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Aquaculture farms represent a complex 3D environment and face regular

seasonal challenges such as acute and chronically elevated temperatures

during summer. Further, fish are exposed to the interaction between their

environment and farm operations, which can cause challenging conditions. In

the context of modern net-pen aquaculture and ocean warming, there is

therefore a need to understand the welfare of these commercially important

species under the realistic conditions they encounter. Fish were tagged with two

types of biologgers measuring temperature, heart rate, external acceleration, and

depth of fish as they experienced standard aquaculture operations over two

periods of thermal stress, one short-term and one long-term. The fish response

during the thermal stress events was compared with the periods preceding and

following both events, and an additional analysis was carried out to further

explore the effects of feeding and farm operations. Fish displayed signs of both

secondary and potentially tertiary stress in response to the short- and long-term

heat event and both heart rate and acceleration increased in response to feeding

but displayed a more nuanced response to operations. As part of the broader

concept of precision fish farming, this research, based on data from 7 individual

fish, represents a case study that presents the potential use of biologgers as tools

for recognising early signs of stress by observing the secondary stress response,

thereby demonstrating the potential for informed and timely stress identification

to guide farm management decisions to enhance fish welfare and production

efficiency in commercial aquaculture.
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1 Introduction

In the dynamic landscape of modern net-pen aquaculture and

ocean warming, there is a pressing need to understand the intricate

interplay between aquaculture operations and environmental

conditions on fish stress, physiology, and behaviour of cultivated

species (Calado et al., 2021; Froehlich et al., 2018; Stehfest et al., 2017).

Temperature is both a direct and indirect driver that modulates

metabolic rates, appetite, immune response, and growth rates

(Barton, 2002; Farrell, 2009; Reid et al., 2019). Atlantic salmon

(Salmo salar) are susceptible to thermal stress (Dwyer and Piper,

1987; Gallant et al., 2017; Gamperl et al., 2020), and production cycles

regularly span two summers to maximise fast-growth periods, where,

in addition to thermal stress, salmon can be exposed to other stressors

(Burt et al., 2012; Jones and Price, 2022; Mardones et al., 2021).

Farmers must be able to recognise granular changes in fish

performance to respond with appropriate husbandry decisions to

stressors, improving production cycles, growth, and fish welfare

(Ashley, 2007). In Nova Scotia, maximum temperatures occur in

late summer and early autumn, and this time of year is highly relevant

for farmers in this region due to the likelihood of hypoxia and

thermal stress events (Burke et al., 2021; Burt et al., 2012). Thermal

stress can be acute or chronic in nature and it is difficult to determine

absolute impacts on fish when additional sources of stress, e.g. farm

operations (Iversen and Eliassen, 2014), co-occur and reduce fish

ability to respond to stressors (Brijs et al., 2018; Gallant et al., 2017).

Fish stress on farms is inferred through operational welfare

indicators (OWI), which serve as a straightforward and

reproducible mechanism for farmers to promptly evaluate fish

stress and react to suboptimal conditions to improve welfare

(Noble et al., 2018). The stress response in fish is initiated by a

disruption to the organism’s homeostasis, the body’s natural ability

to regulate itself to maintain stability, in response to a real or

perceived threat (Wendelaar Bonga, 1997). During the primary

stress response, hormones are released by the adrenal glands into

the blood stream, which results in secondary responses, including

increased cardiorespiratory activity, increase in heat-shock protein

synthesis and changes in plasma and metabolite levels (Ackerman

et al., 2000). These physiological changes can modify certain

biological activities and reallocate the energy of an individual to

enable them to try and overcome the stressor they are experiencing

(Huntingford et al., 2006). During events of prolonged stress, e.g.,

disease state, chronic stress may lead to tertiary responses such as

reduced appetite and growth, altered swimming behaviours and a

poor immune response (Barton, 2002). However, if fish are showing

signs of tertiary stress responses, it is difficult to identify the initial

cause of the stress and it is often too late to take action to prevent

this response from occurring in the first place (Brijs et al., 2018).

Measurements of heart rate have been used in previous studies

as a secondary stress-indicator in response to netting, chasing,

crowding, and heat events (Boman, 2014; Brijs et al., 2018;

Gamperl et al., 2021; Hvas et al., 2020) and they present a unique

opportunity to identify early stress responses in cultured fish

(Axelsson et al., 2007). Behavioural studies done in tanks on land

have also shown that swimming activity increases in response to

induced stress, such as simulated crowding (Svendsen et al., 2021),
Frontiers in Aquaculture 02
and similarly, increased swimming activity has been observed in

response to crowding and delousing on commercial farms (Føre

et al., 2018a). Additionally, low dissolved oxygen and elevated

temperature decrease salmon swimming speed and feeding

activity in net pens and recirculating aquaculture systems

(Kolarevic et al., 2016; Oldham et al., 2018; Stockwell et al., 2021).

