fish positioning within the cage, which can be used to infer swimming behaviour. In this

study, implanted acoustic tags were used to monitor the three-dimensional positioning

of Atlantic salmon (Salmo salar) at a commercial farm in Nova Scotia, Canada. The

one-month study period allowed the characterisation of background behaviour and

changes in behaviour in relation to different environmental conditions, namely, water

characteristics in terms of dissolved oxygen and temperature caused by the fall overturn,

storm conditions, and feeding activity. The three-dimensional position of 15 fish was

recorded using high temporal resolution (3 s). Fish movement was characterised by

calculating four fish variables: distance from the centre of the cage [m], depth [m], velocity

[ms−1], and turning angle [◦]. The population swam in a counterclockwise swimming

direction around 4 ± 2m depth at an average speed of 0.61 ± 0.38 ms−1. After the

fall overturn, the population moved significantly towards cage centre while decreasing

velocity, and non-significant differences in depth and turning angle were observed. During

feeding periods, a significant increase in depth and velocity, as well as a reduction in

turning angle were observed. The storm event did not cause any significant change in

the four fish variables. While some of the behavioural changes were difficult to assess

with respect to causation, the high resolution, high frequency data provide unique

detailed positioning information to further our understanding of the swimming behaviour

of farmed fish.

Keywords: acoustic telemetry, Atlantic salmon, temperature, oxygen, feeding, behaviour

INTRODUCTION

Farmed Atlantic salmon are subject to a variety of environmental stressors, including diseases,
marine heatwaves, harmful algal blooms, and anoxic events. For example, the high stocking density
in net pens can lead to ideal conditions for bacterial infections and diseases (Sindermann, 1984).
Beyond disease and parasites, temperature and water quality can be highly variable in net pens
due to vertical stratification and diffusion-advection of water masses due to tides and winds. Since
fish are highly mobile, their ability to change positioning within the net pen can be critical in
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stress avoidance. Accordingly, fish movement can provide
insights on behaviour, defined as a “representation of a reaction
to the environment as a fish perceives it” (sensu Martins et al.,
2011).

Water temperature has long been studied with respect to fish
behaviour (Ogilvie and Anderson, 1965; Javaid and Anderson,
1967; Elliott and Elliott, 2010; Oppedal et al., 2011). For example,
Atlantic salmon (Salmo salar) are known to be temperature
sensitive, and when a gradient is present, e.g., a thermocline, the
fish will distribute themselves according to preferred temperature
ranges (Coutant, 1977; Jobling, 1981). Water temperatures
below 8◦C led to active behavioural thermoregulation via
vertical migration (Johansson et al., 2006, 2009). The upper
preferred temperature range for Atlantic salmon is 16–18◦C, with
avoidance behaviour occurring above the threshold (Oppedal
et al., 2011). As warming climate has led to an increase in
marine heatwaves, which are defined as an extended period of
abnormally high sea surface temperature (Oliver et al., 2018),
cultured salmon will be increasingly exposed to temperature
stress. While warming waters can trigger thermal stress on
farmed salmon, cold winter temperatures can also lead to
significant mortality events, i.e., super chill (Hargrave et al.,
2005).

Dissolved oxygen (DO) also has a major effect on the growth
and performance of cultured fish. For example, at 15◦C, Atlantic
salmon require a dissolved oxygen level above 6.0 mgL−1 before
their feed intake is reduced, while below 4.0 mgL−1 salmon
are forced to switch to anaerobic metabolism (Burt et al., 2012;
Remen et al., 2012; Dempster et al., 2016; Oldham et al.,
2018). Some short-term effects of low DO are a decrease in
swimming speed, indicative of conservation of energy, and a
reduction in feeding activity (Martins et al., 2011; Oldham et al.,
2018). Physiological effects of long-term low DO and elevated
temperatures are decreased appetite and growth, and ultimately,
increased mortality (Johansson et al., 2006; Remen et al., 2012,
2016; Gamperl et al., 2020). As with unfavourable temperatures,
salmon can avoid low oxygen conditions via vertical migration
within net pens, but other factors such as fish density, have been
reported to override the effect of DO (Johansson et al., 2006;
Stehfest et al., 2017; Oldham et al., 2018). Due to continued ocean
warming, solubility of dissolved oxygen will decrease leading to
more hypoxic events (Keeling et al., 2009; IPCC, 2018).

