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1 | INTRODUCTION

Abstract

Gill disease is an important cause of economic losses, fish mortality and reduced ani-
mal welfare in salmonid farming. We performed a prospective cohort study, following
groups of Atlantic salmon in Western Norway with repeated sampling and data collec-
tion from the hatchery phase and throughout the 1st year at sea. The objective was to
determine if variation in pathogen prevalence and load, and zoo- and phytoplankton
levels had an impact on gill health. Further to describe the temporal development of
pathogen prevalence and load, and gill pathology, and how these relate to each other.
Neoparamoeba perurans appeared to be the most important cause of gill pathology.
No consistent covariation and no or weak associations between the extent of gill pa-
thology and prevalence and load of SGPV, Ca. B. cysticola and D. lepeophtherii were
observed. At sea, D. lepeophtherii and Ca. B. cysticola persistently infected all fish
groups. Fish groups negative for SGPV at sea transfer were infected at sea and fish
groups tested negative before again testing positive. This is suggestive of horizontal
transmission of infection at sea and may indicate that previous SGPV infection does
not protect against reinfection. Coinfections with three or more putative gill patho-
gens were found in all fish groups and appear to be the norm in sea-farmed Atlantic

salmon in Western Norway.
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because diseased fish might have reduced tolerance for handling and

Gill disease is an important cause of economic losses, fish mortality
and reduced animal welfare in the marine and freshwater phase of
salmonid farming in Norway and across the world (Shinn et al., 2015;
Sommerset, Bang Jensen, Borng, Haukaas, & Brun, 2021). Reduced
gill health may also impact outcomes of, and decisions about, man-

agement operations, such as non-medicinal delousing and transport,

stress. Gill disease and gill injuries can be caused by infectious agents,
environmental factors, management operations or a combination
of these (Boerlage et al., 2020; Mitchell & Rodger, 2011; Rodger,
Henry, & Mitchell, 2011). Gill disease has been classified as either
simple or complex/multifactorial based on a presumption of single
or multiple causes and/or infectious agents involved in the disease
process (Gjessing, Thoen, Tengs, Skotheim, & Dale, 2017; Herrero,
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Thompson, Ashby, Rodger, & Dagleish, 2018; Noguera et al., 2019).

However, the exact cause(s) and pathogenesis of a considerable pro-
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portion of gill disease cases are unknown (Boerlage et al., 2020).

Microorganisms Ca. Branchiomonas cysticola, salmon gill poxvi-
rus (SGPV), Neoparamoeba perurans (syn. Paramoeba perurans) and
Desmozoon lepeophtherii (syn. Paranucleospora theridion) are com-
monly detected in gills of Norwegian sea-farmed Atlantic salmon
(Salmo salar L), whereas the first two are also found during the fresh-
water phase of production (Downes et al., 2018; Gjessing et al., 2017
Gunnarsson et al., 2017; Nylund et al., 2008). N. perurans is the
causative agent of amoebic gill disease (AGD) which has been caus-
ing endemic gill disease of variable severity in Norway since 2012
(Crosbie, Bridle, Cadoret, & Nowak, 2012; Mo, Hytterod, Olsen,
& Hansen, 2015; Sommerset et al., 2021; Young, Crosbie, Adams,
Nowak, & Morrison, 2007). SGPV infection can lead to salmon gill
poxvirus disease (SGPVD) and high, acute mortality in hatcheries,
though predisposing factors such as stress and immunosuppression
may be necessary for disease development (Amundsen et al., 2021;
Gjessing et al., 2015; Thoen et al., 2020). Whether SPGV is an im-
portant cause of clinical gill disease in the sea phase of production
remains unclear, but SGPV infection and associated pathology have
been reported in both fresh- and sea water (Gjessing et al., 2017;
Gjessing et al., 2015; Nylund et al., 2008).

The understanding of the roles of Ca. Branchiomonas cysticola
and D. lepeophtherii in the development of gill disease is limited by the
lack of established challenge models and the fact that both agents
are nearly ubiquitous in sea-farmed salmon in Northern Europe
(Downes et al., 2018; Gunnarsson et al., 2017; Mitchell et al., 2013;
Steinum et al., 2010). Whilst these agents are detected in salmon
without gill disease, higher pathogen loads have been reported in
diseased gills and the microorganisms have been detected in associ-
ation with gill lesions using in situ hybridization (Gjessing et al., 2021;
Mitchell et al., 2013; Weli et al., 2017).

Environmental factors such as harmful algal blooms (HABs) and
jellyfish blooms can lead to significant fish mortality and gill inju-
ries in sea-farmed salmon (Clinton, Ferrier, Martin, & Brierley, 2021;
Rodger et al., 2010). However, HABs and jellyfish blooms causing
clinical disease and mortality are relatively rarely reported and ap-
pear to be sporadic in Norwegian salmonid mariculture (Bamstedt,
Fossa, Martinussen, & Fosshagen, 2012; Halsband et al., 2018;
Karlson et al., 2021; Rodger et al., 2011; Smage et al.,, 2017).
Monitoring of zoo- and phytoplankton levels is not commonly per-
formed at Norwegian sea farms and whether zoo- and phytoplank-
ton levels not associated with acute severe mortality can impact gill
and fish health has not been explored.

Farmed Atlantic salmon will frequently be exposed to a range
of potential insults and environmental factors during a production
cycle at sea. Each might have an impact separately, but they can
also coincide in time and interact to determine whether fish will
develop clinical disease or mortality. Cohort studies are especially
useful for evaluating the relationship between exposures and the
development of disease, and to observe change over time. Further,
the sequence of events can be established and it may be possible
to identify and link events (like gill disease) to a particular exposure

(Caruana, Roman, Herndndez-Sanchez, & Solli, 2015). However,
relatively few longitudinal studies focusing on gill health including
multiple sites and fish groups and with a parallel sampling of fish for
histopathology and RT-qPCR have been performed.

In order to gain more knowledge about factors affecting the gill
health of Atlantic salmon in Norwegian aquaculture, we performed a
prospective cohort study, following 16 fish groups from 8 sea farms
with repeated sampling and data collection from the hatchery phase
and throughout the 1st year at sea. The objective of this study was
to determine if variation in pathogen prevalence and load of N. per-
urans, Ca. B. cysticola, D. lepeophtherii and SGPV, and water concen-
tration of jellyfish and phytoplankton had an impact on gill health
as measured by gill-related mortality, gross gill scores and extent of
tissue damage detected by histopathology. The secondary aim was
to describe the temporal development of pathogen prevalence and
load of N. perurans, Ca. B. cysticola, D. lepeophtherii and SGPV, obser-
vation of pathogens, and different types of gill pathology, and how
these relate to each other. In this article, we report the descriptive
analysis of these data and the associations between gross gill scores,

extent of gill histopathology and pathogen load in individual fish.

2 | MATERIAL AND METHODS

2.1 | Study population

The main study unit was the ‘fish group’, defined as fish from the
same hatchery transferred to sea at the same time and to the same
cage. Parallel gross scores, histopathology and RT-qPCR results
from individual fish additionally allowed for examination of the cor-
relation between tissue lesions, pathogen prevalence and load using
‘fish’ as the study unit.

Four freshwater sites and eight seawater sites were included in
the study. Fish groups were split into two pens at the same site at sea
transfer, resulting in eight separate fish groups (A-H) during the fresh-
water phase and 16 fish groups (A1-H2) during the seawater phase of
production (Figure 1). Freshwater sites were selected to include two
sites using flow-through systems (FT), two using recirculating aquacul-
ture systems (RAS), two sites with a history of gill disease (sites 3 and
4) and two sites without known gill issues (sites 1 and 2). From each
freshwater site, one fish group sea transferred in autumn 2018 (SO)
and one fish group sea transferred in spring 2019 (51) were included.
A winter signal was given at site 1 (12h light:12h dark for 5weeks,
SO fish only) and 3 (12h light:12h dark for 6 weeks), and salinity was
increased prior to sea transfer to facilitate smoltification at sites 2-4.