Consequently, monitoring the physiology, i.e. heart rate, and

behaviour, i.e. activity, of farmed fish during commercial

operations offers a direct means to assess the impact of various

stressors. These observations require less interpretation and provide

a new potential method to assess fish welfare compared to more

traditional indicators.

Modern, intensive salmon aquaculture requires monitoring and

control of the farm system to ensure that fish are raised in an

environmentally and ethically responsible way that prioritises fish

health and efficient production systems. Using concepts from

traditional land-based farming, precision fish farming (PFF) is an

approach to farming that promotes enhanced monitoring, control,

and databasing of all available data streams to develop support systems

for enhanced decision making (O’Donncha and Grant, 2019). This

includes improving previously manual or labour-intensive procedures

or creating new data streams using modern, innovative technology

(O’Donncha et al., 2021). Despite the progress of machine vision

algorithms learning to identify individual fish (Schraml et al., 2021),

these tools are not widely used in commercial settings, which results in

a limited ability to examine repeated observations of the same

individuals throughout the grow out cycle. Other than intermittent

health checks that do not provide repeated observations for

individuals, most fish-based observations are conducted at the

group level (i.e, tertiary stress responses). Biologgers are a potential

avenue to overcome this data gap and use the secondary stress

response as an input to automated decision support systems that

have been proposed for precision farming (Føre et al., 2018b).

Furthermore, they provide a new data stream that enables data

driven decision making and promotes repeatability in operational

decisions, which are key components of PFF. There are still challenges

that must be overcome before biologgers are adopted into standard

operating procedures, and research undertaken on commercially

operating farms is an important step to achieve this.

The objective of this work is to explore the behavioural and

physiological responses of farmed Atlantic salmon to 1) thermal

stress, and 2) the compounding effects of general farm operations

and feeding events. Salmon farms in Nova Scotia experience acute

and chronic warm temperatures during the summer periods of

production cycles and with the ongoing effects of climate change

impacting the North Atlantic, it is important to understand how

salmon respond to elevated temperatures (Klinger et al., 2017).

Biologgers provide a unique avenue to observe free swimming fish

as they experience standard aquaculture operations in commercial

net pens and allow for direct observations of fish exposed to

compounding stressors. In this study, biologgers were used

alongside an environmental monitoring system with oxygen and

temperature sensors. Further, a farm log was kept to record when

environmental stress overlapped with routine and exceptional farm

operations. This research helps further the use of biologgers as

precision aquaculture tools in commercial aquaculture and provides
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a mechanism to recognise earlier signs of stress in farmed salmon,

which can help to inform farm management to potentially alleviate

sources of stress sooner.
2 Materials and methods

2.1 Experimental animals and
ethical statement

This study took place on a commercially operating Atlantic

salmon farm in Nova Scotia, Canada. The data used in this study are

a subset of thermal stress periods from a longer study that focussed

on the thermal physiology of salmon (Korus et al., 2024).

Accordingly, additional site information and detailed methods

can be found in Korus et al. (2024), but in brief, two types of

biologgers were implanted, an Acoustic Data Storage Tags (ADST,

model V13AP, diameter: 13 mm, length: 43 mm, weight in air:

11.5 g; Innovasea Systems Inc, Bedford, Nova Scotia, Canada) that

measures tri-axis acceleration and depth, logging them internally

and acoustically transmitting (at 69 kHz) and a centi-HRT ACT

Data Storage Tags (DST, DST centi-HRT ACT G2, diameter: 15

mm, length: 46 mm, weight in air: 19 g; STAR-ODDI, Gardabaer,

Iceland), that records heart rate, temperature, and acceleration. The

ADST tags, which were not used in this analysis due to a

malfunction in some of the pressure sensors, limiting statistical

power, and the centi-HRT ACT DST were surgically implanted

(see below) into 17 fish on July 29th, 2021, on a vessel alongside the

study pen. External acceleration was used as a proxy for swimming

activity as it has been shown to positively increase with swimming

speed (see Zrini and Gamperl, 2021 for validation and discussion of

the approach. All means are reported as mean ± standard deviation.