Environmental conditions that lead to behavioural changes
may be relevant in the context of farmed fish welfare, to
understand welfare in a “function-based” perspective changes
in biological functioning in response to physiological stress are
indicated by behaviour (Martins et al., 2011). Increasing use
of technology on fish farms has led to a greater capability
in collecting data on environmental conditions as well as fish
behaviour. For example, real-time oxygen and temperature
sensors are commonly deployed in salmon farming (e.g., Burke
et al., 2021). Observations of fish behaviour are generally of
two types: visual and acoustic. For example, feed cameras are
routinely used to monitor satiation and regulate feed input. A
sophisticated analysis of size, biomass, and disease status have
been derived from these types of video (e.g., Williams et al.,
2006; Pinkiewicz et al., 2011). Acoustic observations generally

involve echo-sounding of net pen populations or individual fish
via implanted tags, providing information about their positioning
and movement (e.g., Cubitt et al., 2003; Cooke et al., 2005; Broell
et al., 2013; Thorstad et al., 2013; Macaulay et al., 2021). Acoustic
fish tracking provides an individual-based, objective sampling
of position allowing for high spatial and temporal resolution
(Føre et al., 2017). Although previous studies have evaluated
the feasibility of acoustic telemetry to assess individual fish
movement (e.g., Juell and Westerberg, 1993; Cubitt et al., 2003;
Clark et al., 2010; Broell et al., 2013; Thorstad et al., 2013; Kupilik
and Petersen, 2014; Føre et al., 2017) not much attention has been
paid to applying acoustic telemetry in aquaculture compared to
ecological studies (e.g., Childs et al., 2008; Crossin et al., 2017;
Haulsee et al., 2018; Kraus et al., 2018; Rothermel et al., 2020).

Acoustic telemetry techniques have been used in aquaculture
for chinook salmon (e.g., Cubitt et al., 2003), Atlantic salmon
(e.g., Føre et al., 2011, 2017), Atlantic cod (e.g., Rillahan et al.,
2011; Ward et al., 2012), and gilthead seabream (e.g., Muñoz
et al., 2020; Palstra et al., 2021). These studies have focused on
monitoring fish positioning and behaviour in commercial sea
pen settings. The accuracy and reliability of a three-dimensional
system was tested on chinook salmon (Cubitt et al., 2003).
Further, acoustic telemetry has been used to infer behaviour,
including vertical positioning and diel swimming patterns in
farmed fish (e.g., Føre et al., 2011, 2017; Rillahan et al., 2011;
Ward et al., 2012; Muñoz et al., 2020; Palstra et al., 2021).
Individual fish tags do not capture the entire pen population, but
they provide access to data on individual fish (e.g., swimming
speed) that is not available when using population-level echo-
sounding. Continuousmonitoring of fish positioning can provide
a more comprehensive view of the effects of environmental
conditions on swimming behaviour and consequently, on
welfare. In the present study, implanted acoustic tags were used
to monitor the three-dimensional positioning of salmon for one
month during the fall at a commercial farm in Nova Scotia,
Canada. The main research questions of this study were:

(i) Can high resolution 3D fish location be used to infer
swimming behaviour in the cage environment?

(ii) Can 3D location be used to develop metrics related to
fish behaviour?

(iii) What is the relationship of behavioural indicators to
environmental conditions in the net pen?

METHODS

Study Site
Shelburne Bay, located in southwest Nova Scotia (Canada), is
7.4 km wide at the open mouth, narrowing landward and then
branching to Shelburne Harbour over a distance of 15.5 km.
The outer bay is somewhat protected by McNutt’s Island.
Seawater temperature has a typical north temperate range of
0–3◦C in February to a maximum of 14–18◦C in August
(seatemperature.org). Temperature changes can be rapid due to
wind-induced upwelling of cold shelf water. The small Shelburne
River enters the bay at the head of the harbour, but the outer bay
has salinity values (30 PSU) typical of inshore Nova Scotia.
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FIGURE 1 | Study site map. (A) Regional map of Shelburne Bay with site location marked in red, and inset showing location in Nova Scotia, Canada. (B) Zoomed site

map with farm orientation and net pen schematic; study net pen highlighted in red, inset showing schematic of acoustic receivers.

Atlantic salmon are farmed on the northeast side of McNutts
Island (Kelly Cove Salmon), a farm area of about 50,000 m2

(Figure 1A). During the study period, the site contained 19 active
net pens, each of them with a diameter of ∼32m, a depth of
11m, and an average stocking density of 12.09 kgm−3 (∼20,000
individuals). The site has a feed barge on the north end, and
net pens in two equal columns of 10, with pen 20 being empty
(Figure 1B).

