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Closed-containment (CCS) systems offer several advantages in controlling the production
environment for Atlantic salmon (Salmo salar) aquaculture, especially at sea, where fish are
more exposed to challenging environmental conditions. Here, we report the health and
welfare of Atlantic salmon in FishGLOBE V5, a 3500 m® semi-closed containment system.
A group of 200,000 post-smolts was followed from a recirculating aquaculture system
(RAS) facility, then for three and a half months in FishGLOBE V5, and three months after
release in net pens. Fish samples were collected at four time points during the production
period, while water quality was evaluated when the fish were in FishGLOBE V5. The water
quality in FishGLOBE V5 was within the recommended range for salmon post-smolts. The
mortality rate was 1.4% in FishGLOBE V5 and 4.9% in net pens. There was an increase in
the prevalence of eye, snout and dorsal fin damages before the fish left the FishGLOBE V5
phase. The plasma level of magnesium was slightly elevated during this phase as well,
indicating osmotic imbalance and stress. Histological evaluation of skin and gills showed
sporadic cases of non-specific pathologies. In particular, the transitory stay in FishGLOBE
V5 partially improved skin health, but not gill health. Gene expression profiling of some
biomarkers showed that rearing fish in FishGLOBE V5 could influence the expression of
genes involved in stress response, mucus production, and epithelial integrity. This study
documented that rearing salmon for a certain period in FishGLOBE V5 during production
affected different health and welfare indicators. These changes should be taken into
consideration for the improvement of FishGLOBE V5 as a viable technology for post-smolt
production at sea.

Keywords: aquaculture, mucosal health, semi-closed technology, stress, fish welfare, production performance

INTRODUCTION

In 2019, Norway exported 1.4 million tons of farmed Atlantic salmon and the government has the vision
to significantly increase the production in the years to come in a sustainable manner (Ministry of Trade,
La.F., 2021). This ambitious production target is dependent on how the industry battles major challenges
including sea lice (Lepeophtheirus salmonis) and escapees from the farms, both of which have serious
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economic and societal consequences. In recent years, many salmon
aquaculture stakeholders have argued that the increased production
must be achieved through the use of additional sustainable
production technologies as alternatives to the traditional net pens
that are mainly used today. New production technologies must be
proven to support optimal conditions for fish health and welfare, and
environmental functionality including stringent protection from lice
and possibilities for escapees. Floating semi-closed containment
systems (S-CCS) are an example of such sustainable systems, as
they are proven to be efficient against lice and escapees (Nilsen et al.,
2017; Nilsen et al., 2020). Floating S-CCS are aquaculture production
systems in which a physical barrier keeps the lice out of the system
and prevents the fish from escaping. Water is pumped into the
system through pipes, with the inletlocated below the level where sea
lice normally thrive. Sea lice are normally found in the surface waters,
between 1-6 m (Nelson et al., 2018; Fernandez-Gonzalez et al., 2022).
However, they may show diel cycles and have been found at 10-17 m
during daytime (Nelson et al., 2018). The vertical distribution of lice
is also highly dependent on water current and may vary a lot (Asplin
et al,, 2014). So far, these SCC systems have been used mainly to
produce post-smolt up to one kilogram and have thus far served as a
stopover before the fish are transferred to net pens, where they are
reared until harvest. This means of rearing allows the fish to stay
away from the open sea for an extended period and, thus, the chances
of sea lice infestation and escapees are lessened. Despite having a
significant potential to address biological challenges, the semi-closed
systems entail high investment costs and are today regulated
similarly to traditional net pens—that is, with license costs and
limitations in the allowed maximum biomass. The high costs and
regulatory restrictions mean that many producers and farmers of the
systems hesitate to proceed and adopt these technologies because
profitability is often not assured. To increase the likelihood of
improving the regulatory conditions for the semi-closed systems
and to further develop them into more sustainable and feasible
alternatives, there is a need for scientific documentation of fish
performance, health, and welfare in these systems, in addition to
holistic research on environmental functionality.

Because the semi-closed systems are relatively new production
technologies, the scientific peer-reviewed papers documenting their
environmental functionality and biological performance are scarce.
Most of the available literature describes and documents the
engineering aspects, particularly the hydrodynamic properties
and construction (Gorle et al., 2018; Klebert et al., 2018;
Kristiansen et al., 2018; Chu et al., 2020; Su et al., 2021). Further,
there are only a handful of publications on production capacity
(Nilsen etal., 2017) and health, welfare, and performance (Rud et al.,
2017; Balseiro et al.,, 2018; Nilsen et al., 2019). Recently, it was
reported that post-smolts from two types of semi-closed facilities
had better growth, lower FCR (feed conversion ratio), and lower
levels of cortisol compared to fish that had been raised in open net
pens (Ovrebg, 2020). In general, these publications describe
promising performance, health, and welfare in S-CCS compared
to the traditional open net pens. However, most systems are still in a
pilot/prototype stage, and further documentation of environmental
functionality and biological performance is needed, as the systems
are still developing. The scientific challenges with the prototypes are