Fish were mixed-sex, diploids, originating from the Saint John River

strain, stocked in May 2020 with an average weight of 78 g. The

tagged fish weighed between 2.7 and 5 kg (3.76 ± 0.67 kg) and the

combined tag weight was 30.5 g, resulting in a maximum tag

contribution of 1.1% of body weight, well within the 2% guideline

of tag to body weight ratio while minimising the ratio as much as

possible (Lawrence et al., 2023). The site was located at the mouth of

Liverpool Bay in Nova Scotia, protected by the presence of a small

island. Fish were kept in a pen of ~8,000 conspecifics that had a

circumference of 100 m and the net extended 10 m deep. All other

pens on the farm had approximately 25,000 fish at the start of the

study period. The depth surrounding the site was between 12 and 15

m. The surgeries were performed by the producer’s veterinarian,

and all experimental protocols were approved by the Dalhousie

University Committee on Laboratory Animals (UCLA) (protocol

number 20-119).
2.2 Surgical procedure

Individual fish were dip-netted from an aquaculture pen one

at a time and placed into an induction tank with seawater and

200 mg L−1 tricaine methanesulfonate (TMS). Once fish had lost

all signs of consciousness and no longer responded to physical
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stimulation, they were transferred to a scale to record their weight

and length. Fish were then placed on a surgical v-trough, and

seawater containing a lighter dose of anaesthetic (100 mg L−1) was

flushed over the gills for oxygenation and sedation. The surgical

procedure is detailed in Korus et al. (2024), but in brief, a 2 cm

incision was made posterior to the pectoral fins to implant both the

ADST tag and centi-HRT ACT tag. The ADST tag was positioned

caudally, while the centi-HRT ACT tag was placed superior to the

incision with electrodes oriented for optimal electrocardiogram

(ECG) signals. To stabilise the tag based on recommendations

from the tag manufacturer, the centi-HRT ACT tag was secured

in place using the channel provided through the ceramic casing on

the tag, and the incision was closed with interrupted sutures. A

fluorescent T-Bar tag was injected through the dorsal fin for fish

identification. Following surgery, the fish were moved to a recovery

tank fitted with a hose, pumping oxygenated seawater, and

monitored until they exhibited normal locomotory behaviour.

Seventeen fish were tagged; however, the final three fish were

unable to recover fully due to a boat safety issue caused by the

unexpected increase of wind and waves, which caused the

continuous overflow of the tank, compromising the engine area.

The recovery tank had to be emptied unexpectedly, which resulted

in much shorter recovery times for the fish undergoing recovery,

surgery and the one under anaesthetic at the time of the incident.

Real-time acoustic data suggested subsequent mortality for these

three fish. Overall, the surgical procedure averaged 8 minutes, and

recovery time in the tank averaged 55 minutes.
2.3 Tag programming

Centi-HRT ACT tags were programmed to target periods of

expected thermal extremes during a standard production cycle. To

capture this, a 1-hour sampling rate was used immediately

following surgery for 2 weeks to observe fish recovery from July

30th to August 16th, 2021. Following this, a 4-week period from

August 16th to September 16th, 2021, of 20-minute samples was

used to capture high frequency data during potential warm thermal

events. From the 16th of September onwards, a reduced rate of

6 hours was used to conserve battery life and memory storage.

The summer period was considered finished in mid-November,

after the end of the long-term heat event (see below), equating to a

study period of 124 days. Although data collection continued until

March 31st, 2022, winter data was outside the scope of this work and

only analysed in Korus et al. (2024).
2.4 Farm data

To provide context to the biologger measurements, logs of farm

operations data were collected throughout the study period.

Anytime divers were on site for maintenance work or mortality

assessments, a time sheet was logged, and this data was combined

with other site reports recording in-situ net cleaning operations,

general site maintenance and predator net removal to create an

operational time series. Feeding times and amounts were also
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https://doi.org/10.3389/faquc.2024.1428684
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org


Korus et al. 10.3389/faquc.2024.1428684
recorded and used as an hourly time series in the analysis. In

addition to the farm logs, 5 real time environmental monitoring

sensors (aquaMeasure DOTD, Innovasea, Halifax, Canada)

measuring dissolved oxygen, temperature and depth were

deployed on a vertical profile line 1.5 m apart at approximately 2,

3.5, 5, 6.5 and, 8 m. Data was transmitted acoustically every 2–3

minutes and logged internally every 5 minutes for the duration of

the study.
2.5 Data processing and analysis

Fish were harvested on July 26th, 2022, but only seven fish with

tags were retrieved and used in the analysis. The remaining seven

fish were not found, and it is unknown what happened to them, but

from the acoustic data, five of the remaining seven were reporting

normal data at the end of March 2022, so they were not considered

mortalities. The average weight at harvest was 7.46 ± 0.40 kg and the

average length was 75.34 ± 2.91 cm representing a 98% weight

increase and a 23% length increase (see individual fish biometrics in

Korus et al., 2024). Fish condition was assessed using the condition

factor (K):

K =
W � 105

L3
(1)

where W and L are weight (g) and length (mm), respectively. The

condition factor was recorded at the time of tagging and after

harvest and all values of K (K > 1.4) indicated good or excellent

condition in all fish except F14, which was classed as poor at the

time of harvest only (1.0 < K < 1.2). For all analyses, data were

processed using the tsclean() function in the R forecast package

(Hyndman et al., 2024) and data were averaged hourly, daily or by

event for each individual fish and then combined for

subsequent analysis.