Acoustic Tags
Implanted acoustic tags (Vemco V9P-180, InnovaSea Systems
Inc, Bedford, Nova Scotia, Canada) were 9mm in diameter,
26mm in length, and 4 g in air, transmitting at a frequency of
180 kHz. Tags were surgically implanted in 15 Atlantic salmon
on day of year 229, and receivers ran out of battery on day of
the year 361. Although 15 fish are a small percentage of the
net pen population, studies show individual salmon response to
environmental factors reflects group behaviour in aquaculture
conditions (Oppedal et al., 2011; Stehfest et al., 2017). In
addition, a higher density of tags causes interference in acoustic
transmission and potential loss of data (Al-Dharrab et al., 2013).

Adult salmon (73–78 cm length and 3 kg weight) were
retrieved from net pen 6, located in the centre of the farm,
and implanted with acoustic tags by a Cooke Aquaculture
veterinarian in compliance with the Dalhousie University Animal
Care Council. Before each surgery, all surgical instruments were
disinfected using a Vikron solution, and activated V9P acoustic
tags were immersed in a chemical disinfectant bath of Beta iodine
for a minimum of 20 min. Each fish was collected from the cage
using a dip net and placed in a 40 mgL−1 bath of TMS (MS-222)
3-aminobenzoic acid ethyl. After 5–10min, when visual signs of
sedation (loss of equilibrium and no reaction to touch; Moore

et al., 1990) fish were transferred to a cradle with fresh seawater
bathed over the gills. A 1–1.5 cm incision was made slightly offset
from the linea alba and anterior to the pelvic girdle, parallel to
the midline. The tag was inserted into the coelomic cavity and
closed with an absorbable 3–0 monofilament sterilised suture.
An interrupted surgical knot was applied to the incision every
5mm. Once the incision was closed, the fish was transferred to a
350-gallon recovery tank with fresh seawater constantly supplied.
Recovery averaged 40min, and release was determined when
opercular movement, equilibrium, and locomotor movements
were observed (Moore et al., 1990).

Each tag was set to transmit a 2D position [x, y] every 3 s for
the duration of the experiment. A pressure sensor within the tags
was used to measure depth (z dimension). Eight HR2 receivers
(InnovaSea Systems Inc.) were deployed on the NSEW axes
outside of net pen in a two-layer array and used to triangulate
horizontal position (Figure 1B). The top 4 HR2s were deployed
at 2m depth in the net pen and the bottom 4HR2s were deployed
at 9m depth. Among the 15 tagged fish, data were unusable
from 5 tags due to tag malfunction or fish mortality. Three tags
malfunctioned, noted by the lack of response of the pressure
sensor (constant depth over time), and two tags were ascribed
to dead individuals. The data from these 5 tags were not used
in the analysis. Over the tagging period (132 days) mortality
was 13%, which is lower than average long-term (100+ days)
studies (Macaulay et al., 2021). Data from the HR2 receivers
were downloaded upon retrieval but fish tags were discarded in
processing following harvest.

Additional Data
Additional fish data, such as feeding time and mortality rate,
were collected from farm logs. Feeding was completed twice
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a day, morning and evening, by an automated feed system
with submerged cameras to inform when the population was
satiated. Weather data, including wind speed and direction, were
retrieved from the nearby Sandy Point weather station, about
7 km from the study site (Environment and Climate Change
Canada). Temperature and DO were recorded every 5min by
real-time, wireless sensors (Aqua Measure, InnovaSea Systems
Inc.). The data were stored onto cloud-based storage in real-time.
Sensors were deployed within the study cage with 4 sensors at 2m
depth in NSEW axes, one sensor in cage centre at 4m depth, and
4 sensors at 8m depth in NSEW axes.

Data Processing
Raw data collected from the receivers were downloaded and sent
to InnovaSea for processing. Data were returned in an [x, y, z]
format with a time stamp out to 10−6 s. The positioning was
then normalised by representing [0, 0, 0] as the approximate
cage centre at the surface. Absolute error values for horizontal
positioning is about 1 fish length, ∼1m, and absolute error
for depth is about 7.5 cm. An error value was provided with
each location via the horizontal error position (HPE), which is
the theoretical horizontal error calculated using 3 receivers that
create an array. The HPE value can range from 0 to 2, where 2
is higher error sensitivity, and 0 is less error sensitivity. In this
dataset, HPE ranged from 0.06 to 0.6 with a mean of 0.31, after
filtering the top 10% out.