Sea sites were selected to include four sites with a history of
problems with gill disease and gill-related mortality (sites A, C, D
and G), whereas the remaining four other sites only had mild or no
recorded historic gill-related mortality. Sea sites were in Western
Norway and fish groups at each site were sea transferred at ap-
proximately the same time (A-D: August 2018, E-F: June 2019, G-H:
April 2019). Sites were in fjords (A, B, D, G and H) with relatively low
exposure or at sea (C, E and F) with moderate to high exposure to

currents and waves.
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FIGURE 1 Overview of freshwater
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sites (n = 4), sea sites (n = 8) and
fish groups (n = 16). Stocking period

Autumn stock
Sea site A

(SO = autumn stock/S1 = spring stock)
Freshwater
and water treatment (flow through vs. site 1

RAS = circular arrow) is indicated

Spring stock
Sea site E

Freshwater
site 3

W/

2.2 | Environmental data

Sea temperatures were recorded daily for each sea site, whereas salin-
ity was only repeatedly recorded for sea sites B and C varying from
>1 month to 1 week between recorded measurements. Measurements

of salinity at the remaining sites were not available or very limited.

2.3 | Mortality data

Mortality data from all sites were retrieved through the management
database Mercatus Farmer (ScaleAQ, Norway). The total number of
fish dead per day (total mortality), the number of dead fish in each
mortality category (cause-specific mortality) per day and the number
of stocked fish per day were provided for each site and pen. Cause-
specific mortality was generated by site staff daily assigning a likely
cause of death based on gross examination of dead fish and knowl-
edge of infectious disease and management events occurring at the
site. Each fish was only assigned one mortality cause and if the clas-
sification of mortality to one category was not possible, mortalities
were classified as ‘unknown’ or ‘other’. Fish health personnel gave rec-
ommendations about classification and were further involved if there
were any significant mortality events. Following visits by fish health
personnel and/or results from laboratory analysis, the mortality cat-
egories could have been retrospectively adjusted. Results of RT-gPCR
analysis performed as part of this study were made continually avail-

able to sites and may have been used when categorizing mortalities.

2.4 | Sampling of fish

Each fish group was followed prospectively with regular sampling
in the freshwater (FW) and seawater (SW) phases, whereas regu-
lar gross gill scoring was performed in the sea phase only. In the
freshwater phase, 20 to 30 fish per fish group were sampled O to 3
times for histopathology (n = 350) and RT-gPCR (n = 378) analysis.
For a sample overview, see Table S1. Fish groups B and C were not

Autumn stock

Sea site C

Spring stock
Sea site G

Group A1 Group B1
Autumn stock
[\ SeasiteB |\_{ T
Group B2
Freshwater |/ oo
site 2
\ j - Group F1
Spring stock
Sea site F
Group F2
Group D1
Autumn stock
""""" Sea site D
_________ Freshwater
site 4
Group G1
Spring stock
Sea site H
Group G2

sampled during the FW phase. The time from sea transfer until first
sampling at sea ranged from 20 to 84 days across fish groups and
the time between each sampling ranged from 20 to 122 days. About
10 to 30 fish were sampled per fish group and at 6 to 10 time points
at sea. Fish groups A2, B1, B2 and F1 were mixed with fish from
other cages during summer and autumn 2019, whereas fish groups
G1, G2, E1, E2 and F2 were split into smaller groups during spring,
summer or autumn of 2020. During each splitting or mixing event,
the pen with the most fish from the original fish group was desig-
nated the project pen and fish group and followed moving forward.
Most mixing events occurred late in production, with only one sam-
pling performed after mixing for three fish groups (A2, B1 and B2),
whereas six sample sets were collected after mixing of fish group
F1. After the mixing, 49% (B2), 64% (A2), 85% (B1) and 95% (F1) of
the original fish group remained in the designated project pen.

At each sampling point, the aim was to sample up to 15 fish
with clinical signs of disease and 15 presumed healthy fish per pen/
tank, but no fish sampled during FW and very few fish sampled in
SW showed clinical signs of disease (n = 44) and most were pre-
sumed healthy (n = 2075) or of unknown health status (n = 1814). In
the freshwater phase, fish were sampled using a dip net. At the sea
sites, fish in the net pens were crowded using feeding and a purse
seine, and fish were selected from the seine with a dip net, as de-
scribed in the standard operating procedure of the fish farms. Prior
to tissue collection, fish were killed by placing them in anaesthetic
bath until dead. Within 5 minutes after euthanasia, the second left
gill arch was sampled for histology, whereas tissue samples from the
third left gill arch were placed in RNAlater (Sigma-Aldrich) for RT-
gPCR analysis. Gross gill scoring was performed on anaesthetized

fish prior to tissue sampling as far as practically possible (n = 3593).

2.5 | Gross gill scoring

A gross gill score system based on the total area of abnormal tissue
in the gill was adapted from a system developed by Fish Vet Group
UK (personal communication Angela Ashby). Each left gill arch (both
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Score

Lesions category Gill tissue affected
White areas (presumed hyperplasia) 0 No abnormal gill tissue
Haemorrhages 1

Loss of gill tissue - shortened filaments 2

Swollen, thickened gill tissue 3

Yellow discolouration of gill tissue 4

Fusion of filaments 5

Necrosis (defined as grey or discoloured
tissue and/or loss of normal tissue
structure)

surfaces) was scored separately on a scale from O to 5 and then, a
mean gill score for all arches was calculated. For each scoring session
and fish group, the median of the mean gill score and the proportion
of fish with a mean gill score higher than 1 were calculated. Lesions
counting towards the score and score categories are outlined in
Table 1. Gross gill scoring of 20 fish per fish group was planned to be
performed weekly during the sea phase, but between 6 and 50 fish
were scored per time point and fish group, with scores available from
33 to 51 weeks across all fish groups (n = 15,553). Scorers included
site staff, Mowi project participants, attending fish health person-
nel and veterinarians and varied from site to site and over time. The
majority of scorers received a training session and example images
of the different lesions to be scored and categories were provided

to each site.

2.6 | Histopathology

Gills were fixed in 10% buffered formalin (4% formaldehyde, 0.08 M
sodium phosphate, pH 7.0), processed routinely, and sectioned,
stained with haematoxylin-eosin (HE) and scanned for histopathologic
examination as previously described in @stevik et al. (2021). The study
pathologists were ‘blinded’ regarding results of RT-gPCR-analysis,
gross score or water analysis if available. Two different pathologists
(HH and MA) examined samples from the freshwater phase, whereas a
third pathologist (L@) examined all samples from the sea phase.

A slightly modified two-step assessment protocol developed by
the authors was used (@stevik et al., 2021). Briefly, first, the number
of lamellae available for evaluation in each sample was estimated,
and then, all affected lamella with hyperplasia or hyperplasia and
inflammation, necrosis and vascular lesions (thrombi and aneurysms)
were counted (Figure 2). For details and definitions of the type of
lesions recorded, see File S1. These counts were used to calculate
the estimated percent of gill tissue affected for each type of lesion.
A total histology count was calculated by summarizing the number
of lamellae with the lesions listed above and subtracting the number
of lamellae with more than one lesion. The total percent affected
tissue was then calculated by dividing the total histology count by
the estimated lamellar count and multiplying by 100. Similarly, the
percent of tissue affected by hyperplasia, vascular lesions or overlap

<5% of gill tissue affected

TABLE 1 Gross score system. The
lesions counting towards the score, score
categories and the extent of gill tissue
affected for each score category are
outlined

5-25% of gill tissue affected
25-50% of gill tissue affected
50-75% of gill tissue affected
75-100% of gill tissue affected

of vascular lesions, and hyperplasia was calculated for each fish. The
presence or absence of the following lesions was recorded as O or 1

(dichotomous variables):

e Haemorrhage

o Epithelial cell necrosis or apoptosis

e Adhesion of lamella

e Lamellar oedema/‘lifting’

e Deformed filaments

e Chronic inflammation of the filaments

e Amoebic gill disease (AGD)

e Foreign material present between lamella associated with tissue

reaction

Any pathogens or microorganisms observed in or associated with
the gill tissue were recorded as present or absent. For further work with
the histopathology data on fish group level the median total percent
affected tissue, median percent hyperplasia, median percent vascular
lesions and median percent tissue with concurrent hyperplasia and vas-
cular lesions per sampling point were used. In addition, the proportion
of fish with the above lesions and pathogens as well as the proportion of
fish with more than 5% total affected gill tissue was calculated for each
fish group and sampling point and for the fish group overall.

2.7 | RT-gPCR

Gill samples from the fresh water and sea water were examined
with RT-qPCR for Candidatus Branchiomonas cysticola and salmon
gill poxvirus, whereas samples from sea water, in addition, were
analysed for Desmozoon lepeophtherii and Neoparamoeba perurans.
Nucleic acid extraction and RT-gPCR-analysis were performed as
reported previously (@stevik et al., 2022).

