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The broken biology of salmon and root causes of poor performance

Stop blaming bugs
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Infectious
disease is
more likely in 
compromised 
fish and 
environments
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Centers for Disease Control.  2020.  Morbidity and Mortality Weekly Report. Characteristics of people who diet with COVID-19, USA, 12 Feb – 18 May, 2020.  Available:  https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e1.htm 
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Overall health determines infectious disease outcomes



2020 COVID DEATHS

>65 
Y E A R S  

O L D

<65 
Y E A R S  

O L D

N o  u n d e r l y i n g  h e a l t h  c o n d i t i o n s

C a r d i o v a s c u l a r  d i s e a s e

D i a b e t e s

K i d n e y  d i s e a s e  o r  f a i l u r e

O b e s i t y

L u n g  d i s e a s e

6 0 %

5 0 %

3 0 %

2 0 %

2 0 %

Centers for Disease Control.  2020.  Morbidity and Mortality Weekly Report. Characteristics of people who diet with COVID-19, USA, 12 Feb – 18 May, 2020.  Available:  https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e1.htm 

Overall health determines infectious disease outcomes



Moldal et al. 2026.. Norwegian Fish Health Report 2025, #5a/2026.  Norwegian Veterinary Institute, Ås.    
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Climate change 
is affecting fish 
health and 
welfare…

But how much?

Moldal et al. 2026.. Norwegian Fish Health Report 2025, #5a/2026.  Norwegian Veterinary Institute, Ås.    

More lice treatments

Water quality changes

New diseases

More disease events



Institute of Marine Research, 2026. 

Seawater 
temperature has 
increased by 
less than 0.5°C 
in most regions 

https://www.hi.no/hi/temasider/hav-og-kyst/klimaet-i-havet/klimastatus
https://www.hi.no/hi/temasider/hav-og-kyst/klimaet-i-havet/klimastatus
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Salmon Mortality at Sea

# of mortalities % mortality

Norwegian Fisheries Directorate, Official Statistics 2026.  

Closed % values represent official statistics, open symbols represent reconstructed values



When 
you hear 
hoofbeats…

Think horses, 
not zebras

1 5 . 0 6 . 2 0 2 6



Root causes of mortality

1 5 . 0 6 . 2 0 2 6Moldal, T., J. Wiik-Nielsen, V.H.S. Oliveira, J.C. Svendsen, and I. Sommerset.  2025. Norwegian Fish Health Report 2024, Norwegian Veterinary Institute Report series #1b/2025.  Norwegian Veterinary Institute, Ås.    

ROOT 
CAUSES

• Improper 
vaccination

• Poor nutrit ion and 
l i festyle diseases

WOUNDS & 
SEPSIS

• No immune memory

• Immunosuppression

• Poor wound healing

INFECTIOUS
DISEASE
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What is the 
proper timing 
for vaccination?
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Vaccination during smoltification is less protective
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Melingen et al., 1995.  Fish and Shellfish Immunology 5:223-235.
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What about poor 
nutrition and 
lifestyle disease?
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PATHOGENS 

IN THE SEA

Image adapted from snaq.io



Blood Glucose (mg/dL)

S A L M O N

H U M A N

What about poor 
nutrition and 
lifestyle disease?

15.06.2026

PATHOGENS 

IN THE SEA

Image adapted from Guilaume, J., S. Kaushik, P. Bergot, and R. Métailler. 1999. Nutrition and Feeding of Fish and Crustaceans. Springer – Praxis, Chichester, UK 



Complications of unmanaged diabetes

INJURIES & 

SLOW WOUND 

HEALING

HEART & 

CIRCULATORY 

PROBLEMS

KIDNEY 
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LIVER
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Some images created by Alviany, CC BY 3.0, courtesy of the Noun Project



4× more likely to be hospitalized

8× more likely to die

…because of infections

Diabetics are…

Carey et all., 2018, DOI:  10.2337/dc17-2131



Poor nutrition makes diabetes worse
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The wrong feed can create ‘lifestyle disease’
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The wrong feed can create ‘lifestyle disease’

0

10

20

30

40

50

60

1970 1980 1990 2000 2010 2020

Image adapted from NOFIMA; carbohydrate data estimated from https://doi.org/10.1016/j.aqrep.2019.100216 and https://doi.org/10.1016/j.aqrep.2022.101316
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Low protein / high fat reduces growth and quality

Dessen, J-E., T. Mørkøre, J.I. Bildøy, S.N. Johnsen, L.T. Popper, B. Hatlen, M.S. Thomassen, and K-A. Rørvik.  2019.  Increased dietary protein-to-lipid ratio improves survival during naturally occurring pancreas disease in Atlantic 

salmon, Salmo salar L. Journal of Fish Diseases 42:21-34. 
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R O O T  C A U S E S