The three-dimensional distance travelled by the fish between
two consecutive time records (d12) was calculated based on [x, y,
z] positioning following:

d12 =
√

(x2 − x1)2 +
(

y2 − y1
)2

+ (z2 − z1)2 (1)

where [x1, y1, z1] to [x2, y2, z2] are the positions for the two
records. Velocity between those two consecutive acoustic records
(v12) was calculated as:

v12 =
d12

t2 − t1
(2)

where d12 is the distance travelled by the fish between times t1 and
t2. Distance from the centre of the net pen (dcentre) was calculated
for each acoustic record following:

dcentre,1 =
√

x12 + y12 (3)

where x1 and y1 are the x and y positions of the first acoustic
record. Turning angle from the fish’s point-of-view (turn13) was
calculated considering three consecutive acoustic records as:

turn13 = 180− cos−1

(

d12
2
+ d23

2
− d13

2

2d12d23

)

(4)

where d12 is the distance from [x1, y1, z1] to [x2, y2, z2], d23 the
distance from [x2, y2, z2] to [x3, y3, z3], and d13 the distance from
[x1, y1, z1] to [x3, y3, z3]. Due to the way acoustic tags transmit
data, a time philtre was applied to use only acoustic records

with time stamps within 5 s of each other to ensure that only
consecutive records were used in the calculations. This filtering
reduced the number of detections but ensured the high quality
of the data. Given the high temporal resolution of the tags, ∼3 s,
discarding detections is acceptable when the outcome is reducing
the uncertainty of the dataset.

Statistical Analyses
Although the tagging period lasted 132 days (day of the year
229–361), the study period was reduced to one-month (day
of year 274–304). This was done both to ensure that the
fish had enough time to recover after the surgery and for
statistical consistency (in comparing periods of similar lengths
around key environmental changes). This one-month period
captured two environmental changes, (1) fall overturn and
disruption of water column stratification, and (2) a storm.
The abrupt change in temperature and DO caused by the fall
overturn allowed the study period to be split into two periods
(see section Results). A storm event was identified on 298–
299 when wind speeds averaged 30 ± 8 kmh−1. The fish
positioning variables during the storm period were compared
to the observations 2 days before the storm (296–297) and 2
days after the storm (300–301). The dataset was also divided
into two categories regarding feeding activity: feeding and
non-feeding times.

The four fish positioning variables, distance from centre,
swimming depth, swimming speed, and turning angle, were
compared (a) before and after the fall overturn event and (b)
between feeding and non-feeding periods using a Wilcoxon
signed-ranks test. The storm event required the use of a Friedman
test to detect differences across multiple groups (before, during,
after). Spectral analysis was performed to examine periodicity in
depth and velocity. A Wilcoxon signed-ranks test was used to
compare periodicity of day against night to test the significance
of those cycles. All data processing was completed using Python
Spyder 3.7 (Python Software Foundation, https://www.python.
org/).

RESULTS

Fish Survival
Other than survivorship, the effects of surgery and the tags
on fish behaviour are difficult to assess. Although there is
inter-individual variation in the different measures of fish
position/swimming, the spread is not large, and no fish
stand out as being obviously incapacitated. In addition, it
is expected that poorly recovered fish would not persist
in the population. Therefore, it could be concluded that
the 10 remaining fish recovered and displayed normal
swimming responses.

Background Swimming Movement
Four variables were examined in individual fish including (a)
distance from centre of the net pen [m], (b) swimming depth
[m], (c) swimming velocity [ms−1], and (d) turning angle [◦]
(Equations 1–4; Figure 2). The tagged population averaged a
distance of 9.1 ± 3.5m from the cage centre during the study
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FIGURE 2 | Boxplots of four behavioural variables for individual fish during the study period where the red line is median, box incorporates 25–75th percentile, and

error bars mark maxima and minima. Green shaded box represents fish 5 and blue shaded represents fish 9. (A) Distance from centre [m]. (B) Depth [m]. (C) Velocity

[ms−1]. (D) Turning Angle [◦].

period, with a maximum of 20.6m and a minimum of <1m
(Figure 2A). Based on cage diameter, the maximum distance
from the centre should be ∼16m, but the net is flexible, and
some distention due to flow is expected. Fish 5 and 9 are
highlighted in Figure 2 to focus on individual responses. Fish
5 is the most extreme case for three of the four fish variables.
Fish 9 is a representation of the majority of the population
and therefore was chosen to show a more detailed view of
an “average” fish. Heatmaps of horizontal fish position based
on % of observations in a given location (Figure 3) show
examples of the two emphasised individuals. In both cases, the
maximum density of observations is <0.5%, indicating that the
fish evenly occupied most of the net pen. Fish 5 showed the
highest density of observations at distances of about 10–15m
from the net pen centre (Figure 3A). Fish 9 occupied more
centred positions than Fish 5, with regions of higher relative
density at distances of about 5–10m from the centre (Figure 3B).
The directionality of the swimming vectors demonstrates that
both fish 5 and 9 fish swam in a counter-clockwise direction
(Figures 3C,D).

