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Presence of a
pathogen does
not necessarily
mean a fish is
diseased

FISH

Infectious
Disease



Non-

Absence of niectious
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healthy




Infectious
disease Is
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environments

Infectious
Disease



Overall health determines infectious disease outcomes

2020 COVID DEATHS

>65

YEARS
OLD

~ 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

2020 COVID DEATHS

Cardiovascular disease 60%
Diabetes 50%
>65 <65 Kidney disease or failure 30 %
YEARS YEARS
OLD OLD Obesity 20%
Lung disease 20 %

No underlying health conditions

~ 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



Rapport 5a | 2026

= Veterinaerinstituttet

Fiskehelserapporten

Level 1 2024~
Infectious diseases (A) 28.1%
Environmental impacts (B) 4.3%
Injuries (trauma) (C) 33.5%
Physiological causes (D) 4.7%
Other causes (E) 2.0%
Unknown cause (F) 27.4%
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 oW eiseascs .-
IS affecting fish Water quality changes 60.3%
health and o

welfare... e el

38.9%

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 - 4.8%

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
hoofbeats...

Think horses,
not zebras

N




Root causes of mortality

INFECTIOUS WOUNDS & ROOT
DISEASE SEPSIS CAUSES
* NOo Immune memory * [mproper

. Vv Ination
 I[mmunosuppression accinatio

* Poor nutrition and

* Poor 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 ﬁsti@te@, A2 026



VWhat is the
proper timing
for vaccination?

*

PATHOGENS




Vaccination during smoltification is less protective

Vibrio salmonicida CHALLENGE MORTALITY

7 % 6 % 15% 22%

1,5 56 .the smolting and
. seawater transfer
c .

% 1.0 period were an
= unfavorable time

0,5 for vaccination of

salmon...??

0,0

1°and 2° Before 1°and 2° Before 1° Beforeand2®  1° During and 2°
Smoltification Smoltification  After Smoltification After Smoiltification
(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 snhaq.io



Blood Glucose (mg/dL)

250

nutrition and . BN
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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 — Praxis, Chichester, UK




Complications of unmanaged diabetes

A, 2

HEART & LIVER INJURIES & KIDNEY
CIRCULATORY DISEASE SLOW WOUND DISEASE
PROBLEMS HEALING

RISK OF INFECTIOUS DISEASE IS MUCH GREATER FOR DIABETICS

)

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




Diabetics are...

more likely to be

more likely to

...because of infections




Poor nutrition makes diabetes worse

CARBOHYDRATES

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




The wrong feed can create ‘lifestyle disease’

60

FAT HAS
20 INCREASED AND
PROTEIN HAS
30 DECREASED
DRAMATICALLY
OVER THE LAST
10 30 YEARS

50

20

1970 1980 1990 2000 2010 2020

)

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

~ Image adapted from NOFIMA



The wrong feed can create ‘lifestyle disease’

60

50 MORE VEGETABLE

40 PROTEINS MEANS
CARBOHYDRATES

30 HAVE BEEN

20 INCREASING, TOO

10

0

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

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



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

ESTIMATED BODY WEIGHT (9g)

N

Delousing
and BW
4000 - scan,Oct
3500 - Sept\ | larger
3000 -
2500 - | ,'_~440 g
. A larger
2000 - Delousing é" g y 4
g
1500 q » ’,
1000 -
900 - -
o - ) | T I T 1
Sep-14 Nov-14 Jan-15 Mar-15 May-15  Jul-15 Sep-15 Nov-15

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

LOW PROTEIN/
HIGH FAT

Dessen, J-E., T. Mgrkare, J.l. 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

salmon, Salmo salar L. Journal of Fish Diseases 42:21-34.
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Root causes of mortality

—

HANDLING
INJURIES &
TRAUMA

SUDDEN
CARDIAC
ARREST

* Respiratory failure

and hypoxia

e Metabolic

exhaustion and
acldosis

* Osmoregulatory

failure

ROOT
CAUSES

* Developmental

abnormalities

« Cardiac dysfunctio
* Lifestyle diseases

-



Patterning

Organogenesis

Respiration

Osmoregulation

Nutrition

& metabolism

Immunity

Bioenergetics

Senescence

O O O O O O O O

®
]

() Nervous systenTransition fr( ) Transition fr( 1 Matematiion  Xibtaysation  nReprieritize to invest
placenta to lundge breast-feedintgansition to soligly&iet, transitiemaemngg\irfreeproduction
maternal/innate immunity as

() Cardiovascular system

() Digestive system

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

primary defense


https://thenounproject.com/

Osmoregulation
Patterning Respiration & metabolism Bioenergetics

Organogenesis Nutrition Immunity Senescence

O O O O O O O O

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

»9»_} skin to gills to exogenous faadelerated grotetl\VWV adapted energgiiy reproduction

() Cardiovascular system

() Digestive system

~ “Fish” icon by Laura Barretta from Noun Project CC BY 3.0
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Osmoregulation
Patterning Respiration & metabolism Bioenergetics
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Heterochrony—a change in the order or timing of development

/7~ O\
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0O 0 0 000 00

~ Images courtesy of Paul Starosta, Getty Images, and Ambros 2008, DOI: 10.1038/nm1008-1036



Heterochrony—a change in the order or timing of development

s

S e “hogh X
E.Jx_?;;::‘;s\:‘ -

Images courtesy of Bernard Dupont, Raul654, and JMK, Wikimedia Commons;
and Beopoulos et al. 2022, DOI: 10.3389/fnins.2022.988735

-,..ur‘l‘ 1 l“ll"la I




Temperature is the master controller of growth

250 F
200 ¢
150 p

I0CF

Fish Weight (g)

SOF

O 4 8 2 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 rain

7°C — 12°C = faster growth, but...