To explore periods of thermal stress, heat maps were generated

by filling in missing data points at each depth over time and then

upsampled over the water column using linear interpolation to

smooth the transition across depths. In September and October,

two distinct periods of elevated temperature were observed and

classified by an acute increase, followed by a swift decrease in

temperature throughout the entire water column. The start and end

points of these heat events were manually selected based on the

sharpest rate of change between subsequent points. The average

response in heart rate and acceleration during the heat events was

compared to non-heat event periods for each fish using a type II

regression to account for two independent variables. External

acceleration of all individuals followed a skewed distribution, so

data was log transformed and tested for normality using the

Shapiro-Wilks test prior to averaging for all subsequent analyses.

The slope and intercept of each regression were statistically

compared to 1 and 0, respectively, to determine the effect of the

heat event. Further statistical analyses were conducted to assess the

impact of the individual heat events by comparing them to the time

periods immediately before and after each thermal event. The

before and after periods for the short-term heat event (STHE)

were selected to be the same duration as the heat event (2.5 days),
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however due to the nature of the second, long-term heat event

(LTHE), the before and after periods were determined to be half

(17 days) of the duration of the heat event (34 days) to avoid overlap

with the first short-term heat event. Comparisons of heart rate, log-

transformed external acceleration, and temperature were made

before, during, and after each heat event using the Friedman test

and post-hoc analysis was done using the Nemenyi test. The

Friedman test is a non-parametric rank-sum test between three of

more paired groups and the Nemenyi post-hoc was used to test

significance between paired groups when the Friedman test was

significant. The number of times fish were fed per day was also

averaged for each period.

To analyse the effects of feeding and farm operations on

behaviour and physiology, daily averages of all biologger data

were calculated using daytime data only (all data between sunset

and sunrise was excluded) to remove the daytime bias of feeding

and operations. To remove the confounding effect of temperature in

this analysis, heart rate was corrected using the Arrhenius

temperature (TA) (Equation 2):

fH(T) = fH (obs)   exp
TA

Tobs
−
TA

T

� �
(2)

where fH is heart rate, Tobs is the observed temperature in Kelvin, TA

is the Arrhenius temperature (TA = 1663, Korus et al., 2024) and T

is the reference temperature that heart rate is being corrected to, in

this case, 13.9°C was used because it was the average temperature

observed from August to mid-November, the full extent of the

period considered in this analysis. To determine whether there were

any statistically significant differences in heart rate and log-

transformed acceleration during all combinations of feeding vs.

non-feeding periods and during operations vs non-operations

periods, a Friedman test and post hoc Nemenyi test were carried

out. P-values obtained from any statistical analysis were considered

statistically significant if p < 0.05. All statistical analyses were

performed in RStudio v. 4.2.2, RStudio Inc., Boston, MA, USA;

https://www.rstudio.com/).
3 Results

3.1 Environmental conditions

Temperature had little variation throughout the water column

and averaged 13.1 ± 2.8°C from August to November, with a

maximum temperature of 21.5°C occurring on August 13th and a

minimum temperature of 6.4°C occurring on September 14th

(Figure 1A). The maximum daily average was 18.3°C on August

29th and the minimum daily average temperature was 9.0°C on

September 13th. Oxygen saturation ranged from 62.3 to 147.0%

throughout this period; values over 140% can be indicative of

biofouling and these values were predominantly apparent at the

surface where sensors are most affected (Figure 1B). Oxygen

displayed high variability day to day but showed no distinct

seasonal trends. When oxygen was stratified throughout the water

column, oxygen was generally higher at the surface and there were

only three days throughout the period where oxygen dropped below
frontiersin.org
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70%. The average oxygen saturation throughout the water column

was 102.7 ± 6.6% from August to November with a maximum daily

average of 118.1% on August 27th and a minimum daily average of

88.5% on November 20th.
3.2 Response to heat events

A general comparison between the average heart rate of individual

fish during the periods with heat events and the rest of the study

period revealed a positive linear relationship (r2 = 0.85, p < 0.01,

Figure 2A), suggesting that variation between individual responses

persists under the effect of thermal events. The linear relationship

between the heart rate of individuals under both conditions revealed

that the slope was significantly lower than 1 (p < 0.05), but the

intercept was not significantly different than 0 (p = 0.08). This suggests

that individuals with naturally higher heart rate could be restricted in

their capacity to proportionally increase heart rate in response to

thermal stress, in contrast to those with naturally lower heart rates.