The tagged population averaged 3.6± 2.2m swimming depth
below the water surface with a maximum of 10m and minimum
at the water surface (Figure 2B). Jumping out of the water was
not recorded since the tags only operate in water. A time series
of Fish 5 and 9 showed a clear periodicity related to time of
day with greater depths during the day, and shallower depths
at night (Figure 4A). Despite the temporal similarity between

the vertical position of these two fish, Fish 9 migrated distinctly
deeper in the net pen than Fish 5. Spectral density analysis (1-h
rolling mean) of each individual identified a strong peak at 24 h
for 70% of the tagged fish, with the other 30% having two peaks
on either side of the 24-h mark, ranging between 22.5 and 25.5 h
(Figure 4B). Fish 9 also showed a slight peak at 8 h. In general,
the tagged population depth was deeper during daylight, 2.95
± 0.03m, than at night, 2.05 ± 0.07m (Wilcoxon signed-ranks,
p= 0.00).

Swimming velocity [ms−1] averaged 0.61 ± 0.38 ms−1 with
a maximum of 2.0 ms−1 and a minimum remaining almost
still (Figure 2C). A time series of velocity for Fish 9 showed
the highest velocity occurred during evening, while for Fish
5 no obvious pattern was observed (Figure 5A). Similar to
the results obtained for depth, spectral density analysis (1-h
rolling mean) of velocity identified a strong peak at 24 h for
50% of the individuals (Figure 5B). Swimming speed among
the tagged population was significantly higher during daylight
than at night (Wilcoxon signed-ranks, p = 0.00). The other
half of individuals show peaks on either side of 24 h ranging
between 23 and 25.75 h. Turning angle [◦] was used to measure
the change in direction of the fish trajectory (Figure 2D).
The population averaged 46.82 ± 38.2◦ deviation from their
trajectory with a maximum of 179.9◦, indicating a U-turn,
and a minimum of 0◦, indicating no change in swimming
direction. Mean turning angle was highly consistent among the
tagged fish.
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FIGURE 3 | Horizontal plots of two tagged fish. (A) Heatmap of fish 5 during October where blue shows low relative density [% occupancy] and warmer colours

represent higher relative density. (B) Heatmap of fish 9 during October. (C) Vector plot of fish 5 during a 12-h period in October. (D) Vector plot of fish 9 during a 6-h

period in October.

Fish Movement in Relation to External
Variables
The rapid change in temperature and DO associated with the
fall overturn and breakdown of the seasonal thermocline allowed
division of the dataset into two well-defined periods with distinct
and relatively stable conditions in terms of temperature and
DO. Days 274–289 are defined as “Before” when temperatures
ranged from 12 to 17◦C and DO from 5.0 to 7.2 mgL−1, and
days 290–304 are defined as “After”, with temperature ranging
from 6.5 to 10◦C and DO from 6.8 to 8.3 mgL−1 (Figure 6).
Comparison of the four fish positional variables between these
two periods showed that for distance from centre [m], 80%
of tagged individuals moved slightly towards the inner part
of the net pen after the fall overturn, with a relative change
between 0.8 and 15% of their previous position (Figure 7A).
In contrast, Fish 1 and 10 moved towards the edge of the

net pen by a relative change of 0.33 and 4.55%, respectively.
As a population, the fish moved towards the centre with a
significant decrease from a mean of 9.4 ± 1.4m (Before) to
8.7 ± 1.3m (After; p < 0.05, Table 1). Examination of depth
distribution before and after the overturn revealed greater inter-
individual variability than distance from centre (Figure 7B),
which resulted in non-significant differences in depth (p =

0.284, Table 1). Swimming velocity showed a pattern similar to
horizontal distance, with 90% of individuals decreasing velocity
by 8.3–33.8% after the fall overturn (Figure 7C). Before the
change in DO and temperature, the mean velocity of the tagged
population was 0.69 ± 0.15 ms−1, which decreased significantly
to 0.57 ± 0.11 ms−1 after the fall overturn (p < 0.01, Table 1).
Fish 8 was the only individual in which a 7% increase in velocity
occurred after the overturn. High inter-individual variability in
turning angle (Figure 7D) resulted in a non-significant difference
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FIGURE 4 | Spectral analysis of tagged fish depth [m]. (A) One-week one hour rolling mean time series of two individuals: Fish 5 (green) and Fish 9 (blue) with night

highlighted in grey. (B) Power spectral density plot using 1 h rolling mean of all individuals highlighting fish 5 and 9 where frequency is in hours.