that most of them exist in one version, thus, without replicates, and
reliable controls or reference cages. It is also important to note that
various S-CCS have different system requirements, which are major
contributory factors to how the fish behave and cope when reared in
these artificial environments. Some of the technological
developments being carried out recently include water and waste
treatment, which play an important role in ensuring that the
conditions of the rearing environment are optimal. It is being
explored how to develop systems and processes at lower costs, as
one of the major drawbacks for S-CCS and other closed systems are
that the investment costs are much higher than those for traditional
cages (Flimlin et al,, 2008; Calabrese et al.,, 2017; Moe, 2021).
Additionally, the Norwegian Food Safety Authority is requiring
welfare documentation from all new technologies; hence,
technology suppliers are obliged to document the welfare
conditions of fish in these new environments. For the most
optimal welfare monitoring and evaluation, the indicators for
monitoring may be system- and procedure-specific (Noble
etal,, 2018).

One of the S-CCSs available at present is the FisShGLOBE V5
(Figure 1A). It is a 3500 m®> S-CCS where water is pumped in
through pipes from approximately 14 m deep. The facility is located
in Lysefjorden, Rogaland County, Western Norway and is situated
on a pier approximately 100 m from land. Each of the three pumps
has a capacity of approximately 1000 L/s. The water retention time
is 20 min. The system water is oxygenated and maintains dissolved
oxygen at 90% saturation. Sludge is collected in the storage tanks.
The production offish starts with the delivery of smolt from the well
boat and they are stocked through a hatch in the roof of the system.
Feed is provided through perforated pipes that distribute feed from
the storage compartment centred 1.5 m above the water level and
horizontally to each side of the tank, thus securing even distribution
of feed (Figure 1B). Fish appetite is observed with a submerged
video camera or with a video camera placed at the filter. From the
video, feed spill is evaluated, and feeding may be adjusted according
to the fish appetite. When the fish reach the post-smolt size of over
800 g, they are transferred to the well boat via a pipe at the bottom of
the globe.

The main aim of this study was to document the fish
performance, health, and welfare in FishGLOBE V5 to support
the further development of this semi-closed system. Extensive
commercial use of FishGLOBE and other semi closed systems
demand the security of fish health and welfare, in addition to
their functionalities such as being free from sea lice and escapees.
A monitoring plan was developed in which a group of
production fish was followed during a production cycle from
the pre-smolt RAS tanks on land to the FishGLOBE V5 tank in
the fjord, and to the first months after transfer to net pens.

MATERIALS AND METHODS

Description of the Production Cycle

A group of post-smolt from Salmobreed strain (N=200,000,
average weight 233 gram) was followed from a RAS facility
(S0) to the FishGLOBE V5 system (S1 and S2; Lysefjord) and
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further on to an on-growing net pen (S3). All three production
systems are situated in Rogaland County, in the southwest part of
Norway. The documentation and monitoring were carried out
during an 8-month period from November 2019 to July
2020 (Figure 1C).

The fish were in 850 m® tanks with a density of 49 kg/m’
before leaving the RAS facility. There were no reported health or
welfare issues when the fish were in the facility. The fish were
smoltified by photoperiod manipulation, and smolt status was
evaluated using morphology and chloride levels (124 mg/1) at day
five in the sea water challenge test which was conducted one
week before transfer. FCR before transfer was 0.78. The fish
without anaesthesia were transported from the RAS facility (S0)
to FishGLOBE V5 with a well boat. The whole operation lasted
for three hours. Stocking density during transport was 20.7 kg/
m’, O, = 100.4 + 2.2%, pH = 7.7+ 0.0, and CO, = 3.2 + 0.1 mg/l
(data given as mean * SD). Once the well boat arrived at
FishGLOBE V5, the smolts were delivered through a hatch in
the roof of the FishGLOBE V5 tank. A continuous 24-h
photoperiod was maintained both at the RAS facility and in
the FishGLOBE V5.

After approximately 3.5 months inside the FishGLOBE V5
(density at the termination of this phase was 75 kg/m’) the post-
smolts were transferred through a well boat, which lasted for 3
hours, to the on-growing phase (S3) and placed in one open net
pen (160 m in circumference, 20 — 35 m deep). During the S3
cage phase that lasted from April to July the stocking density
increased from 9.6 kg/m” to 22.6 kg/m’.