The same comparison between log-transformed average external

acceleration during heat events and the rest of the study period was

carried out and revealed a similar positive relationship (r2 = 0.80,

Figure 2B). The slope of the linear relationship between the log-

transformed acceleration of individuals was significantly lower than 1

(p < 0.001) and, the intercept was also statistically different than 0 (p <

0.01), suggesting that fish activity was consistently higher under

normal conditions than under thermal stress but the change in

activity was not proportional to normal conditions across individuals.

A detailed analysis of the heat events with the periods immediately

before and after the event revealed statistical differences between heart

rate for both the LTHE and the STHE event (p < 0.001, Table 1). The

STHE occurred at the end of August over a period of 2.5 days starting

August 28th, and it was defined by an acute temperature change

(>2°C) compared to the 2.5 days before and after the event (during vs.

after: p <0.001, Figure 3A). The LTHE started on September 20th and

lasted until October 24th, totalling 34 days, and was similarly defined

by a temperature difference >2°C during the event, which was

significantly different to the temperature before the event (p < 0.001,
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Figure 3B). The severity of the LTHE was less than the STHE (16.9°C

vs 18.1°C); however, the 34-day duration made it noteworthy. Heart

rate increased during the STHE from 59 to 69 bpm and dropped to 53

bpm following the event (p < 0.001, Table 1) and post hoc analysis

revealed that the decrease following the event was significant (p <

0.001, Figure 3C). Similarly, there were significant differences in heart

rate over the LTHE (p < 0.05, Table 1); however, in contrast to the

response to the STHE, post hoc analysis showed heart rate increased

significantly following the LTHE from 49 to 55 bpm (p < 0.05,

Figure 3D). Regarding log-transformed external acceleration, there

were significant differences throughout both the STHE and the LTHE

(p < 0.01, Table 1). Post hoc analysis revealed that it significantly

increased from 2.4 mg before and during the STHE to 2.7 mg after the

event (p < 0.05 and p < 0.01, Figure 3E) and significantly decreased

from 2.7 mg before the LTHE to 2.3 mg during the event (p < 0.01,

Figure 3F). Daily feed regimens were recorded throughout the

duration of both events and were reported as an average for each

period, and in both cases, the daily rate was lower during the events

compared to the periods before and after (Figures 3G, H).
3.3 Response to feeding and operations

Temperature corrected heart rate was used to compare the effect

of feeding and other farm operations on heart rate. Significant

statistical differences emerged when comparing the four categories

of feeding and operations, feeding and no operations, operations

and no feeding and no feeding and no operations (Friedman chi-

squared: 19.97, p < 0.001). The combined effect of feeding and

operations increased heart rate significantly compared to periods

when no feeding was occurring regardless of operations (p < 0.001

when neither feeding nor operations were occurring and p < 0.05 for

non-feeding periods when operations were occurring, Figure 4A).

When operations were not occurring, heart rate was significantly

elevated during periods of feeding compared to non-feeding periods

(p < 0.05). Similarly, significant statistical differences emerged when

comparing the log-transformed external acceleration between the

same four categories combining feeding and operations (Friedman
FIGURE 1

Environmental data from cage 14 throughout the duration of the summer period from 5 oxygen, temperature and depth sensors on a profile line
separated by 1.5 m (A) Water temperature [°C]. (B) Oxygen [% Saturation].
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chi-squared: 15.51, p < 0.001). Logged acceleration was higher

during feeding periods only when there were no operations co-

occurring compared to non-feeding periods when operations were

occurring (p < 0.01) and when no operations were occurring (p <

0.05, Figure 4B).
4 Discussion

The analysis of the physiology and behaviour of Atlantic salmon

using biologgers enabled an examination of the complex

interactions between thermal heat events and commercial farm

operations. Fish exhibited distinct responses in heart rate and log-

transformed external acceleration (hereafter activity) to a short-

term heat event (STHE) compared to a long-term heat event

(LTHE), and fish showed physiological and behavioural responses

consistent with secondary stress response during the STHE

(i.e. increased heart rate) and potentially a tertiary response

during the LTHE (i.e. decreased activity). Generally, feeding had a

stronger effect than operations and caused both heart rate and

activity to increase, and operations increased heart rate but caused a
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decrease in activity; however, the interaction between feeding and

operations on heart rate and activity was more complex, and caused

varied responses.

