. Stop blaming bugs

The broken biology of salmon and root causes of poor performance
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Presence of a
pathogen does
not necessarily
mean a fish Is
diseased
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Infectious
disease IS
more likely In
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fish and
environments

Infectious
Disease



Overall health determines infectious disease outcomes

2020 COVID DEATHS

-

>05

YEARS
OLD

~ Centers for Disease Control. 2020. Morbidity and Mortality Weekly Report. Characteristics of people who diet with COVID-19, USA, 12 Feb 7 18 May, 2020. Available: https://www.cdc.gov/mmwr/volumes/69/wr/mm6928el.htm



Overall health determines infectious disease outcomes

2020 COVID DEATHS

Cardiovascular disease 6 0 %
Diabetes 50 %
>63 Kidney disease or failure 30%
YEARS |
OLD Obesity 2 0%
Lung disease 20 %

No underlying health conditions

N Centers for Disease Control. 2020. Morbidity and Mortality Weekly Report. Characteristics of people who diet with COVID-19, USA, 12 Feb 7 18 May, 2020. Available: https://www.cdc.gov/mmwr/volumes/69/wr/mm6928el.htm



Rapport 5a | 2026

= Veterinaerinstituttet

Fiskehelserapporten

Level 1 2024~
Infectious diseases (A) 28.1%
Environmental impacts (B) 4.3%
Injuries (trauma) (C) 33.50
Physiological causes (D) 4.7%
Other causes (E) 2.0%
Unknown cause (F) 21.4%
Total 100 %

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

ULCERS/WOUNDS

HANDLING

LOSER SYNDROME



34.9%

More disease events

Climate change Newdiseases
S aﬁECting fish Water quality changes
health and thdodéﬁéhet“'
wel fareé I

38.9%

60.3%

31.7%

11.1%

81%

More lice treatments

But how much?

Endringer i produksjonsstrategier (f.eks.

utsettstidspunkt, lokalitetsvalg, slaktetidspunkt) 24.6%

Ingen merkbar pavirkning I 1.6%
11.1%
Annet - 48%

Fiskehelserapporten 2025, Veterinaerinstituttet

Usikker/vanskelig & vurdere

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



Seawater
temperature has
Increased by

less than 0.5°C
IN Most regions

N Institute of Marine Research, 2026.
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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

Salmon Mortality at Sea
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Norwegian Fisheries Directorate, Official Statistics 2026.
Closed % values represent official statistics, open symbols represent reconstructed values



When
you hear
hoof beat

Think horses,
not zebras

N




Root causes of mortality

INFECTIOUS WOUNDS & ROOT
DISEASE SEPSIS CAUSES
ANo immune memory Almproper

Almmunosuppression vaccination

APoor nutrition and

APoor wound healing lifestyle diseases

~ Moldal, 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 Veterinaﬂy stidt® As2 0 2 6



What Is the
proper timing
for vaccination?

i

PATHOGENS




Vaccination during smoltification Is less protective

Vibrio salmonicida CHALLENGE MORTALITY

7% 6 % 15% 22 %

15 566 t h smolting and
. seawater transfer
3 10 period were an
: unfavorable time

0,5 for vaccination of

sal md/n é

0,0

1°and 2° Before 1°and 2° Before 1°Beforeand?2° 1° During and 2°
Smoltification Smoltification  After Smoltification After Smoltification
(3 months) (2 months)

VACCINATION TIMING

Melingen et al., 1995. Fish and Shellfish Immunology 5:223-235.



Blood Glucose (mg/dL)
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Image adapted from snaq.io



Blood Glucose (mg/dL)
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Image adapted from Guilaume, J., S. Kaushik, P. Bergot, and R. Métailler. 1999. Nutrition and Feeding of Fish and Crustaceans. Springer 1 Praxis, Chichester, UK




Complications of unmanaged diabetes

I 3id

RISK OF INFECTIOUS DISEASE IS MUCH GREATER FOR DIABETICS

)

~ Some images created by Alviany, CC BY 3.0, courtesy of the Noun Project
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Poor nutrition makes diabetes worse