Reverse Ct-values were calculated as follows:

Reverse Ct = 40 — Ct pathogen

Reverse Ct for negative samples was set to 0. Median reverse Ct-values
and proportion of positive samples were used to assess the develop-
ment of infection per fish group and sampling point.
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FIGURE 2 Normal gill tissue and
histology lesions recorded as counts

and percent. All tissues stained with
haematoxylin and eosin. (a) Almost normal
gill tissue at low magnification, very few
foci of pathology are seen. Bar 2mm. (b)
Normal gill tissue at high magnification.
Bar 200 um. (c) Multifocal vascular lesions
and focal segmental hyperplasia, fish
group B2, 3% of lamella with vascular
lesions. Bar 4mm. (d) Vascular lesions,
high magnification. Aneurysms with
associated lamellar epithelial hyperplasia
and variable extent of recanalization
(arrowhead). Bar 100 um. (e) Multifocal
segmental hyperplasia affecting both
proximal and distal aspects of the
filaments, fish group G2, 21% of gill tissue
affected. Bar 3mm. (f) Lamellar epithelial
hyperplasia with amoeba (arrowheads),
also note subepithelial inflammation
(arrows) and haemorrhage, fish group

G2, same fish as (e). Bar 100 um. (g)
Lamellar epithelial hyperplasia and
inflammation of the distal aspects of

the filaments - fish group A1, 33% of

gill tissue affected. Bar 4 mm. (h) High
magnification of inflammation shows loss
of lamella (arrowheads) and expansion of
the filament by fibrous tissue with mild
inflammatory infiltrates (*) and hyperplasia
and inflammation (arrow) in surrounding
lamellar epithelium. Fish group A2. Bar
200pm

2.8 | Non-medicinal delousing
Information on the treatment method, start date and number of
sea lice treatments per fish group was provided by the farming

company.

2.9 | Plankton sampling and analysis

Sampling of sea water for classification and quantification of ge-
latinous zooplankton (jellyfish) and phytoplankton was conducted
throughout the sea phase. In addition, farm staff was asked to re-
cord observations of jellyfish blooms occurring during the study

5
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period. A total of 29 to 56 water samples per site were examined for

the presence of jellyfish and phytoplankton (n = 323 and n = 322).
Plankton was collected using 250-pm mesh nets, with 25cm and
50cm diameter ring for phyto- and zooplankton, respectively. Two
vertical net hauls (10 m depth) were collected and zoo- and phyto-
plankton samples were fixed with formalin or iodine, respectively,
prior to examination at the laboratory in Oslo. Phytoplankton levels
were quantified and classified by examination of a subsample in a
Sedgewick counting chamber slide under an inverted microscope.
The number of microscopic jellyfish was quantified and classified
by examination of a subsample in a cell culture bottle under a ster-
eomicroscope. For a detailed description of plankton sampling and
assessment, see File S2.
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Descriptive statistical analysis

Statistical analysis was undertaken in STATA (StataCorp. 2015. Stata
Statistical Software: Release 14. College Station, Texas, United
States). Line plots were produced to provide a visual presentation
of histopathology results, RT-gPCR results, gross scores, mortality
data, water temperature, zoo- and phytoplankton levels and man-
agement procedures per fish group over time at sea. Trends for the
development of gill infections, gill-related mortality, gross scores and
gill histopathology over time and by season were described based
on these graphs. Possible covariation and associations between the
three main gill outcomes; gill-related mortality; gross scores and his-
topathology results, and between exposures pathogen prevalence
and density and zoo-and phytoplankton levels were also assessed at
fish group level based on these graphs.

Possible associations between pathogen load and detection
by RT-gPCR and pathogen observation in tissue sections per fish
group were assessed by producing scatter plots and computa-
tion of Spearman's rank-order correlation coefficient. To assess
whether the extent of tissue lesions was increasing with increased
pathogen load in the fish-level data set an ordinal variable was gen-
erated for each pathogen. O indicated not detected, 1 a low amount
of genetic material (Ct-values were higher than 25), 2 a moderate
amount of genetic material (Ct-values were between 20 and 25)
and 3 a high amount of genetic material (Ct-values were lower than
20). Associations between pathogen load and gill histopathology
or gill gross score were assessed by producing box and whisker
plots of percent of tissue lesions or mean gross scores by pathogen
loads O to 3, and by computation of Spearman's rank-order correla-
tion coefficient for percent tissue lesions or mean gross score and
reverse Ct-values for the different lesion and pathogen combina-
tions. To determine if there was an association between epithelial
cell necrosis and pathogen load, we used a series of logistic regres-
sion models with epithelial cell necrosis as the response variable
and pathogen load (ordinal variables) as predictor variables. The
odds ratio (OR) was calculated using the PCR-negative fish as a
baseline.

3 | RESULTS

3.1 | Gill health in the freshwater phase

Histopathological lesions were absent or minimal to mild suggestive
of overall good gill health in all the sampled fish groups (n = 6). One
fish group (D) experienced SGPVD-related mortality (3.36% accu-
mulated mortality), but the mortality had ceased when project sam-
ples were collected. SGPV was detected with RT-qPCR in four fish
groups (C, D, G and H), from two freshwater facilities (sites 3 and 4).
The prevalence of infection ranged from O to 53% across fish groups
and time points. Ca. B. cysticola was only found in fish group E. No
gill-related mortality, nor severe histopathological lesions or high
gross gill scores were detected during the sea phase for fish groups

D1 and D2, the fish groups that experienced gill-related mortality
due to SGPVD in the freshwater phase.

3.2 | Environmental data

Sea temperatures during the project period ranged from 4.2 to
17.7°C across all sites and time points and followed a clear sea-
sonal pattern (Figure 3). The lowest mean temperatures were
recorded in March (6.1°C, range: 4.4 to 8.6°C) and the highest
in August (14.4°C, range: 10 to 16.9°C). The salinity at sea site B
ranged from 27.6 to 30.9%., without any evident seasonal pattern.
At site C, salinity showed considerable variation throughout the
year (range: 14.11 to 29.14%.) and was lowest in late summer and
autumn (August to October). A single measurement of 20.62%o
was recorded for site H. The salinity at the remainder of the sites

was unknown.

3.3 | Gill-related mortality

Presumed gill-related mortality was observed in 10 of 16 fish
groups (Figures 3a and b), whereas no gill-related mortality was re-
corded at sites C, D and F. The mortality assigned as gill-related was
generally low with the accumulated gill-related mortality ranging
from 0.04 to 1.69% (Table S2). Gill-related mortality was observed
both in the spring, summer, winter and autumn months. The highest
gill-related mortality occurred at sites G and H. Mortality at site G
coincided and followed a peak in severity and extent of histopa-
thology lesions and a high prevalence and load of N. perurans. The
gill-related mortality at site H occurred late in the production cycle
when sampling and gross scoring were completed, thus the extent
of gill pathology and prevalence and load of potential pathogens at

the time were unknown.

3.4 | Gross gill pathology

Median gross gill scores across the project period were mostly below
1 (Table 2), but in five autumn-transferred fish groups (A1-2, B1-2
and C1), more than 50% of the scored fish had a mean gill score higher
than 1 towards the end of the production cycle (Figures 3c and d). In
groups Al, B1 and B2, the increase in gross pathology coincided with
low levels of gill-related mortality. Fish group C1 developed bacterial
branchitis and likely gross gill lesions as part of systemic bacterial in-
fection, but mortality associated with this condition was recorded as
infectious disease-related mortality. No increase in gross gill scores
was evident during the time period when sea site G experienced gill-
related mortality, the increased extent of gill histopathology and a
high prevalence and load of N. perurans. Overall, gross gill scores did
not appear to show a consistent seasonal variation or consistent co-
variation with water temperature, or prevalence of the putative gill
pathogens detected by RT-gPCR analysis.
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of gill tissue affected (histopathology) over time at sea per fish group. Daily gill-related mortality (%) for (a) autumn-transferred fish and (b)
spring-transferred fish, percentage of fish with gross gill score >1 for (c) autumn-transferred fish and (d) spring-transferred fish, percentage
of fish with >5% of gill tissue affected (histopathology) for (e) autumn-transferred fish and (f) spring-transferred fish. The mean daily sea
temperature across all study sites is shown in each figure
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Gill histopathology

The number and prevalence of fish with different lesions and
pathogens observed and median, minimum and maximum lesion
counts and percent across all samples are shown in Tables 3 and
4. The prevalence of lesions and pathogens per fish group is avail-
able in Table S2. There was a tendency towards a seasonal vari-
ation with more gill lesions observed in autumn and winter. The
most severe gill lesions were also detected during or following
periods of high sea temperatures in autumn and winter months
(Figures 3e and f).