FIGURE 5 | Spectral analysis of tagged fish velocity [ms−1]. (A) One-week one hour rolling mean time series of two individuals: Fish 5 (green) and Fish 9 (blue) with

night highlighted in grey. (B) Power spectral density plot using 1 h rolling mean of all individuals highlighting fish 5 and 9 where frequency is in hours.
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FIGURE 6 | Daily average of temperature [◦C] (solid lines) and dissolved oxygen [mgL−1] (dotted lines) measured in study cage at 2m (red), 4m (green), and 8m

(purple) depth (adapted from Burke et al., 2021). Vertical black line denotes split between before and after the fall overturn.

at the tagged population level between periods (p = 0.092,
Table 1).

The same four fish variables were used to compare the
effect of feeding (Figure 8). Feeding was defined as any time
period that feed was distributed within the net pen, while before
feeding is any period in which fish were not being fed. No
statistical differences were observed in terms of distance from
the centre (Figure 8A) before and during feeding periods (p =

0.240, Table 1). Depth increased for 80% of the individuals by
1.7–40.4% during feeding (Figure 8B). In contrast, Fish 4 and
10 moved towards the surface by 1.8 and 8.7%, respectively.
Depth for the tagged population averaged 2.9 ± 1.2m from
the surface for non-feeding and 3.4 ± 1.1m for feeding
periods, leading to a significant difference (p < 0.05, Table 1).
All individuals increased in velocity between 1.2 and 19.7%
during feeding (Figure 8C). As a population, the mean velocity

before feeding periods was 0.64 ± 0.13 ms−1, which increased
significantly up to 0.72 ± 0.18 ms−1 during feeding (p < 0.01,
Table 1). All individuals showed smaller turning angles, between
2.7 and 36.1% less, while being fed (Figure 8D). Population
turning angle while feeding averaged 41.0 ± 5.6◦, significantly
different from non-feeding, which averaged 46.8 ± 5.0◦

(p < 0.01, Table 1).
A storm event characterised by 30 ± 8 kmh−1 winds was

observed after the fall overturn during days 298 and 299, which
allowed for a comparison before, during, and after the storm.
Before the storm event, temperature ranged from 7.5 to 8.7◦C and
DO from 7.7 to 9.0 mgL−1; while after the storm, temperature
ranged from 7.4 to 8.0◦C and DO from 7.8 to 9.2 mgL−1.
No significant differences were observed for any fish variable
when comparing before, during, and after the storm (Table 1).
Averaging across these three periods, distance from centre was
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FIGURE 7 | Percent change of individual fish comparing before the fall overturn (1–16 October) temperature and DO change to after (19–31 October). (A) Change in

distance from centre where a positive change represents a shift towards cage edge. (B) Change in depth where a positive change signifies movement towards the

bottom. (C) Change in velocity where an increase in velocity is represented by a positive change. (D) Change in turning angle with a positive change representing a

sharper turning angle.

8.9 ± 1.3m, depth 2.9 ± 1.2m, velocity 0.55 ± 0.12 ms−1, and
turning angle 53.1± 9.2◦.

DISCUSSION

The combination of receiver array and acoustic tags has
offered a 3-dimensional view of Atlantic salmon swimming
behaviour and positioning in a commercial net pen. This
detailed information has provided further understanding of
fish behavioural response to different environmental stimuli.
Previous studies have described vertical movement (Fernö et al.,
1995; Juell and Fosseidengen, 2004; Johansson et al., 2006, 2009;
Føre et al., 2017) and behaviour (Martins et al., 2011; Oppedal
et al., 2011; Castanheira et al., 2017) of cultured salmon, however
measuring movement in 3-dimensions is less common (Cubitt
et al., 2003).

Swimming Movement
There was a distinguishable circular, counterclockwise swimming
pattern within the group of Atlantic salmon. The circular
swimming pattern is affected by water currents, but directionality
may change among net pens or farms (Juell, 1995; Johansson
et al., 2014). A shoal, or a group of fish remaining together,
adopts a polarised swimming pattern to minimise the possibility
of collisions, and deviations from this pattern by individuals can
affect the group reaction (Martins et al., 2011). Within a shoal,
there are “traffic rules” used by all individuals, and consequently,

the analysis of a few individuals can provide insight into group
behaviour. The counterclockwise swimming pattern observed in
this study is an example of schooling behaviour as in the above
definition, suggesting that group behaviour can be inferred from
individual tags.