Net pens

25.03.2020 07.07.2020

S2 S3

FIGURE 1 | FishGLOBE V5 and summary of monitoring programme employed in the current study. (A) Exterior photo of a FishGLOBE V5 system and (B) diagrammatic
representation of the interior, showing the upper deck and the compartment for fish rearing. (C) The monitoring programme of the group of salmon followed 3 main
phases — Phase | was the RAS phase, followed by Phase Il, where fish were transferred to FisShGLOBE V5 and reared for 3 months, and then eventually moved to net
pens. There were 4 main sampling points (S), which happened when fish were in the FisShGLOBE V5 system. Dates are given as day.month.year. (D) A photo illustrating
how fish were taken from the FishGLOBE V5 during sampling. (A) Photo: ©FishGLOBE; (B) lllustration: ©FishGLOBE; (C) Photo: Kevin Stiller

Water Quality

Several water quality parameters were measured throughout the
S0, S1, and S3 phase (Table 1). For SO and S3 the measurements
were provided by the site managers. S1 data were measured by the
project team. Due to Covid-19 restrictions, the project team was
not allowed to visit the FishGLOBE V5 facility during S2; thus,
water quality data from S2 sampling were not available. For S1,
measurements inside the FishGLOBE V5 were taken at 3-, 6-, and
9-m depths and at 2.3 m and 4.3 m from the centre wall. The data
from the different sampling positions are pooled because no
statistical differences were found between different sampled
depths or distance from the centre. Parameters including water
temperature (°C), pH, conductivity (mS/cm), salinity (ppt), O, (%
saturation), CO, (mg/l), and alkalinity (mg/l) were measured on-
site using dedicated sensors (Table 2). Water samples were sent to
AKVALab in Nofima Sunndalsera for the analysis of TSS (mg/l),
turbidity (NTU), TAN (mg/l), nitrite (mg/L), and nitrate (mg/L).
In addition to temperature, oxygen and salinity measured at S1 by
the project team (Table 1), daily recordings of these parameters
were also performed throughout S1 - S2 by site managers
(temperature: 8.2 + 0.8; oxygen: 89.3 + 1.4; salinity: 31.2 £ 0.5).

Sample Collection

Four samplings were conducted to document a suite of health
and welfare indicators. The first set of samples (S0) was taken at
the RAS facility approximately four weeks before transfer to the
FishGLOBE V5 system. The second set of samples (S1) was taken
after three weeks of acclimation in the FishGLOBE V5, while the
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TABLE 1 | Mean ( + SD) measured water quality variables during end of SO, S1 at 3, 6, and 9 m depth and at 2.3 m and 4.3 m from the centre wall, and S3. Empty

cells mean missing data.

Water quality variable RAS facility SO (end) FishGLOBE S1 Cage facility S3
Temperature (°C) 9 8.6+ 0.1 8-12 (April - July) (9.6 + 1.2)
pH 6.8 8.0+0.0

Conductivity (mS/cm) 48.6 + 0.1

Salinity (ppt) 5 30.8 £ 0.1 30.5 + 2.1

Os (% saturation) 935+24 90.7 £ 2.2
CO, (mg/L) 5.8 1.5+0.2

Alkalinity (mg/L) 122.6 £ 6.6

TSS (mg/L) 2.3+0.0

Turbidity (NTU) 0.3+0.2

TAN (mg/L) 0.3+0.0

Nitrate (mg/L) 02+0.0

Nitrite (mg/L) 0.02 £ 0.0

No SD's are available during SO. SO: data provided by site manager; S1: measurement done once at the same time as biological sampling by project team, S3: daily measurements

provided by site managers.

third set of samples (S2) was taken two weeks before transfer
from FishGLOBE V5 to the net pen. The fourth and final samples
(S3) were taken three months after sea transfer in the open net
pen (Figure 1C). Fifteen (N=15) individual fish were collected
per sampling point.

When fish were collected from FishGLOBE V5 (S1 and S2), a
small sampling net (2.5 — 3m per side, approx. 2 m deep) was
used (Figure 1D). The net was deployed in FishGLOBE V5 the
day before the sampling, and fish that had jumped into the net
were hauled out and used as specimen for the sampling. This
strategy was employed to lessen the disturbance in the system
during sample collection. Sampling from the RAS phase (S0) and
open net pen (S3) was done with a commercially available scoop
net. In all instances, fish for sampling were humanely euthanised
with an overdose of Finquel (250 mg/l). During sampling, fork
length and weight were measured. These measurements were
used to calculate thermal growth coefficient (TGC), specific
growth rate (SGR), and condition factor (CF), using the
following formulas:

{/end  weight — {/start weight
sum of degree days

TGC = *1000

SGR = [(In W2 - In W1)*100]/days

TABLE 2 | Description of sensors measuring water quality during S1 sampling.