CARBOHYDRATES

DIETS LOW IN PROTEIN, HIGH IN FAT AND
CARBOHYDRATES MAKE DIABETES WORSE




The wrong feed can creat e
60
50 FAT HAS

INCREASED AND

40 _
Protein (%) PROTEIN HAS

30 DECREASED
DRAMATICALLY

20

OVER THE LAST
10 30 YEARS
0

1970 1980 1990 2000 2010 2020

TYPICAL SALMON FEEDS ARE THE OPPOSITE OF
WHAT THEY SHOULD BE TO MANAGE DIABETES

~ Image adapted from NOFIMA



-
O,
Q
=
D

The wrong feed can c

60

50 MORE VEGETABLE

20 PROTEINS MEANS
CARBOHYDRATES

30 HAVE BEEN

20 INCREASING, TOO

10

0

1970 1980 1990 2000 2010 2020

TYPICAL SALMON FEEDS ARE THE OPPOSITE OF
WHAT THEY SHOULD BE TO MANAGE DIABETES

~ 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



https://doi.org/10.1016/j.aqrep.2019.100216
https://doi.org/10.1016/j.aqrep.2022.101316

Low protein / high fat reduces growth and quality

Delousing
and BW
4000 - scan,Oct
HIGH PROTEIN / LOW FAT Delousing \ — ~40009
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salmon, Salmo salar L. Journal of Fish Diseases 42:21-34.

FEWER
SUPERIOR
FISH AND
ROUGHLY
TWICE THE
MORTALITY,
RUNTS AND
MELANIZED
FISH WITH

LOW PROTEIN/
HIGH FAT

. ’ Dessen, J-E., T. Mgrkare, J.I. Bildgy, S.N. Johnsen, L.T. Popper, B. Hatlen, M.S. Thomassen, and K-A. Rgrvik. 2019. Increased dietary protein-to-lipid ratio improves survival during naturally occurring pancreas disease in Atlantic
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Root causes of mortality

—

HANDLING
INJURIES &
TRAUMA

SUDDEN
CARDIAC
ARREST

ARespiratory failure
and hypoxia

AMetabolic
exhaustion and
acidosis

AOsmoregulatory
fallure

ROOT
CAUSES

ADevelopmental
abnormalities

ACardiac dysfunctio
ALifestyle diseases

-



Patterning Respiration

Organogenesis

Osmoregulation

Nutrition

& metabolism

Immunity

Bioenergetics

Senescence

O O O O O O O O

placenta to lunge breast-feedinfyansition to soligy&ieth, transitiemerggyirtireaproduction

r%] () Nervous systenTransition fr( 1 Transition fr( 1 Materatiton  Xibegysation  nRepnieritize to invest

‘ ‘ () Cardiovascular system

() Digestive system

~ ASkel etonod icon NounPlopa@BY80and from

maternal/innate iImmunity as
primary defense


https://thenounproject.com/

Osmoregulation
Patterning Respiration & metabolism Bioenergetics

Organogenesis Nutrition Immunity Senescence

O O O O O O O O

() Nervous systentransition fr( 1 Transition fr( ) goHoltificatic” afdansition fr( ) Réprioritize to invest

»a»» skin to gills to exogenous faadelerated grotetbW adapted anerggify reproduction

() Cardiovascular system

() Digestive system

~ NFisho i con by INaunPrajectBCEBY X0t t a f r om



https://thenounproject.com/

Patterning

Organogenesis

Respiration

Osmoregulation
& metabolism

Nutrition

Immunity

Bioenergetics

Senescence

O-000000O0



Heterochronyo a change in the order or timing of development
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~ Images courtesy of Paul Starosta, Getty Images, and Ambros 2008, DOI: 10.1038/nm1008-1036



Heterochronyo a change in the order or timing of development

s

S e s X
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Images courtesy of Bernard Dupont, Raul654, and JMK, Wikimedia Commons;
and Beopoulos et al. 2022, DOI: 10.3389/fnins.2022.988735
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Temperature Is the master controller of growth

7°CY 12°C=f aster gr ow:

250 F
200 ¢

et he body grows 30
the heart at warmer temperature

150 p

I0CF

Fish Weight (g)

SOF

THE SALMONID HEART DOES NOT RESPOND TO
TEMPERATURE LIKE THE REST OF THE BODY

O 4 8 12 16 20 24 28 32 36 40 44 48

Time (weeks)

)

N 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.