There was a distinct diel rhythm in depth with swimming
nearer the surface at night, compared to the day. Diel rhythms in
depth in salmon farming have been linked to light intensity, feed
anticipation, and the apparent threat of predation (Oppedal et al.,
2001, 2007; Juell and Fosseidengen, 2004; Johansson et al., 2006,
2009). The diel rhythm observed in this study ranged ∼0–6m,
corresponding to the upper half of the net pen. This observation
matches previous studies where populations remain in the upper
half of net pens, regardless of site depth (Fernö et al., 1995; Juell
and Fosseidengen, 2004; Johansson et al., 2006, 2009; Føre et al.,
2017). Net pens in Norway are up to 50m deep and located in
fjords, where in Atlantic Canada net pens are on average about
6–15m deep. The avoidance of net pen bottom observed could
characterise anti-predator evasion since large piscivorous fish
have been detected under net pens (Dempster et al., 2009), or a
natural biological response (Tanaka et al., 2005).

A diel rhythm in swimming speed, with higher velocities
during the day was also observed in this study. Previous studies
have found swimming speeds to range between 0 and 2 ms−1,
similar to the values observed in this study, with the highest
speeds during the day (Juell and Westerberg, 1993; Andrew
et al., 2002; Føre et al., 2011, 2018b). Swimming speeds are
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FIGURE 8 | Percent change of individual fish comparing feeding times to non-feeding times. (A) Change in distance from centre where a positive change represents a

shift towards cage edge. (B) Change in depth where a positive change signifies movement towards the bottom of the net pen. (C) Change in velocity where an

increase in velocity is represented by a positive change. (D) Change in turning angle with a negative change characterising a straighter turning angle.

TABLE 1 | Mean values and standard deviation for each fish variable during environmental events.

Environmental event Fish variable Mean before Mean during Mean after Test statistic p-value

Temperature/DO Distance from centre [m] 9.4 ± 1.4 – 8.7 ± 1.3 4.0 0.016*

Depth [m] 3.1 ± 1.4 – 2.7 ± 1.0 17.0 0.284

Velocity [ms−1] 0.69 ± 0.15 – 0.57 ± 0.11 1.0 0.006*

Turning Angle [◦] 45.4 ± 5.7 – 48.8 ± 5.3 11.0 0.092

Feeding Distance from centre [m] 9.2 ± 1.4 8.9 ± 1.6 – 16.0 0.240

Depth [m] 2.9 ± 1.2 3.4 ± 1.1 – 8.0 0.046*

Velocity [ms−1] 0.64 ± 0.13 0.72 ± 0.18 – <0.001 0.005*

Turning Angle [◦] 46.8 ± 5.0 41.0 ± 5.6 – <0.001 0.005*

Storm Distance from centre [m] 8.6 ± 1.5 9.1 ± 1.4 9.0 ± 1.1 2.6 0.272

Depth [m] 2.8 ± 1.1 2.9 ± 1.5 3.1 ± 1.2 0.20 0.904

Velocity [ms−1] 0.54 ± 0.13 0.57 ± 0.14 0.55 ± 0.11 2.66 0.263

Turning Angle [◦] 50.0 ± 10.7 52.0 ± 8.5 57.1 ± 7.5 5.0 0.082

Test statistic for temperature/DO and feeding is for Wilcoxon signed-ranks test in pairwise comparison, while test statistic for storms is for Friedman’s test. P-values with * denotes

significant values, p < 0.05. N = 10 for all scenarios. For environmental events, temperature/DO is before and after the fall overturn, feeding is before and during feeding events, and

storm is before, during, and after a wind event. See text for details.

customarily faster during the day than at night due to light
availability (Oppedal et al., 2001) because Atlantic salmon rely
heavily on vision while swimming (Oppedal et al., 2011). The
tagged salmon in this study thus followed the expected pattern
previously described in the literature with greater depths and
higher velocity during daylight hours and lower velocity and
lesser depths during nighttime (Fernö et al., 1995; Andrew et al.,

2002; Johansson et al., 2006; Føre et al., 2011, 2018b; Oppedal
et al., 2011).

Fish Movement in Relation to External
Variables
Following the rapid temperature and DO change halfway
through the study period due to the fall turnover, individuals
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showed a shift towards the cage centre with a decrease in velocity
but no significant change in depth distribution. Changes in
proximity towards the centre, although significant, were small
and on the order of one fish length. It is difficult to assign causality
to this minor shift, but associated results for swimming speed
are consistent with an expected decrease caused by a drop in
temperature (Hvas et al., 2017).