Lifestyle disease 

associated with poor 

diet and inadequate 

vaccination are main 

risk factors for mass 

mortality events



Root causes of mortality

ROOT 
CAUSES

• Developmental 
abnormalit ies

• Cardiac dysfunction

• Lifestyle diseases

SUDDEN 
CARDIAC 
ARREST

• Respiratory fai lure 
and hypoxia

• Metabolic 
exhaustion and 
acidosis

• Osmoregulatory 
fai lure

HANDLING 
INJURIES & 

TRAUMA



P a t t e r n i n g

O r g a n o g e n e s i s

Transition from 
placenta to lungs

R e s p i r a t i o n

N u t r i t i o n

O s m o r e g u l a t i o n  
&  m e t a b o l i s m

I m m u n i t y

B i o e n e r g e t i c s

S e n e s c e n c e

“Skeleton” icon by Icon Island from Noun Project CC BY 3.0 

Transition from placenta 
to breast-feeding

Maturation of kidneys, 
transition to solid food

Maturation of immune 
system, transition away from 
maternal/innate immunity as 
primary defense

Reprioritize to invest 
energy in reproduction

Nervous system

Cardiovascular system

Digestive system

https://thenounproject.com/


P a t t e r n i n g

O r g a n o g e n e s i s

Transition from 
skin to gills
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“Fish” icon by Laura Barretta from Noun Project CC BY 3.0 

Transition from yolk
to exogenous food

Smoltification and 
accelerated growth

Transition from FW 
to SW adapted immunity

Reprioritize to invest 
energy in reproduction

Nervous system

Cardiovascular system

Digestive system

https://thenounproject.com/


P a t t e r n i n g

O r g a n o g e n e s i s

R e s p i r a t i o n
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N o r m a l  o n t o g e n y  h a s  a  s p e c i f i c  o r d e r  a n d  c a d e n c e
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Images courtesy of Paul Starosta, Getty Images, and Ambros 2008, DOI: 10.1038/nm1008-1036  

S k i p p i n g  o r  r e p e a t i n g  s t e p s  o r  

c o m p l e t i n g  t h e m  o u t  o f  o r d e r  

c a n  b e  a d a p t i v e  i n  s o m e  c a s e s ,  

b u t  i s  u s u a l l y  b a d  n e w s

Heterochrony—a change in the order or timing of development 
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S t a r t i n g  e a r l i e r  o r  l a t e r ,  

s p e e d i n g  u p  o r  s l o w i n g  

d o w n  c a n  b e  b e n e f i c i a l  b u t  

u s u a l l y  l e a d s  t o  d i s e a s e  

a n d  o t h e r  c o m p l i c a t i o n s

Images courtesy of Bernard Dupont, Raul654, and JMK, Wikimedia Commons; 

and Beopoulos et al. 2022, DOI: 10.3389/fnins.2022.988735

Heterochrony—a change in the order or timing of development 



Weatherly, A.H., and H.S. Gill.  1983.  Relative growth of tissues at different somatic growth rates in rainbow trout Salmo gairdneri Richardson.  Journal of Fish Biology 22:43-60.  
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Temperature is the master controller of growth

7°C → 12°C = faster growth, but…

…the body grows 30% faster than 

the heart at warmer temperature



Piepierhoff et al., 2009.  Journal of Anatomy 215:536-547.

Image created by BoH, CC BY-SA 4.0, courtesy of Wikimedia Commons 

C O M PA C T  M Y O C A R D I U M

Outer layer of tightly packed heart 

muscle that generates strong 

contractions

Present only in highly active species

Receives ‘fresh’ blood from gills

S P O N G Y  M Y O C A R D I U M

Loosely arranged layers of heart 

muscle with spaces for blood flow

Provides structure and is more 

efficient at lower activity levels

Receives ‘used’ blood returning 

from the rest of the body

The salmonid heart



Poppe, T.T., R.Johansen, G. Gunnes, and B. Tørud.  2003.  Heart morphology in wild and farmed Atlantic salmon Salmo salar and rainbow trout Oncorhynchus mykiss. Diseases of Aquatic Organisms 57:103-108.  

C o r o n a r y  a r t e r i e s  

i n  w i l d s a l m o n

C o r o n a r y  a r t e r i e s  

i n  f a r m e d s a l m o n … ?