The histopathological lesions observed in the fish groups were
generally mild, with the exceptions of fish groups G1 and G2 and to
a lesser extent C1, A and B. The median total percent affected gill
tissue was generally <2% across all time points and fish groups but
ranged from O to 52% amongst individual fish. The exception to this
was fish groups G1 and G2, where an increase in the median percent
affected tissue to higher than 8% was observed during late autumn
and winter of 2019. The pattern was similar for the proportion of
fish with more than 5% of gill tissue affected. The first autumn and
winter at sea more than 60% of fish had lesions affecting at least 5%
of gill tissue at site G. In contrast, less than 10% of the sampled fish
had this extent of gill lesions at any time in most of the remaining
groups (Figures 3e and f).

The median percent lamellar epithelial hyperplasia and/or hyper-
plasia and inflammation generally showed a similar pattern as per-
cent total tissue affected across fish groups and time points, though
more vascular lesions than hyperplastic lesions were observed at
some sites and time points. The highest median percent hyperplasia
was found in groups G1 and G2, coinciding with the highest median
total gill tissue affected. Median percent vascular lesions were less
than 1% for all fish groups and time points, and the highest median
percent vascular lesion was found in group G1 concurrently with the
highest median percent tissue affected. In general, the median per-
cent vascular lesions appeared to increase with increasing time at
sea for autumn-transferred fish, but this pattern was not evident for
spring-transferred fish. The extent of gill tissue with vascular and
hyperplastic lesions in individual fish ranged from O to 30% and O
to 52%, respectively. Overlap of hyperplastic and/or inflammatory
lesions and vascular lesions were found in 34% of fish overall but did
not constitute a substantial part of the histopathology observed in
most fish groups.

Necrosis of lamellae was rarely observed (0.44% of gills sampled)
and did not substantially contribute to the total percent affected
gill tissue. Necrotic lamella was most often associated with bacte-

rial infection and/or foreign material trapped between filaments

(Figures 4a-c). Epithelial cell necrosis or apoptosis was observed
in a minority of fish in all fish groups and did not appear to have a
clear seasonal distribution. Chronic inflammation of the filaments,
deformed filaments and lamellar oedema were relatively rarely ob-
served across the fish groups and time points (Figures 2g, h and 4d).
No consistent increase in the proportion of fish with deformed fil-
aments was observed over the time at sea. Chronic inflammation
of the filaments was observed in more than 40% of fish from fish
groups A1-A2 and B1-B2 during the second autumn at sea coincid-
ing with an increase in hyperplastic and vascular lesions. An increase
in the prevalence of lamellar oedema was seen in fish groups C1,
F1 and F2 at different time points. The increase coincided and was
associated with lesions of bacterial branchitis for fish group C1, but
no specific disease diagnosis, changes in pathogen density or man-
agement operations were associated with the increase in fish groups
F1 and F2.

3.6 | Gill pathogens

The prevalence of microorganisms observed in tissue sections across
fish groups and per fish group is shown in Table 4 and Table S2. The
prevalence, median reverse Ct-values and number of fish with mild,
moderate and high pathogen load detected by RT-qPCR across all
fish groups are available in Table 5. The median reverse Ct-values
and prevalence per fish group over time are shown in Figure 5 and
Figure S1, respectively.

SGPV was detected sporadically during the seawater phase
with a prevalence ranging from O to 100% and seemed to have
a seasonal distribution with positive samples collected in summer
and autumn at most sites (Figure S1a and b). Overall SGPV was de-
tected in 13.7% of the tested gills, the majority of which contained
low amounts of viral genetic material (Table 5, Figures 5a and b).
However, all fish groups tested positive for SGPV at least once at
sea even if they were negative prior to sea transfer. Further, in
several fish groups, SPGV appeared to disappear in late winter
and early spring before being detected again during the following
summer.

All fish groups became positive for Ca. B. cysticola and D. lep-
eophtherii after sea transfer and prevalence remained high (60-
100%) throughout the sea phase (Figures Sic-f). Most positive gill
samples contained low amounts of D. lepeophtherii genetic material,
whereas close to half of the tested gills (47.6%) contained moder-
ate to high amounts of Ca. B. cysticola genetic material (Table 5). A
consistent seasonal variation of prevalence and pathogen load was

not evident for Ca. B. cysticola or D. lepeophtherii (Figures 5 and

TABLE 2 Summary of gross scores for

. <h> .
Median i R all fish groups across the sea phase of the
Gross pathology Min-Max %fish =21 %fish >0 study (n = 15,553)
Gross score (mean all scored arches) 0 1053 7744
0-5 6.77 49.79
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TABLE 3 Overview of histopathology lesions recorded as counts and percent for all fish groups across the sea phase of the study

(n=3897)

Counts(median)
Lesion Min-Max
Acute vascular lesions 2

0-833
Non-acute vascular lesions 12

0-5885
All vascular lesions 18

0-5885
Hyperplasia and hyperplasia and inflammation 14

0-5119
Overlap vascular lesions and hyperplasia 0

0-754
Total gill tissue affected 45

0-5988

S1). All autumn-transferred fish groups were positive for D. lepeoph-
therii at the first sample point 54 to 84 days after sea transfer. D.
lepeophtherii were detected in most of the fish groups transferred
in June 2019 at the second sample point at 74 to 84 days after sea
transfer, whereas the parasite was not detected in fish groups trans-
ferred in April 2019 until the third or fourth sampling point at 124
to 172 days after sea transfer. For all fish groups, median reverse
Ct-values peaked relatively rapidly after the first detection during
the first autumn at sea. Most fish groups were negative for Ca. B.
cysticola at the first sample point, but the bacterium was detected
in all autumn-transferred fish groups by the second sample point
at 84 to 96days after sea transfer, whereas the first detection in
most spring-transferred fish groups was at 120 to 138 days after sea
transfer. After infection, median reverse Ct-values peaked rapidly
during the first autumn at sea at some sites (C, G and H), whereas
the peak occurred during the subsequent spring for the remaining
sites.

Intraepithelial intracytoplasmic bacteria (epitheliocysts) were
found in all fish groups after sea transfer, but prevalence varied
markedly between fish groups and time points. A consistent seasonal
variation was not observed. Epitheliocysts were observed in 50.7%
of Ca. B. cysticola PCR-positive gills. The correlation between intra-
cellular bacteria observed in the tissue sections recorded as propor-
tion per fish group and time point and proportion of Ca. B. cysticola
PCR-positive samples were strong (Spearman's rho =0.57, Prob >
[t| = 0.0000, n = 139). There was no clear association between in-
creasing proportion of fish with epitheliocysts and increasing me-
dian reverse Ct-values for Ca. B. cysticola on the fish group level, and
the variation in the proportion of fish with epitheliocysts at a similar
median reverse Ct-level was large (Figure 7a). A consistent covaria-
tion between the proportion of Ca. B. cysticola PCR-positive fish and
fish with intracellular bacteria in the lamellar epithelial cells was not
observed for the different fish groups and time points.

% (median) #fish 25% #fish >0%

Min-Max %fish 25% %fish > 0%
0.02 1 2585
0-5.68 0.03 66.33
0.09 21 3360
0-30.32 0.54 86.22
0.14 26 3617
0-30.32 0.67 92.81
0.1 120 3300
0-51.84 3.08 84.68
0 3 1330
0-6.54 0.08 34.12
0.31 162 3836
0-51.90 4.16 98.43

Amoebic gill disease as diagnosed by the presence of amoeba
and segmental lamellar epithelial hyperplasia (Figures 2e and f) was
found in all but fish group C2. Amoeba without associated lamellar
epithelial hyperplasia was not identified in any of the samples. N.
perurans genetic material was detected in all fish groups, and the
prevalence of both infection and AGD-diagnosis ranged from O to
100% across time points and fish groups (Tables 4 and 5). Presumed
amoeba and histopathological lesions consistent with AGD were ob-
served in 8.5% of gills and in 36.6% of N. perurans PCR-positive gills.
There was a strong correlation between the proportion of gills with
the observation of amoeba and the proportion of fish with PCR de-
tection of N. perurans (Spearman's rho =0.90, Prob > |t| = 0.0000,
n = 139). For median reverse Ct-values higher than 10, there
was an association between the proportion of fish with amoeba/
AGD observed in tissue sections and the median reverse Ct-value
(Figure 7b). There was a consistent covariation between the pro-
portion of N. perurans PCR-positive fish and fish with amoeba/AGD
across fish groups and time points, though the proportion of fish
with AGD/amoeba was considerably lower than the proportion of
fish with positive PCR tests.