During the STHE, temperature reached a maximum of 19.2°C

and averaged 18.1 ± 0.6°C. From a physiological perspective, heart

rate followed the expected response to the thermal fluctuations over

the course of the STHE, increasing cardiac output via heart rate to

meet increased metabolic demands at higher temperatures (Gamperl

et al., 2011). In a separate analysis of these data over the full

temperature range, i.e. including the winter months, heart rate

scope was reduced substantially at temperatures greater than 18°C,

suggesting proximity to thresholds of thermal stress during the STHE

(Korus et al., 2024). These temperatures are also comparable to those

that have been cited as near the upper thermal tolerance for Atlantic

salmon, specifically those used for commercial aquaculture in

Canada, above which negative effects on their appetite, growth and

stress have been observed (Gamperl et al., 2020). The efficiency of

salmon growth at or above 19°C varies across studies in different

regions, underpinning the importance of research being carried out

on specific stocks to inform aquaculture management in different

regions (Hevrøy et al., 2015; Nuez-Ortıń et al., 2018; Tromp et al.,
TABLE 1 Average temperature, heart rate and log-transformed acceleration during both the STHE and the LTHE.

Heat Event Fish Variable Mean Before Mean During Mean After Friedman
Test Statistic

P-Value

Short-Term Heat
Event (STHE)

Temperature (°C) 15.5 ± 0.4 18.1 ± 0.6 14.9 ± 0.4 14 ***

Heart Rate (bpm) 59 ± 3.14 69 ± 4.66 54 ± 5.17 14 ***

Log Acceleration (mg) 2.4 ± 0.2 2.4 ± 0.3 2.7 ± 0.2 10.6 **

Long-Term Heat
Event (LTHE)

Temperature (°C) 12.7 ± 0.1 16.9 ± 0.1 13.5 ± 0.0 14 ***

Heart Rate (bpm) 48 ± 4.4 49 ± 5.5 55 ± 8.4 6 *

Log Acceleration (mg) 2.7 ± 0.2 2.3 ± 0.3 2.6 ± 0.3 12.3 **
Test statistic is for Friedman’s test comparing between the three groups and the number of stars represents the level of significance * < 0.05, ** < 0.01, *** < 0.001.
FIGURE 2

Type II regression analysis of (A) fH [bpm] and (B) log-transformed acceleration [mg] of individual fish during the heat events and not during the heat
events. Dashed line shows 1:1 relationship. Regression slope and intercept were tested against 1 and 0, respectively, and estimates of the intercept
(b0) and slope (b1) are presented on the plot.
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2018). Therefore, the temperature regime observed during the STHE

exposed the individuals to their upper thermal limit.

During the LTHE, temperature reached a maximum of 18.8°C

and averaged 16.9 ± 0.6°C over a 34-day period. Contrary to STHE,

heart rate did not follow the expected response with temperature

and, instead, heart rate increased after the event, when temperatures

dropped. Observations of heart rate under chronic thermal stress

are limited in the literature; however, long-term exposure (over 1

month) to elevated temperatures (19–20°C) has shown a reduction

in energy body reserves, reduced feed intake and increased feed

conversion ratio (Gamperl et al., 2020; Hevrøy et al., 2012; Koskela

et al., 1997). The effects of chronic exposure to elevated temperature

on growth vary depending on the length and severity of the
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exposure, size of fish and development stage and notably, larger,

post-smolt salmon show reduced growth at chronically high

temperatures compared to juveniles (Handeland et al., 2008;

Hevrøy et al., 2012; Norambuena et al., 2016). During periods of

long-term thermal stress, heart rate cannot be sustained at elevated

levels, and the reallocation of energy can become detrimental to fish,

resulting in these tertiary level stress responses (Handeland et al.,

2008; Opinion et al., 2023). Accordingly, the chronic exposure to

temperatures approaching stressful limits during the LTHE could

cause the observed reduction in heart rate; however, this reduction

could also be a consequence of the daily feed rate, which was lower

throughout the LTHE compared to the periods before and after.

During both the short-term and long-term heat events,
FIGURE 3

Comparison of fish observations before, during and after a short- and long-term heat event. Coloured points indicate the individual fish average. All
comparisons were made with the Friedman test and post-hoc analysis was done using the Nemenyi test. Significant differences are indicated by
lowercase lettering. All comparisons were made between the three periods before, during, and after (A) STHE temperature [°C] (B) LTHE
temperature [°C]. (C) STHE fH [bpm] (D) LTHE fH [bpm]. (E) STHE log-transformed external acceleration [mg] (F) LTHE log-transformed external
acceleration [mg] (G) STHE feed rate [feed events/day] (H) LTHE feed rate [feed events/day].
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management decisions were taken to reduce feeding frequency to