EMBRYO

• Bas ic  
s t ruc tu re  o f  
hear t  fo rms

• Onset  o f  
c i r cu la t ion

ALEVIN

• Card iac  
chambers  
beg in  to  take  
shape

• Deve lopment  
o f  spongy  
layer

FRY

• Th in  compac t  
l ayer  in i t ia l l y  
appears

PARR

• Ear ly  
deve lopment  
o f  compac t  
layer  and  
coronary  
c i r cu la t ion  

SMOLT

• I nc rease  in  
hear t  s ize

• Major  
deve lopment  
o f  compac t  
layer  and  
coronary  
c i rcu la t ion

POST-SMOLT 
TO ADULT

• Cont inued 
growth  o f  
compac t  
layer

• Ongo ing  
change in  
response  to  
env i ronment



Heart 
development 
occurs in stages

▪ Spongy layer is enough during early life stages

▪ Compact layer is necessary for greater activity

▪ Development is oxygen-dependent

− Coronary circulation is necessary for growth of the 

compact layer

▪ Heart increases in size during smoltification

− To prepare for increased aerobic activity

− Coronary circulation is increased during 

smoltification 

− Compact layer increased 2× during this time



N o r m a l  

c o r o n a r y  

a r t e r y  

A r t e r y  

b l o c k e d  b y  

m a s s i v e  

l e s i o n

▪ If oxygen is limiting, heart 

development will be abnormal

▪ Increased temperature can cause 

developmental mismatch between 

stages of heart development

▪ Coronary artery lesions are common 

in farmed salmon, especially those 

growing fast at high temperature

Antilla and Farrell, 2024.  Encyclopedia of Physiology, 2nd edition 2:3-17.

Farrell, 2002.  Comparative Biochemistry and Physiology 1 132:723-735.



Intensive smolt 
production 
causes heart 
pathology

WILD FARMED 

Loss of symmetry

Misalignment of 

structures

Round shape

Thicker, but irregular 

compact layer

Compact layer cells 

increase in size, 

not number

Halvorsen et al., 2026.  Aquaculture 614:743496.



Frisk et al. 2020, DOI: 10.1016/j.aquaculture.2020.735615
† Note “standardized mass-specific growth rate” reported by the authors “was calculated as SGR(Ω %) = 100 x ((BMsb – BMstb)/b x d) where BMs is body mass at sampling, BMst is body mass at sea transfer, b is the allometric mass 

exponent for the relationship between specific growth rate and body mass (estimated to be 0.31 for Atlantic salmon juveniles; Robertsen et al., 2013) and d is number of days from sea transfer to sampling.”

Slower growing ‘cold smolts’ outperformed 
intensively produced smolts after 1 year at sea  

8°C

18 MONTHSCOLD = 12.5°C

11 MONTHSWARM = 

†



Frisk et al. 2020, DOI: 10.1016/j.aquaculture.2020.735615

‘Cold smolt’ 
hearts 
associated 
with reduced 
CMS and 
delousing 
mortality 
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Smaller, stronger hearts

Normal pyramidal shape

Thinner, but well-

structured compact 

layer

Normal growth pattern

Larger, weaker hearts

Rounder shape, 

misaligned structures

Thicker, but irregular 

compact layer

Evidence of ‘overgrowth’



Klakegg and Sørum, 2026.  Veterinary and Animal Science 32:100579.     

S1/S2 ‘cold smolts’ consistently outperform 

intensively reared S0+/S1 smolts  
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R O O T  C A U S E S

Poor smoltification, 

intensification of smolt 

production, and transition 

to large smolts are risk 

factors for mortality

Gåsnes et al., 2026.  Aquaculture Research 2026:9017600.  



Root causes of mortality

1 5 . 0 6 . 2 0 2 6

ROOT 
CAUSE

• Poor smoltif ication

FAILURE 
TO THRIVE

• Osmoregulatory 
dysfunction

• Metabolic 
dysfunction and 
emaciation

LOSER 
SYNDROME



Figenschou et al., 2025.  Aquaculture 609:742815.  

Stunting 
occurs after 
seawater 
transfer
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Figenschou et al., 2025.  Aquaculture 609:742815.  
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Stunting is synonymous with poor growth
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Figenschou et al., 2025.  Aquaculture 609:742815.  

Stunting is also synonymous with poor smoltification

Stunted fish show signs of desmoltification
and reverting to freshwater osmoregulation

nkaα1a expression nkaα3 expressionnkaα1b expression



Folmar et al. 1982.  Aquaculture 28:91-104.  

Stunted or 
parr-revertant?

F
o

r
k

 l
e

n
g

th
 (

m
m

)

Freshwater

Seawater



Folmar et al. 1982.  Aquaculture 28:91-104.  

P A R R - R E V E R T A N T  =  
T r a n s f e r r e d  a s  p s e u d o - s m o l t s  

o r  a f t e r  d e s m o l t i f i c a t i o n

T r a n s f e r r e d  a s  p a r r  b e f o r e  s m o l t i f i c a t i o n   S T U N T  =  

Freshwater

Seawater



R O O T  C A U S E S
Poor smolt quality is related 
to intensification, 
differences between 
species, misuse of salt 
feeds and brackish water, 
and the lack of appropriate 
assays

Gåsnes et al., 2026.  Aquaculture Research 2026:9017600.  



Stop 
blaming 
bugs

▪ Pathogens are only part of the problem

▪ Rearing practices impact fish health and 

welfare, directly and indirectly

− Poor nutrition

− Intensive smolt production

− Improper vaccination and smoltification strategies

▪ Addressing root causes will improve outcomes
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