The presence and load of the parasite and the diagnosis of AGD
by histopathology showed a seasonal distribution, being detected
during late summer, autumn and winter and disappearing in spring
and early summer (Figures 5g-h and 6). A histopathologic diagnosis
of AGD or detection of the parasite by RT-qPCR was not necessarily
coinciding with severe and extensive lamellar epithelial hyperpla-
sia (Figure 6), or gill-related mortality or increased gross gill scores.
However, markedly higher median reverse Ct-values in fish groups
G1 and G2 (Figures 5g and h) coincided with a high prevalence of N.
perurans infection and AGD diagnoses, the most severe histopatho-
logical lesions and gill-related mortality.

Excluding the fish with pasteurellosis from site C and intraepithelial
intracytoplasmic bacteria (epitheliocysts), bacteria were sporadically
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TABLE 4 Summary of histopathology lesions and pathogens
recorded as dichotomous variables for all fish groups across the sea
phase of the study (n = 3897)

Lesion/organism # Fish % Fish
Chronic inflammation filament 195 5.0
Deformed filaments 352 9.03
Lamellar oedema 185 4.75
Haemorrhage 2855 73.26
Necrosis whole lamella 17 0.44
Epithelial cell necrosis 341 8.75
Intracellular bacteria (Epitheliocysts) 1630 41.83
Trichodina spp. 41 1.05
Crustaceans 145 3.72
Filamentous bacteria 1 0.03
Other Bacteria 21 0.54
Metacercaria 42 1.08
Ichthyobodo spp. 28 0.72
Amoeba/AGD? 330 8.47
Foreign material® 18 0.46

*This category includes both the observation of parasites
morphologically consistent with amoeba and AGD diagnosed based on
the presence of these parasites and typical histopathological lesions.

PThe presence of foreign material was only recorded when the material
was associated with a tissue reaction as for instance inflammation or
hyperplasia.

observed in association with or within gill tissue and only in 0.13% of
the fish. Filamentous rod-shaped bacteria, most likely Tenacibaculum
spp., were observed in just one fish that also had pasteurellosis and
were associated with focal necrotizing branchitis (Figure 4c). Parasites
Trichodina spp., Ichthyobodo spp., encysted metacercaria and small
and large crustaceans were rarely found within or associated with the
gill tissue (Figure 4e and f, Table 4). No clear seasonal distribution was
evident, but the most fish with Trichodina spp. and Ichthyobodo spp.
were found at site G when the most severe gill histopathology was
detected.

3.7 | Association between gill
lesions and pathogens

Segmental hyperplasia and unicellular parasites consistent with
amoeba were the main histopathological findings in fish with moder-
ate to marked gill pathology at site G during autumn and winter 2019
(Figure 2e and f). However, lamellar subepithelial inflammation and
pale, yellow to brown, intracellular, granular pigment, and intracel-
lular bacteria (epitheliocysts) were also observed in most fish. A high
load and 100% prevalence of N. perurans coincided with the increase
in gill pathology. A moderate to high load of pathogens D. lepeoph-
therii and Ca. B. cysticola was observed at the same time points, but

similar loads of these pathogens were observed in other fish groups

and at other time points without the associated increase in gill pa-
thology seen at site G.

In fish group C1, intravascular fine rod-shaped bacteria associ-
ated with variable extent of haemorrhage, thrombosis, inflamma-
tion, necrosis and hyperplasia were found in 50% of fish at the last
sampling point in November 2019 (Figure 4a). Mild AGD lesions and
amoeba were also observed. Pasteurella spp. infection was confirmed
in the fish group by bacteriology the month prior. In November 2019,
chronic inflammation of the distal part of the filaments with epithe-
lial hyperplasia and variable extent of vascular lesions and loss of the
overlying lamella was the dominating finding in fish groups A1 and
A2 (Figure 2g and h). When comparing with other sampling points
and fish groups, no increase or higher prevalence and load of gill
pathogens as detected by RT-qPCR appeared to be associated with
these lesions. For fish group B2, the most severe gill pathology was
observed in September 2019, and lesions at this time point were
dominated by segmental hyperplasia and amoeba and to a lesser ex-
tent vascular lesions and chronic inflammation of the distal filaments
as described for fish groups A1 and A2.

Correlations between histopathology lesions recorded as per-
cent and reverse Ct-values in the fish-level data set were not sig-
nificant, very weak or weak (Spearman's rho <0.3) for the majority
of pathogen and lesion combinations. A moderate association was
only found for hyperplasia and reverse Ct-values of N. perurans
(Spearman's rho = 0.34, Prob > |t| = 0.0000, n = 3885). Correlations
between mean gross scores and reverse Ct-values in the fish-level
data set were also not significant, very weak or weak (Spearman's
rho <0.3) for all pathogens. Examination of box and whisker plots
of percent of tissue lesions in gills with no, mild, moderate or high
pathogen load (ordinal RT-gPCR results) showed an increasing ex-
tent of hyperplasia with an increasing amount of N. perurans ge-
netic material detected (Figure 8). Similarly, there was an increasing
extent of total tissue affected with an increasing amount of N.
perurans, whereas there was no clear or only a very mild tendency
of increasing extent of hyperplasia, total tissue affected, vascular
lesions or overlap of vascular and hyperplastic lesions with increas-
ing pathogen load for the remainder of the pathogens. Correlation
between reverse Ct-values for the different pathogens was not
significant, very weak or weak (Spearman's rho <0.3), except for
between N. perurans and D. lepeophtherii (Spearman's rho = 0.34,
Prob > |t| = 0.0000, n = 3933). There was an increasing number
of fish with epithelial cell necrosis with an increasing load of SPGV,
N. perurans and Ca. B. cysticola (Table 6), but the association was
strongest for SGPV. The probability (odds) of observing epithelial
necrosis in the gills of fish with a moderate load of SGPV was 21.60
times higher compared to fish testing negative for SGPV. The cor-
relation between the mean gross score and total tissue affected as
assessed by histopathology was weak (Spearman's rho = 0.24, Prob
> |t| = 0.0000, n = 3541). Similarly, the correlation between the
total tissue affected and the gross score of the arch that was sam-
pled for histopathology (2nd left arch) was also weak (Spearman's
rho = 0.25, Prob > |t| = 0.0000, n = 3593).
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FIGURE 4 Lesions and pathogens
observed. (a) Bacteria, haemorrhage,
necrosis and lamellar epithelial
hyperplasia. Note basophilic granular
material (bacteria) partially embedded in
eosinophilic material (fibrin) expanding
filament vessels (*) and lamellar sinusoids
(arrowheads). Pasteurella spp.- infection
in fish group C1. Bar 300pum. (b) Foreign
material, possibly plant material (*), caught
between filaments. Inflammation and
haemorrhage are seen in the filament and
there are necrosis (loss) of surrounding
lamella (arrowheads). Fish group F2. Bar
300pum. (c) Necrosis of lamella with loss
of normal tissue structures and large
amounts of filamentous bacteria, likely
Tenacibaculum sp., in the necrotic tissue.
Inflammatory cells and haemorrhage

are seen in the filament. Fish group

C1. Bar 60pum. (d) Focal proliferation

of filament cartilage—possibly callus
formation caused by previous trauma.
Recorded as a deformity. Bar 400 um. (e)
Small crustacean between lamellae. Fish
group Al. Bar 80 um. (f) Metacercaria
surrounded by a thin fibrous capsule in
the filament. Fish group A2. Bar 50 pm
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TABLE 5 Summary of pathogens detected by RT-qPCR for all pens across the sea phase of the study (n = 3933). Numbers in the column
headings indicate low, moderate and high pathogen load. 1 indicates Ct-values higher than 25, 2 indicates Ct-values between 25 and 20, 3

indicates Ct-values lower than 20
Median reverse Ct Detection

# fish positive

Organism Min-max %fish positive
N. perurans 0 772
0-26.49 19.63
Ca. B. cysticola 14.72 3083
0-25.27 78.39
D. lepeophtherii 10.69 3227
0-23.27 82.05
SGPV 0 538
0-21.67 13.68

3.8 | Non-medicinal delousing

The type and number of sea lice treatments (excluding in-feed
treatment) per fish group are summarized in Table S2. The number
of delousing operations during the sea phase ranged from 0 to 11
between fish groups, with a median of five treatments per group.