reduce stress; a common response in salmon farming to heat stress

(e.g. Oppedal et al., 2011). Feeding periods were associated with

increased heart rate when direct comparisons were made between

the different combinations of operations and feeding. Despite the

increase in heart rate as a response to feeding, heart rate increased

during the STHE when feed rates were reduced, suggesting that

thermal response at temperatures close to their thermal limit had a

stronger influence than the absence of feeding. Contrarily, at

tolerable yet elevated temperatures during the LTHE, feeding

rates had a greater impact on regulating heart rate. As sea surface

temperatures continue to increase due to climate change, the

severity and frequency of chronic exposure to elevated

temperatures is also expected to increase (Klinger et al., 2017)

and having a holistic understanding of the implications on stress

and growth, particularly as they relate to confounding variables

such as feeding, are necessary to inform farming practices.

Fish activity also displayed distinct responses to the STHE and

the LTHE. Before and during the STHE, activity was consistent and

significantly increased after the event. When exposed to acute

temperature shock (greater than 28°C for up to 5 minutes),

Atlantic salmon exhibited intense swimming speed and activity,

which was interpreted as a panic response (Nilsson et al., 2019).

Although swimming speed and activity are not the same

measurement, many studies have shown a positive correlation

between them (Kawabe et al., 2003; Zrini and Gamperl, 2021).

Swimming activity has also exhibited an increased response to other

stressors common to aquaculture such as crowding and delousing

procedures (Føre et al., 2018a; Svendsen et al., 2021). Temperature

is a unique stressor as it has both direct and indirect effects (Segner

et al., 2012) and while critical swimming speed has been shown to

increase when experiencing acute temperature shock, it is possible
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that the change in temperature was not intense enough to elicit that

behavioural response, or other confounding factors such as the

reduced feeding rate during the heat event, may have impacted their

behavioural response. Further, operations occurred before the

STHE, which also may have decreased their activity. Similarly, it

is also possible that the increase in activity following the STHE was

driven by an increase in the daily feed rate as activity was shown to

be higher during feeding periods.

During the LTHE, activity was significantly lower than it was

before the event suggesting that chronic thermal stress may have a

dampening effect on the overall activity of salmon. When Atlantic

salmon were acclimated to warmer temperatures over multiple

weeks, swimming speed was shown to increase up to a thermal

optimum of 18°C but started to decrease at higher temperatures

(Hvas et al., 2017). A long-term study that recorded swimming

speed in response to seasonal changes in temperatures over multiple

years, observed a similar swimming speed response curve, with

maximum speeds occurring at 10.5°C and an 80% reduction in

swimming speed at temperatures lower than 4°C and greater than

17°C (Martin et al., 2012). However, a similar study that measured

external acceleration using the same biologgers on a commercial

farm observed the opposite trend. Activity was elevated during a

heat event in Newfoundland in 2019 that occurred over a similar

time duration of ~4 weeks where temperatures increased from 10–

12°C to 18–19.5°C (Gamperl et al., 2021). In addition to the

opposing trends at similar temperatures, the average activity

values observed by Gamperl et al. (2021) during the heat event

were lower than the values observed in this study, suggesting that

additional factors other than temperature influence fish activity.

Further, the average fish temperatures recorded during the heat

event were lower, possibly due to the depth of the net pen, which

extended twice as deep in the water column allowing fish to seek out
FIGURE 4

Comparison of fish observations between all combinations of when operations and feeding events are and are not occurring. Coloured points
indicate the individual fish averages. All comparisons were made with the Friedman test and post-hoc analysis was done using the Nemenyi test.
Significant differences among groups are presented by lowercase lettering. (A) fH [bpm] (B) Log-transformed external acceleration [mg].
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cooler temperatures through behavioural thermoregulation. Non-

feeding periods were also associated with decreased activity and the

reduction of feeding during the LTHE may have contributed further

to lower activity. Under chronic stress, the tertiary stress response

can impose a reduction in swimming capacity (Barton, 2002),

caused by the increased energy allocation towards maintaining

homeostasis and reducing the available energy for regular

swimming activity, but it is difficult to determine that this

response was definitively part of the tertiary stress response. This

emphasises the difficulty of identifying stress conditions in fish

using behavioural indicators and is a limitation of tools such as

accelerometers in identifying stress. Although changes in behaviour

can be identified and classified based on other factors, a change in

behaviour does not necessarily indicate a stress condition. The

effects of chronic stress can become cumulative and limit the ability

of salmon to cope with additional stressors (Brijs et al., 2019;

Madaro et al., 2015). Accordingly, long-term monitoring of

swimming activity can provide insights into behavioural changes

over time and identify when tertiary stress may be occurring.