The salmonid heart

Loosely arranged layers of heart
muscle with spaces for blood flow

Provides structure and IS more
efficient at lower activity levels

Receives Ousedo bl
from the rest of the body
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Outer layer of tightly packed heart
muscle that generates strong
contractions

Present only in highly active species
Receives oO0fresho bl oc

Piepierhoff et al., 2009. Journal of Anatomy 215:536-547.
Image created by BoH, CC BY-SA 4.0, courtesy of Wikimedia Commons




wild

farmed

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



EMBRYO

ABasic
structure of
heart forms

AOnset of
circulation

ACardiac
chambers
begin to take
shape

ADevelopment
of spongy
layer

Sinus venosus

Atrium

Ventricle

Bulbus arteriosus

AThin compact
layer initially
appears

™

AEarly
development
of compact
layer and
coronary
circulation

Alncrease in
heart size

AMajor
development
of compact
layer and
coronary
circulation

POST-SMOLT

TO ADULT

AContinued
growth of
compact
layer

AOngoing
change in
response to
environment

Sinus venosus

Atrium

Ventricle

Bulbus arteriosus



Healrt
development
OCCUrs In stages

ASpongy layer is enough during early life stages
ACompact layer is necessary for greater activity

ADevelopment is oxygen-dependent

- Coronary circulation Is necessary for growth of the
compact layer

AHeart increases in size during smoltification
- To prepare for increased aerobic activity

- Coronary circulation is increased during
smoltification

- Compact layer increased 2x during this time



Antilla and Farrell, 2024. Encyclopedia of Physiology, 2"d edition 2:3-17.
Farrell, 2002. Comparative Biochemistry and Physiology 1 132:723-735.

Alf oxygen is limiting, heart
development will be abnormal

Alncreased temperature can cause
developmental mismatch between
stages of heart development

ACoronary artery lesions are common
In farmed salmon, especially those
growing fast at high temperature



Intensive smolt
production

causes heart
pathology

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

Compact layer

CMs size

Loss of symmetry

Misalignment of
structures

Round shape

Thicker, but irregular
compact layer

Compact layer cells
Increase In size,
not number
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Frisk et al. 2020, DOI: 10.1016/j.aquaculture.2020.735615
ANot e fistandasrpdeicziefdi cmagsrsowt h rated reported by t he BMshihBMst/b xidywehere BVa is bodyl mags atdamalisng, BVEtRs(bady i@ss atsealtrandfer, 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; Rober t sen et al ., 2013) and d is number of days from s



OCol d
hearts
assoclated

with reduced
CMS and
delousing
mortality

~ Frisk et al. 2020, DOI: 10.1016/j.aquaculture.2020.735615
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Smaller, stronger hearts
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FCR = 1.17 vs. 1.27
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~ Klakegg and Sgrum, 2026. Veterinary and Animal Science 32:100579.

Mortality = 10 vs. 20%
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ROOT CAUSES

Poor smoltification |,
Intensification of smolt
production, and transition

to large smolts are risk
factors for mortality

Aquaculture Research W ILEY

] RESEARCH ARTICLE

Mapping Hatchery Risk Factors for Mortality in
Post-Smolts: A Qualitative Study

Siri Kristine Sollien Gésnes' | Britt Bang Jensen” | Kristine Stgrkersen’ | Marit Stormoen® | Kristine Gismervik'

'Norwegian Veterinary Institute, Arboretveien 57, As 1433, Norway | “Technical University of Denmark, National Institute of Aquatic Resources,
Henrik Dams Allé, Bygning 202, Lyngby 2800, Denmark | “SINTEF Ocean, Pb 4760, Torgarden, Trondheim 7465, Norway | “Faculty of Veterinary Medicine,
Norwegian University of Life Sciences, Elizabeth Stephansens vei 15, As 1433, Norway




Root causes of mortality

LOSER
SYNDROME

FAILURE
TO THRIVE

ROOT
CAUSE

AOsmoregulatory APoor smoltification
dysfunction

AMetabolic
dysfunction and
emaciation

15.06.2026




Stunting
OCCuUrs after
seawater
transfer

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

Weight (g)
Fork length (cm)

Condition factor