Pathogen load 21 Pathogen load 22 Pathogen load 23

#fish #fish #fish
%fish %fish %fish
388 291 93
9.87 7.40 2.36
1211 1459 413
30.79 37.10 10.50
3076 146 5
78.21 3.71 0.13
514 23 1
13.68 0.58 0.03

Freshwater and hydrogen peroxide bath treatments that may impact
the prevalence and median Ct-values of N. perurans, the prevalence
of AGD and development of hyperplastic gill lesions, were per-
formed in 13 fish groups (Table S2). A reduction in the proportion of
N. perurans and AGD positive fish was seen at the sampling points
immediately after one or more freshwater or hydrogen peroxide
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FIGURE 5 Median reverse Ct-values per fish group throughout the sea phase for autumn-transferred (SO) and spring-transferred (S1)
fish groups. (a) SGPV (S0), (b) SGPV (S1), (c) Ca. B. cysticola (SO), (d) Ca. B. cysticola (S1), (e) D. lepeophtherii (S0), (f) D. lepeophtherii (51), (g) N.

perurans (S0), (h) N. perurans (S1)
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FIGURE 6 Prevalence of N. perurans, AGD and percentage of fish with >5% of gill tissue with lamellar epithelial hyperplasia and
hyperplasia and inflammation over time at sea per fish group. (a) N. perurans (S0), (b) N. perurans (S1), (c) AGD (SO0), (d) AGD (51), (e) hyperplasia
(S0), (f) hyperplasia (51). Non-medicinal and medicinal sea lice treatment events that could impact the development of AGD and N. perurans
prevalence are represented as x for fish groups A1-H1 and o for fish groups A2-H2
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FIGURE 7 Relationship between pathogens observed in tissue sections and Ct-levels detected by RT-qPCR per fish group. Scatterplots
show the percentage of fish per sampling point and fish group (n = 139) where a) amoeba and b) intracellular bacteria (epitheliocysts) were
observed in the tissue sections against median reverse Ct-values for N. perurans and Ca.B. cysticola, respectively. Fish groups with a median
reverse Ct of O are excluded for clarity leaving (a) n = 28 and (b) n = 107 fish groups
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FIGURE 8 The extent of lamellar epithelial hyperplasia at different loads of pathogens detected in the gill tissue. Box and whisker plots
show percent lesions (n = 3885) grouped by ordinal RT-qPCR-results for (a) N. perurans, (b) Ca. B. cysticola. Outliers are excluded for clarity

bath treatments in six fish groups, whereas an increase was seen in

five groups (Figure 6).

3.9 | Jellyfish and phytoplankton

The levels of plankton were generally low with the highest levels of
phytoplankton detected during spring and summer at sites C and
D (data not shown). The number of microscopic jellyfish was <50
organisms/m> with the highest number during the spring months.
Based on the submitted samples, there were no apparent phyto-
plankton or jellyfish blooms during the study period. Furthermore,
observation of jellyfish blooms was not reported from any of the
sea sites. No increase in gross gill scores, gill histopathology, gill-
related mortality or total mortality was evident following peaks in

total phytoplankton levels to 732,164 and 535,779 cells/L detected
at sites C and D, respectively. Additionally, there was no covariation
between phytoplankton levels and any of our gill indicators.

4 | DISCUSSION

Neoparamoeba perurans appeared to be the most important cause of
gill pathology and specifically lamellar epithelial hyperplasia in this
study, whereas no consistent covariation and no or weak associations
between extent of hyperplasia and prevalence and load of SGPV, Ca.
B. cysticola and D. lepeophtherii were observed. There were no or
weak associations between vascular lesions and overlap of vascular
and hyperplastic lesions and pathogen load for any of these patho-
gens and N. perurans. AGD appeared to resolve without treatment
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TABLE 6 Epithelial cell necrosis or apoptosis. Results of
statistical analysis of the association between epithelial cell
necrosis or apoptosis and pathogen load

Pathogen  Odds 95% Conf.
Pathogen load ratio P>|z| Interval
N. perurans 0
1 1.21  0.331 0.82,1.77
2 2.62 0.000 1.88, 3.67
3 7.82  0.000 5.03,12.16
Ca. B. cysticola 0
1 1.02 0934 0.71, 1.45
2 1.60  0.005 1.16,2.22
& 3.02 0.000 2.06,4.41
D. lepeophtherii 0
1 0.28  0.000 0.15,0.52
2 1.27 0.494 0.65,2.48
SGPV 0
1 2.64  0.000 2.02,3.46
2 21.60  0.000 9.35,49.86

with falling sea temperatures in fish groups with mild infections
and pathology. D. lepeophtherii and Ca. B. cysticola infections were
established and persisted after sea transfer in all fish groups and a
clear seasonal variation in pathogen load and prevalence were not
observed. Ca. B. cysticola prevalence and prevalence of intracellular
bacteria observation were highly correlated, but there was no as-
sociation between the prevalence of intracellular bacteria observed
and increasing pathogen load for Ca. B. cysticola. SGPV infection
and prevalence showed a seasonal pattern varying with sea tem-
perature. Fish groups negative for SGPV at sea transfer became in-
fected, apparently cleared the infection before again testing positive
which may indicate that previous SGPV infection does not protect
against reinfection of the same fish group. Coinfection with three or
more putative gill pathogens was found in all fish groups and appears

to be the norm in sea-farmed Atlantic salmon in Western Norway.

4.1 | The impact of gill pathogens on gill health

Neoparamoeba perurans is an important cause of gill disease and
gill pathology in salmonid aquaculture, and this has been firmly es-
tablished since amoebic gill disease was first described in Tasmania
(Munday, 1986; Young et al., 2007). Thus, the finding that high loads
of N. perurans were associated and coincided with hyperplastic gill
lesions and gill-related mortality was unsurprising. Our findings are
also in agreement with two longitudinal studies from marine farms
in Ireland and Scotland in which increasing N. perurans loads was as-
sociated with increasing gill histology scores (Downes et al., 2018;
Herrero-Fernandez, 2019). N. perurans load and prevalence of
amoeba and AGD pathology in tissue sections at group level were
highly correlated, indicating an increasing prevalence of amoeba
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and AGD lesions with increasing pathogen load. However, as tissue
sampling was standardized, different gill arches were collected for
histopathology and RT-qPCR, and AGD was only diagnosed when
amoeba was observed in the tissue section, the true prevalence of N.
perurans and AGD in our fish groups was likely higher than reported
here, and an even stronger association between RT-gPCR and his-
tology would be expected if the same arch was sampled for these
analyses (Adams, Ellard, & Nowak, 2004; Fringuelli, Gordon, Rodger,
Welsh, & Graham, 2012).

As in the current study, increasing Ca. B. cysticola loads was not
associated with increased histological gill scores or a clinical diagno-
sis of gill disease in recent longitudinal studies (Downes et al., 2018;
Gunnarsson et al., 2017; Herrero-Fernandez, 2019). These findings
are further supported by the lack of clinical disease in fish infected
with Ca. B. cysticola, SGPV and Ca. Piscichlamydia salmonis in a co-
habitation study (Wiik-Nielsen et al., 2017). In contrast to the current
study, an association between the amount and prevalence of epithe-
liocysts observed in the gill tissue and Ca. B. cysticola load has been
reported previously. Further, an association between gill histopa-
thology and high numbers of epitheliocysts was described (Mitchell
et al., 2013; Steinum et al., 2010). Ca. B. cysticola is the predominant
epitheliocyst-forming bacteria in gills of Atlantic salmon in Norway
and Ireland, but other epitheliocyst-forming bacterial species
exist (Mitchell et al., 2013; Toenshoff et al., 2012). Thus, the lack of
association between the proportion of fish with epitheliocysts and
load of Ca. B. cysticola in our material could indicate that some of
the observed epitheliocysts contain other bacteria like Candidatus
Piscichlamydia salmonis, Candidatus Syngnamydia salmonis or a new
epitheliocyst-forming bacterium recently described (Wiik-Nielsen
et al., 2015). However, Ca. B. cysticola can be present in gill tissues
without forming intracellular cysts, so the lack of association may
also be related to higher levels of bacterial colonization without epi-
theliocyst formation in the fish groups (Gjessing et al., 2021).

