
Effects of warm and cold rearing temperature 
on cardiorespiratory function and 

environmental stress tolerance in rainbow trout

FHF symposium 2026

Dr. Andreas Ekström
Department of Biological and Environmental Sciences



Height and width ratios Bulbus alignment & ventricular symmetry

Atrium
Bulbus arteriosus

Ventricle

How do such deformities impact physiological performance and stress resilience?

Observed in Atlantic salmon and rainbow trout
(Poppe et al. 2003, Brijs et al. 2020, Frisk et al. 2020, Vindas et al. 2024, Hvas et al. 2025)

Deviating heart morphology in farmed salmonids

Deformities associated with warm rearing conditions during juvenile phase 
(Frisk et al. 2020, Vindas et al. 2024, Hvas et al. 2025, Brijs et al. 2020)  
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Adults

Fish acclimated to 10°C for a month 
prior to experiments

Juveniles
~ 180 g

Warm ~7 months

Cold ~9 months
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Impacts on cardiac morphology

Do warm rearing and elevated growth rate cause cardiac deformities?

• No longer differences in length/width ratios
• Misalignment of cardiac chambers persist 

Ventricle
Height:Width Ratio
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Bulbus:Ventricle
Width Ratio
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Ventricular 
Symmetry (°)
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Juveniles, N = 32 / group

Warm reared trout exhibit;
• Rounder ventricles
• Higher Bulbus:Ventricle width ratio
• More misaligned outflow tracts
• Ventricular asymmetry

Adults, Ncold = 24; Nwarm  = 31

Bulbus:Ventricle 
Alignment (°)

Are cardiac deformities associated with compromised physiological performances?



Pump control timer

Firesting O2 logger

ECG 

electrode

Fish surgically instrumented with electrodes to record the ElectroCardioGram (ECG) & heart rate

Placed in respirometers to record O2 consumption rate (MO2, a proxy for metabolic rate)

Juveniles, N = 32 / group

Adults, Ncold = 24 
                 Nwarm  = 31

Physiological Measurements

Adult fish instrumented with Transonic blood flow probe around ventral aorta to record cardiac output & stroke volume

Ventral aorta



HRrest HRmax HRscope 
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Resting metabolic rate and heart rate attained overnight

Chase protocol to attain maximum metabolic rate and heart rate

Maximum rate – Resting rate → Scope for metabolic rate ( aerobic scope ) and heart rate

Physical stress protocol - Juveniles

MO2rest MO2max Aerobic scope
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Chase protocol → Maximum performances and scope

Physical stress protocol - Adults
Resting Metabolic rate, Cardiac output, Stroke volume, Heart rate recorded in the morning

MO2rest MO2max Aerobic scope
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Do warm rearing compromise tolerance to environmental stressors?
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Warm rearing impair cardiac performance 
and metabolic capacity during physical 

stress across life stages!



Heat stress protocol - Juveniles

8 10 12 14 16 18 20 22 24 26 28

0

200

400

600

800

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

200

400

600

800

Time (h)

P
os

t c
ha

se
 M

O
2 

(m
g 

O
2 

kg
-1

)
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

200

400

600

800

Time (h)
M

O
2 

(m
g 

O
2 

kg
-1

)
0

Temperature*Treatment: *
*

*

* *

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

50

100

150

200

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

50

100

150

200

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

50

100

150

200

Temperature (°C)

H
ea

rt 
ra

te
 ( 

be
at

s 
m

in
-1

)

0

Temperature*Treatment: *

*
*

*

*
Heart rate

Metabolic rate

Temperature (°C)
b

ea
ts

 m
in

-1
m

g 
O

2
 k

g-1
 h

-1

Te
m

p
er

at
u

re
 (

°C
)

15 

20 

21 

10 

22 

Critical thermal maximum 

CTmax

C
ol
d 

re
ar

ed

W
ar

m
 re

ar
ed

24

25

26

27

28

29

C
T

m
a
x
 (

°C
) 27.3°C 

vs. 
26.3 °C 

Te
m

p
er

at
u

re
 (

°C
)

*

CTmax



Ju
v 

co
ld

ju
v 

warm
 

adult 
co

ld

adult 
warm

20

22

24

26

28

30

C
T

m
ax

 (
°C

)
Heat stress protocol - Adults

Te
m

p
er

at
u

re
 (

°C
)

*

26.0°C  
vs. 

24.8 °C 
CTmax

8 10 12 14 16 18 20 22 24 26

0

100

200

300

400

500

8 10 12 14 16 18 20 22 24 26

0

100

200

300

400

500

Temperature (°C)

M
e
ta

b
o
lic

 r
a
te

( 
m

g
 O

2
 k

g
-1

 h
-1

)

Metabolic rate

8 10 12 14 16 18 20 22 24 26

0

20

40

60

8 10 12 14 16 18 20 22 24 26

0

20

40

60

Temperature (°C)

C
a
rd

ia
c 

 o
u
tp

u
t

( 
m

l m
in

-1
)

Cardiac output

Temperature : *
Treatment : * 
Interaction: *

Temperature : *
Treatment : * 
Interaction: ns*

* *

AdultsJuveniles

8 10 12 14 16 18 20 22 24 26

0.0

0.2

0.4

0.6

0.8

8 10 12 14 16 18 20 22 24 26

0.0

0.2

0.4

0.6

0.8

Temperature (°C)

S
tr

o
ke

 v
o
lu

m
e

( 
m

l b
e
a

t-1
)

8 10 12 14 16 18 20 22 24 26

0

50

100

150

200

8 10 12 14 16 18 20 22 24 26

0

50

100

150

200

Temperature (°C)

H
e
a
rt

 r
a
te

( 
b
e
a

ts
 m

in
-1

)

Stroke volume

Heart rate

Temperature : *
Treatment : ns 
Interaction: *

Temperature : *
Treatment : * 
Interaction: ns

*
*

* Warm rearing impair 
cardiometabolic performance during 

warming, and reduce warming 
tolerance across life stages!



Fast-growing fish  ≠ Robust and stress resilient fish

Take Home Messages (so far…)

Warm rearing promotes growth rate in rainbow trout, BUT;
• Cause cardiac deformities
• Impedes cardiac and metabolic performances
• Lower warming tolerance

More to come; 
• Echocardiography recordings
• Ventral aortic blood pressure
• Histological assessments of ventricular morphology and pathology
• Prevalence and severity of coronary arteriosclerosis
• Link cardiovascular deviations to performance traits
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