..the body grows 30% faster than
the heart at warmer temperature

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

bow 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 ‘used’ blood returning
from the rest of the body
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“‘ L d > -.‘:...‘ 3 g
4 - : g 4“. -
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o

Outer layer of tightly packed heart
muscle that generates strong
contractions

Present only in highly active species
Receives ‘fresh’ blood from gills

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




farmed

d

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

e Basic
structure of
heart forms

e Onset of
circulation

« Cardiac
chambers
begin to take
shape

* Development
of spongy
layer

Sinus venosus

Atrium

Ventricle

Bulbus arteriosus

e Thin compact
layer initially
appears

™

 Early
development
of compact
layer and
coronary
circulation

e lncrease In
heart size

* Major
development
of compact
layer and
coronary
circulation

POST-SMOLT

TO ADULT

« Continued
growth of
compact
layer

« Ongoing
change in
response to
environment

Sinus venosus

Atrium

Ventricle

Bulbus arteriosus



» Spongy layer is enough during early life stages
» Compact layer is necessary for greater activity

Heart » Development is oxygen-dependent
deveIOpment — Coronary circulation is necessary for growth of the
occurs in stages compact layer

» Heart 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" edition 2:3-17.
Farrell, 2002. Comparative Biochemistry and Physiology 1 132:723-735.

=" [f oxygen is limiting, heart
development will be abnormal

* |ncreased 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



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
iIncrease In size,
not number



COLD = 18 Msc;f\l;THS WARM = 111IV?(.)5I\:'(I':HS
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» * ©
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0 o 2

Frisk et al. 2020, DOI: 10.1016/j.aquaculture.2020.735615
T Note “standardized mass-specific growth rate” reported by the authors “was calculated as SGR(Q %) = 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.”



Bulbus artenosus

R
‘Cold smolt i

o

hearts

\

.;\

-
»
1.2
]

associated B

with reduced |

CMS and
delousing
mortality

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

Atrium

gl

o

Ventricle

gyl

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’



FCR =1.17 vs. 1.27 Mortality = 10 vs. 20% Superior = 89 vs. 79%

2019 2020 2021 2022 2023 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
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~ Klakegg and Sgrum, 2026. Veterinary and Animal Science 32:100579.



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

ROOT
CAUSE

FAILURE
TO THRIVE

* Osmoregulatory * Poor smoltification
dysfunction

* Metabolic
dysfunction and
emaciation

15.06.2026




Stunting =
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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

nkaala expression
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~ Figenschou et al., 2025. Aquaculture 609:742815.
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Stunted or
parr-revertant?

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

Thyroxine Triidothyronine Gill Na*-K*-ATPase

Smolt 114+1.1 81 +0.7 186 + 0.9
Parr-revertant 6.5+0.3 71+ 0.7 237+ 0.9
(58)

Fork length (mm)

150

140

130

120

110

100

Seawater

MNovember December January February March April

—— 1074 o o 1975 >




Desmoiufication
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Smoltification |

FRY el PARR SMOLT
!
Seawater SW ADAPTED

* MATURING
. SLUBADULT
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PARR—REVERTANT

i

Death Death

PARR-REVERTANT = Transferred as pseudo-smolts

or after desmoltification

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



North American Journal of Aquaculture, 2026, 88, 132-162
https://doi.org/10.1093/naaqua/vrag001

ROOT CAUSES i
Poor smolt quality is related
to intensification, Smoltification strategies in intensively
differences between cultured salmonids
S pQCies, m ISUSG Of Sa"! Jesse T. Trushenskil:*, Eduardo Aguilera?, Mathias Andersen?®, Mette Serensen®, and Richard Torrissen®
feeds a nd b raCkis h Wate r, 1N0rdly2Holding, Lofoten Bio Centre, Lekne§, Norway

. STIM CHILE SpA, Puerto Montt, Chile
and the lack of appropriate

3SeaCure AS, Leknes, Norway
‘Faculty of Biosciences and Aquaculture, Nord University, Bode, Nordland, Norway
ass ays °STIM AS, Leknes, Norway
*Corresponding author: Jesse T. Trushenski. Email: jesse.trushenski@nordly.no.




» Pathogens are only part of the problem

» Rearing practices impact fish health and
welfare, directly and indirectly

= Addressing root causes will improve outcomes
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