The relatively low prevalence and load of SGPV and the lack of as-
sociation between SGPV load and the extent of proliferative lesions
and overall gill pathology are in agreement with previous studies
(Downesetal.,2018; Gjessing et al.,2019; Herrero-Fernandez, 2019).
The increased likelihood of observation of epithelial cell necrosis or
apoptosis in fish with higher loads of SGPV is in line with studies
demonstrating SGPV in the apoptotic gill epithelium of sea-farmed
salmon with complex gill pathology (Gjessing et al., 2017; Gjessing
et al.,, 2021). Whilst SGPV initially was suggested to be a primary
pathogen that could pave the way for other gill pathogens (Gjessing
et al., 2017), recent studies have shown that immunosuppression
may be necessary for disease development in SGPV-infected fish
(Amundsen et al., 2021; Thoen et al., 2020). The results of the lon-
gitudinal studies conducted so far suggest that SGPV is not an im-
portant cause of severe gill disease in sea-farmed Atlantic salmon, at
least not in the populations examined, and the significance of SPGV
infection and pathology in the sea water phase needs to be further
explored (Downes et al., 2018; Herrero-Fernandez, 2019).

We did not find a moderate to strong association or consistent
covariation between the extent of gill pathology, gross gill score or
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gill-related mortality and D. lepeophtherii loads in the current study.
This is in contrast with previous studies reporting that higher D.
lepeophtherii loads were associated with gill disease, proliferative
gill lesions, proliferative gill inflammation (PGI) and increased his-
tology gill scores (Gunnarsson et al., 2017; Hamadi, 2011; Herrero-
Fernandez, 2019; Nylund et al., 2011; Nylund, Nylund, Watanabe,
Arnesen, & Karlsbakk, 2010; Steinum et al., 2010). A possible reason
for the discrepancy may be related to the low and moderate loads
of D. lepeophtherii and relatively few fish and fish groups with se-
vere gill pathology in the current study. Histologic lesions reported
to be associated with D. lepeophtherii and/or Ca. B. cysticola, that
is, ballooning degenerative cells containing pigmented material,
lamellar epithelial hyperplasia, necrosis in hyperplastic lesions, pus-
tules, subepithelial inflammation and necrosis of subepithelial cells
were observed in several of our fish groups (Gjessing et al., 2019;
Gjessing et al., 2021; Matthews, Richards, Shinn, & Cox, 2013; Weli
et al., 2017). But, because the primary aim of the current study was
to determine which factors might impact the overall gill health, we
chose to provide an accurate estimate of the extent of gill tissue
with the presumed most important and commonly observed gill le-
sions. Thus, the extent of lesions reported to be associated with high
loads of D. lepeophtherii and Ca. B. cysticola was not consistently
recorded or quantified, and this could be pursued in future studies.
However, the repeated finding of widespread D. lepeophtherii- and
Ca. B. cysticola infection and persistence in healthy Atlantic salmon
strongly suggest that predisposing or additional factors are neces-
sary for these agents to cause gill lesions and gill disease and/or that
there might be variation in virulence and pathogenicity within these
species.

This study further demonstrates that coinfections of multiple
putative gill pathogens are the norm in sea-farmed Atlantic salmon in
Western Norway. Infection with three or more microorganisms was
found in >20% of the fish, but the majority of fish groups did not de-
velop severe gill pathology or associated mortality. As all fish groups
were infected with all pathogens, it was not possible to determine if
fish groups infected with a given pathogen had worse outcomes or
higher pathogen loads after infection with a second or third patho-
gen. The prevalence and pathogen load of the four pathogens largely
followed different patterns and there was only moderate correla-
tion between pathogen load for D. lepeophtherii and N. perurans. This
might suggest an association in which infection with one pathogen
allows and promotes the proliferation of another. Such a relationship
might explain the frequent observation of gill lesions ascribed to dif-
ferent pathogens in the same fish. Another possibility is that higher
sea temperatures during autumn favours the proliferation of these
pathogens independent of infection status with the other.

A strong association or covariation between the extent of vas-
cular lesions and pathogen load, or between concurrent vascular
and hyperplastic lesions and pathogen load was not observed in
our material. Whilst vascular lesions frequently were associated
with hyperplasia of the immediately overlying and surrounding
lamellar epithelium, aneurysms and thrombi were often not as-

sociated with severe inflammation or severe lamellar epithelial

hyperplasia. Further, the chronic inflammation, lamellar epithelial
hyperplasia and vascular lesions observed in fish groups A1 and A2
were not associated with higher loads of pathogens compared to
other fish groups. These observations suggest that factors other
than the gill pathogens included in this study could be involved in
the development of these lesions. Vascular lesions are unspecific
responses and are not characteristic of a particular insult. An in-
crease in prevalence and severity of thrombi, haemorrhage and/
or aneurysms have been reported after non-medicinal delousing
and in situ net washing, and haemorrhage, thrombi and aneurysms
have been observed after exposure to jellyfish (Baxter, Sturt,
et al.,, 2011; Baxter, Rodger, McAllen, & Doyle, 2011; Bloecher
et al., 2018; Marcos-Lopez, Mitchell, & Rodger, 2016; Mitchell,
Baxter, & Rodger, 2011; @stevik et al., 2021; Ostevik et al., 2022;
Powell, Atland, & Dale, 2018).

Notably, extensive lamellar thrombosis and fibrinohemorrhagic
and necrotizing branchitis were observed in fish with systemic
bacterial infection (pasteurellosis). Pasteurellosis caused by the
currently unofficially named Pasteurella atlantica genomvar salmoni-
cida has become endemic in sea-farmed salmon in Southwestern
and Western Norway since 2018. The disease manifests as a sys-
temic bacterial infection with fibrinous polyserositis, necrosis and
inflammation of internal organs, muscle abscesses, exophthalmia
and ophthalmitis (Gulla, Nilsen, Olsen, & Colquhoun, 2020; Legéard
& Strgm, 2020). In the authors experience intravascular bacteria and
histological lesions are frequently identified in the gills of fish with
pasteurellosis. Disturbances of coagulation and haemostasis are
also common in fish with other systemic bacterial infections (Salte,
Nafstad, & Asgard, 1987). Thus, pasteurellosis has become a cause
of gill lesions in Atlantic salmon in Western Norway, and it is possible
that lamellar thrombi and vascular lesions are related to concurrent
and/or previous systemic bacterial infection in some cases, even

when bacteria are not observed in the gill tissue.