The potential effects of temperature on Atlantic salmon

behaviour and physiology have been examined above; however, it is

important to recognise that thermal responses are usually

confounded with farm operations such as feeding or other

environmental conditions. Hypoxic conditions can occur due to

oxygen consumption of fish (Solstorm et al., 2018), reduced water

exchange across the farm driven by tidal cycles (Burke et al., 2021)

and temperature induced hypoxia due to the combined effect of

increased metabolic demands and the reduction in oxygen solubility

of seawater at elevated temperatures (Neubauer and Andersen, 2019).

Hypoxic conditions were not observed in the pen during the study

period, but they regularly occur in this region during the late summer

and fall, and many laboratory studies have examined the combined

negative effects of these stressors on growth and survival (Anttila

et al., 2014; Gamperl et al., 2020; Remen et al., 2012, 2016). Farm

operations is another variable, unique to aquaculture that is often

overlooked as a factor to consider in studies exploring the behavioural

and physiological response of farmed salmon. The effect of operations

had a more nuanced effect on physiology and behaviour, in that it

amplified the increase in heart rate when feeding was co-occurring,

but there was no effect on acceleration. Operations is a broad term

that was used to encapsulate diver activities, net cleaning, predator

net removal and other general maintenance so it is reasonable to

assume that fish have varied responses to each activity. This analysis

suggests that operations are less relevant than feeding but a (non-

significant) trend of reduced activity when operations were occurring

seemed to emerge.

The comparisons between heat events, feeding and operations are

limited by the small sample size (n=7). Unfortunately, 7 individuals

were not recovered at the time of harvest, which resulted in a loss of

half of the potential data. Despite observing significant differences

across many comparisons, the extrapolation of conclusions to group-

level patterns should be taken with caution, and further research

should aim to increase the statistical power of the analyses. Although

loss of tags and small samples sizes are not uncommon in field studies

where fishmust be recaptured to access tag data (Gamperl et al., 2021,
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tagged 12 fish but only analysed 8 individuals due to mortality and

inability to recover tags). Land based studies often tag similar

numbers of fish but subset individuals into smaller groups for

analysis of different experiments (Svendsen et al., 2021 tagged 12

fish, but only 6 individuals had accelerometers for activity analysis).

This farming system is unlike many larger production systems in

Norway; pens are situated in shallower water, with large tidal

influence, and individuals were tagged in the pen containing 8,000

conspecifics to maximise potential of tag recovery. Accordingly, the

observed behavioural response is representative of the experimental

rearing conditions, and extrapolations to other systems should be

approached thoughtfully. Large individual variability in behaviour

has been demonstrated, e.g., after the onset of underwater lights

(Ulvund et al., 2021), and consequently, the application of results

should be cautiously applied when extrapolating to group-level

dynamics, and future studies would benefit from a larger number

of fish. The status of the remaining 7 tagged fish is unconfirmed. It is

unknown whether they died prior to harvest and were not found or

whether they were simply missed during tag recovery efforts. The T-

Bar tags were not an effective method to externally identify tagged

individuals. Other studies have used PIT tags which can be found

using a metal detector at the processing plant. However, the setup of

the processing facility and their experience using these types of tags

would determine how effective and/or disruptive this effort is and,

although it likely ensures a larger number of tags found, it may be

more appropriate in non-commercial settings. Further studies should

be carried out in production cages at higher densities closer to

industry standards and the determination of how tags will be

retrieved should be carefully considered.

This examination of Atlantic salmon physiology and behaviour

investigates the complex interplay between thermal conditions,

feeding patterns, and farm operations, offering insights with

broader implications for precision fish farming. The sensitivity of

heart rate fluctuations is a useful indicator for potentially

recognising the secondary stress response in fish. However, it

requires careful consideration within the proper context and in

conjunction with other variables to accurately determine whether

the observed increase in heart rate is due to stress or other drivers.

Notably, the findings highlight that feeding and farm operations

influence heart rate and acceleration, recognising that there is

nuance in how the irregularity and the type of operation can have

various impacts on fish. The findings also demonstrate that there is

potential in the use of biologgers as precision farming tools. Further

research should focus on the development of industry tools using

additional observations and monitoring in commercial net pens to

mitigate potentially confounding effects such as land-based

environments, stocking densities, and the interaction between

environmental stressors and farm operations. This could lead to

the development of new fish based OWI’s that could promote better

recognition of fish stress and welfare determinations in commercial

aquaculture. As we better understand how fish respond to various

and complex stressors, these insights pave the way for more

informed and tailored approaches in aquaculture management,

contributing to the ongoing development of efficient and

responsible practices in commercial fish farming.
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