During feeding, there was an increase in depth while
individuals increased speed and decreased turning angle. During
daylight hours, fish tend to swim deeper in net pens but ascend
towards the surface when motivated by feed (Fernö et al.,
1995; Oppedal et al., 2001), contrary to this study where the
opposite occurred. It is likely more crowded at the surface during
feeding, an observation apparent even to a casual observer.
An increase of speed during feeding is indicative of foraging
behaviour to capture food pellets nearby (Martins et al., 2011).
A decrease in turning angle is suggestive of straighter paths
towards food pellets. Although turning angle was calculated
from adjacent swimming vectors, turning is a continuous process
in part dictated by cage diameter and thus the tightness of
circular swimming.

During a storm with wind speeds between 35 and 45 kmh−1,
there were no significant movements horizontally or vertically in
the tagged group, suggesting that fish behaviour was not affected
by the storm. This does not rule out effects on fish at higher wind
speeds. The movement of net pens during storms has become
a concern for farmers due to the possibility of increased net
movement causing damage to fish as well as generally leading to
increased stress. Although no responses on these four variables
were significant from this storm, it does not neglect other
stressors, e.g., fin and scale damage, that could cause physical
damage not seen with movement data.

CONCLUSIONS

This study used detailed positioning data to catalogue
behavioural responses using fish position to calculate swimming
speed and vertical/horizontal location. There are a variety
of external variables available to evaluate as determinants of
behaviour including oxygen, temperature, and wind. In addition,
husbandry variables including feeding provide further basis for
comparison. Nonetheless, the net pen environment is confined
and the scope for behavioural responses is limited. Some of
the changes in defined behaviours were subtle and difficult to
assess with respect to causality. Previous studies have confirmed
the use of acoustic tags in field experiments at commercial fish
farms and have found common swimming patterns (e.g., circular
swimming pattern and diel vertical movement) (e.g., Føre et al.,
2017; Muñoz et al., 2020; Macaulay et al., 2021). This study is
one of the few employing tags to resolve 3D positioning, but
also able to incorporate high frequency data on both horizontal
and vertical movement. As fish farming continues to embrace
precision aquaculture (Føre et al., 2018a; O’Donncha and
Grant, 2019), further delineation of both fish behaviour and
its environmental forcing will be possible, as well as input into
husbandry management.

High frequency acoustic tags provide a detailed temporal
view of fish positioning within aquaculture net pens; however,
some data loss is possible due to the signal interference caused
by the high density of fish in the cages (Al-Dharrab et al.,
2013). Although only 3 receivers are needed to triangulate fish
positioning, a total of 8 receivers were placed in this study
to minimise data loss. One of the assumptions to triangulate
positioning, and minimise error, is to have stationary receivers.
In this study, the receivers were attached to the gear that keeps
the cage in place, which was assumed to be the most stationary
option. Although this gear is not completely stationary, the short-
term drift of the receivers should be negligible compared to fish
movement during the 2 or 3 consecutive datapoints (∼6 sec)
used for the mathematical calculation of positioning, velocity,
and turning angle. The use of a reference tag on the ocean bottom
could be used to quantify this potential error in future studies.

The study intended to use position-based behaviours to
examine the response to apparent stress by conditions such
as storms. However, stress is manifest by morphological
and physiological responses assessed by operational welfare
indicators (OWI), including fin and scale health as well as
other metrics of condition (Martins et al., 2011; Oppedal et al.,
2011; Noble et al., 2018). OWIs would provide complementary
information that if compiled appropriately could be used to
understand the welfare of farmed Atlantic salmon (Stien et al.,
2013). Positioning data provides the function-based information
needed to understand how changes in conditions affect changes
in behaviour and ultimately welfare. Although this study
examined changes in behaviour with respect to documented
events such as storms and the fall overturn, these events are
not necessarily judged as extreme. In comparison, OWIs which
depend on mostly negative morphological changes are reflective
of rather severe impacts on fish condition. This study has
provided a highly resolved data set on farmed salmon behaviour
that creates a baseline for responses to the ambient environment.
The study posited that these data would provide a sensitive
response to external conditions, however more extreme events
such as severe storms might yield a more obvious behavioural
response. This approach results in a quantitative set of metrics
with which to approach fish behaviour. As oceanic conditions
such as storminess and hypoxia become more common in a
changing climate, it is anticipated a wider range of response in
fish swimming and positioning behaviour.

Climate change is leading to increased sea surface
temperatures, decrease oxygen, and increased frequency and
intensity of storms (Handisyde et al., 2006; Keeling et al., 2009;
Johannesen et al., 2020). An understanding of fish behavioural
response to these variables provides further management options
including cage and mooring design, feeding regimens, oxygen
supplementation, and site selection. Research progress in an
increasing sensor and data-rich farm environment will inevitably
lead to better fish welfare and more sustainable aquaculture.
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