4.2 | Theimpact of season and sea temperature on
gill pathogens

Neoparamoeba perurans infection in our fish groups showed a sea-
sonal variation with the highest prevalence and pathogen load in
autumn and winter, and clearing of infection in spring. This is con-
sistent with the pattern observed in Norway since AGD first be-
came endemic and is likely related to the seasonal variation in sea
temperatures (Clark & Nowak, 1999; Mo et al., 2015; Sommerset
et al., 2021). Our results also further demonstrate that N. perurans
infection and AGD can be self-limiting and resolve without treat-
ment when sea temperatures fall (Clark & Nowak, 1999). Sites C and
H with the lowest recorded salinities had the lowest overall preva-
lence of N. perurans infection and AGD. Unfortunately, information
about salinity at most sites and variation in salinity at site H over time
was not available, but the low salinity likely explains the markedly
lower prevalence of AGD at sites C and H (Clark & Nowak, 1999; Mo
et al., 2015; Oldham, Rodger, & Nowak, 2016).
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In agreement with previous studies, there was a very high prev-
alence of D. lepeophtherii and Ca. B. cysticola infection in Southern
and Western Norway, and infection was established after sea trans-
fer and persisted amongst all fish groups (Gunnarsson et al., 2017,
S. Nylund et al., 2011; Steinum et al., 2015; Steinum et al., 2010;
Sveen, Overland, Karlsbakk, & Nylund, 2012). As reported by Sveen
et al. (2012) we also found that D. lepeophtherii infection and peak
D. lepeophtherii load occurred more rapidly after sea transfer for
autumn-transferred fish compared to spring-transferred fish. This
difference is likely related to the higher sea temperatures in autumn
compared to spring. However, we did not observe a seasonal and
temperature-dependent variation in pathogen load once fish groups
were infected with these two pathogens. Rather in some fish groups,
the highest levels of Ca. B. cysticola were found during the coldest
periods of the year. The highest pathogen load of D. lepeophtherii
was found during the first autumn at sea relatively early after fish
groups became infected, but no consistent increase was seen in
the subsequent autumn. This could suggest that the parasite may
infect or proliferate at higher levels in recently sea-transferred naive
fish. SGPV infection at sea appeared to have a seasonal distribution
with most infected fish detected in late summer and fall. The detec-
tion of SGPV infection after sea transfer in previously negative fish
groups is consistent with previous findings that the virus spreads
horizontally and suggests that SGPV infection also occurs in sea
water (Gjessing et al., 2017; Wiik-Nielsen et al., 2017). The disap-
pearance and reappearance of the virus throughout the sea phase
suggest that fish groups may clear the virus and become re-infected
multiple times over a production cycle. This contrasts with the lack
of reinfection reported by Gjessing et al. (2018) and indicates that
previous infection does not protect against reinfection of the same
fish group. Alternatively, the virus may persist in the population at
a very low prevalence and may proliferate and spread when condi-

tions are more favourable.

4.3 | Theimpact of the site on gill infections, gill
pathology and gill-related mortality

The patterns of gill infections, gill pathology and gill-related
mortality within each farm site were markedly more similar than
between sites indicating that factors relating to the site are impor-
tant for these outcomes. This finding is perhaps not surprising as
local environmental conditions and infection pressure likely have a
considerable impact on gill health and gill infections. Fish groups at
the same farm experience a similar environment and are generally
exposed to the same type and number of management operations
like net cleaning and delousing treatments. These fish also origi-
nate from the same stock and hatchery and had experienced simi-
lar environmental conditions and exposure to infectious agents
before sea transfer. Further, staff performing gross gill scoring and
cause-specific mortality classification may also contribute to dif-
ferences between sites because the local staff at each farm per-
formed these tasks.
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4.4 | Lackingimpact of plankton levels on
gill health

In the current study, there was no discernible impact of zoo- and
phytoplankton on any of the gill outcomes or the total mortality.
However, mostly low concentrations of plankton and jellyfish were
detected, and Pseudo-nitzschia spp. and other diatoms were the
dominating type of phytoplankton observed. Pseudo-nitzschia spe-
cies can produce toxins (Amnesic Shellfish Toxins (AST), domoic acid
(DA)) that can accumulate in the marine food chain and in mussels.
The toxins can cause serious disease in humans consuming shellfish
but are not reported to be associated with fish mortality or disease
in Norwegian waters (Karlson et al., 2021). Whilst brief and transient
phytoplankton and zooplankton blooms might have been missed
because of our sampling regime, the lack of association between
plankton levels and gill pathology and mortality in the current study
is likely related to the lack of a substantial plankton bloom at any of
the sites during the study period.

4.5 | Gill-related mortality and gill gross score as
indicators of gill health

Gill-related mortality, gross gill scores and extent of tissue dam-
age detected by histopathology were used as indictors of gill
health status in this study. We found overall weak correlations
between gross scores and the extent of microscopic gill lesions,
and low correlations and little covariation between pathogen
load and prevalence and gross scores. Our results contrast with
several studies reporting good agreement between gross scores
and histopathological scores, and gross scores and pathogen load
in fish with moderate to severe AGD and N. perurans infections
(Adams et al., 2004; Bridle, Crosbie, Cadoret, & Nowak, 2010;
Clark & Nowak, 1999). However, Krol et al. (2020) examined the
gill arch with the most gross lesions and found no difference in
gill histopathology or gene expression in fish receiving different
proliferative gill disease (PGD) gross scores, and questioned the
usefulness of the PGD gross scoring system for diagnosis and
monitoring of gill disease. Mild, focal lesions and diffuse inflam-
mation or hyperplasia can be difficult or impossible to detect
grossly (Clark & Nowak, 1999). Thus, the lack of severe gill pa-
thology and high pathogen load in most of the sampled fish likely
contributed to poorer correlation between gross and histopatho-
logical assessments in the current study (Adams et al., 2004; Clark
& Nowak, 1999; Collins et al., 2017). The area of the gill examined
by gross scorers and the histopathologist overlapped but differed
which is likely to further reduce agreement (Adams et al., 2004;
Taylor, Wynne, Kube, & Elliott, 2007). Lastly, the inclusion of mul-
tiple gross scorers with variable experience and the variation of
scorers over time, across and within sites, in addition to the use
of a scoring system that was new to the scorers, likely introduced
variation into the gross score observations unrelated to actual var-
iation in gross pathology (Adams et al., 2004). In conclusion, the
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overall poor correlation between gross and microscopic lesions is
likely explained a combination of factors, from gross scorers, scor-
ing system, histology sampling protocol and the inability to detect
mild lesion grossly. However, despite moderate to severe micro-
scopic gill lesions and a high load and prevalence of N. perurans
at site G, a concurrent increase in gross score was not recorded
for all left arches overall or for the second left gill arch sampled
for histology. This observation indicates that cases of moderate to
severe gill pathology and AGD may go undetected if gills are only
assessed by gross examination.

Cause-specific mortality was assigned as gill-related based
on gross examination of dead fish by site staff and/or fish health
personnel, information from diagnostic reports and knowledge
about environmental and managerial events at the site. Due to
the assignment of a single cause and lack of gross examination of
each dead fish, there is a risk of underestimating the contribution
of infectious diseases to the mortality observed at a site. From
human studies of verbal autopsies, it has been shown that it is eas-
ier to correctly classify mortality caused by acute, severe trauma,
than infectious or cardiovascular disease (Lozano et al., 2011).
Commonly, all mortalities occurring after a handling or treatment
event at a site are recorded as treatment-related mortality irre-
spective of other diseases present in the population or gross find-
ings suggestive of concurrent infectious disease. This may lead
to further overestimation of observable management events as
causes of mortality and an underestimation of the contribution
of infectious and non-infectious disease to the observed mortal-
ity. Individual fish dying of diseases in which gross lesions are not
readily apparent or non-specific are also more likely to be incor-
rectly classified. However, despite the weaknesses, cause-specific
mortality classification has the advantage of being fast, cheap, can
be performed on-site and by site staff and consider data from con-
current laboratory analysis. The resulting data provide an estimate
of the drivers of mortality at the population level and can be used
for future statistical analysis. But these data were not intended or
suited for studies of the interactions between pathogens or inter-
actions between infectious, managerial and environmental factors
causing gill disease. Further, the gill-related mortality data should
be considered a very conservative estimate of (severe) gill disease

in a population.

4.6 | Limitations of the study

In addition to the limitations related to the standardized sampling
and histopathological assessment discussed previously, there are
some limitations of this study related to the fact that this was a field
study performed at sites in commercial production. During the study
period at sea several fish groups were split or mixed with other fish
groups. Mixing leads to a dilution of the study fish group with fish
from one or more other pens that may have another disease history.
In contrast, the splitting of a fish group is not problematic if groups
were randomly split, but unfortunately, whether specific criteria

were applied during the splitting of one or more of our fish groups
was unknown. The inability to follow the same cohorts throughout
the production cycle could have impacted results for the sampling
points following the mixing and splitting events and lead to an un-
certainty in the estimate of the prevalence and extent of gill lesions
and gill infections within a fish group over time. The information
obtained from subsets of sampled fish were presumed to be rep-
resentative of their respective fish groups. To ensure representa-
tive samples, randomized sampling is ideal yet impossible to achieve
when performing field sampling at commercial sea farms. The use of
food to lure fish towards the surface during sampling may have led to
the collection of fish with better health than the general population
because diseased fish can become anorexic and lethargic. To have
a greater chance of detecting gill disease within the population, up
to 15 fish with clinical signs of disease should have been sampled if
available. Unfortunately, for a considerable proportion of the sam-
ples, fish health status was not recorded and it is unknown if these
fish displayed clinical signs of disease. Nonetheless, it is possible that
the sampling method led to an underestimation of the degree of gill

pathology and gill infections in the fish groups.
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