Water quality parameter Analysing equipment or procedure

Temperature (°C) Witw Multi 3620 Probe: Wiw SenTix 980
pH Witw Multi 3620 Probe: Wtw SenTix 980
Conductivity (mS/cm) Wiw Multi 3620 Probe: Wtw TetraCon 925

Salinity (ppt) Wiw Multi 3620 Probe: Wtw TetraCon 925

05 (%) Oxyguard Handy Polaris

CO, (mg/L) Franatech

Alkalinity (mg/L) Merck MColortest Alkalinity Test 1.11109.0001
TSS (mg/L) Filtering and drying, AKVALab, Nofima (NS-EN 872)
Turbidity (NTU) Eutech Instruments Turbidimetre TN-100

TAN (mg/L) Autoanalyzer “Ol Analytical Flow Solution”

Nitrate (mg/L) Autoanalyzer “Ol Analytical Flow Solution”

Nitrite (mg/L) Autoanalyzer “Ol Analytical Flow Solution”

CF = 100  weight (g)/length’

No more than 5 min after euthanasia, blood was withdrawn from
the caudal artery using a heparinised vacutainer and centrifuged at
3000 rpm/min for 10 mins to collect the plasma, which was snap-
frozen in dry ice and eventually stored at -20°C until analysis. The
external morphological operational welfare indicators (OWT) were
assessed according to the scoring scheme described by Noble et al.
2018. Briefly, this scoring system accounts for twelve external
parameters (i.e., eye damage, operculum deformity, snot damage,
upper jaw deformity, lower jaw deformity, emaciation, vertebral
deformity, skin damage, and damage to dorsal, caudal, pectoral and
pelvic fins) defining the morphological welfare status of salmon.
Each indicator is scored using a 0-to-3 scale, where 0 means in good
condition while 3 indicates a severely compromised state.

Gills from the second gill arch and skin right below the dorsal
fin were dissected and divided into two. Half of the section
was placed in RNAlater® solution (SigmaAldrich, Merck KgaA,
Darmstadt, Germany), allowed to penetrate at room temperature
overnight, and thereafter transferred to -80°C until RNA
isolation. The other half was placed in 10% buffered formalin
(Cellstore Pot, CellPath Ltd, UK) for histological evaluation. The
fish was opened from the ventral region to expose the abdominal
cavity. The liver and heart were weighed for hepatic and cardio
somatic index, respectively (100*organ weight/ungutted body
weight). The kidney was evaluated for nephrocalcinosis based on
a 0-to-4 scoring scheme, where 0 means no sign while 4 indicates
a severe case. Cumulative mortality during the FishGLOBE V5
and net pen phases was calculated based on the data provided by
the producers.

Plasma Biochemical Analysis

Plasmatic levels of cortisol were analyzed with ELISA using a
commercially available kit (Demeditic Diagnostics GmbH, Kiel,
Germany) according to manufacturer instructions, while glucose
and magnesium levels were analyzed by the Pentra Clinical
Chemistry Analyzer (Pentra C400, HORIBA ABX SAS,
Montpellier, France).
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Histology

The decalcified gills and skin samples were embedded in paraffin
following a series of ethanol dehydration (75% — 100%), xylene
(3X) clearing, and, finally, paraffin (2X) infiltration in a benchtop
histoprocessor paraffin (Leica TP1020, Germany), cut into a 5-
um section using a rotatory microtome (Leica RM2165,
Germany) and stained with Periodic Acid Schiff-Alcian Blue
(AB-PAS) in an automated stainer (ST5010, Germany). Images
were digitalised in an Aperio CS2 digital slide scanner (USA).

Quantitative histological evaluation of the gills was performed
following a previously described method (Lazado et al., 2021).
Briefly, eight fields in the whole gill arch section were randomly
selected, with each field containing forty lamellae. Key branchial
histopathological changes were identified including lamellar
clubbing, epithelial lifting, hyperplasia, hypertrophy, lamellar
fusion, aneurysm, oedema, hyperemia, and necrosis. A lamella
that did not show any sign of damage or lesion was defined as
“healthy”. The frequency of the lesion was expressed relative to
the total number of evaluated lamellae.

For the skin, a semi-quantitative evaluation was carried out in
three randomly selected regions of around 500 pum in the
distance per area. Microscopic skin health status was scored by
blind evaluation using two key criteria: the general appearance of
the epidermis and the quality of the epithelial surface. A three-
point scale skin health scoring system was employed (Sveen
et al., 2019).

Real-Time Quantitative Polymerase

Chain Reaction (qPCR) Analysis of

Key Marker Genes

Total RNA was isolated from the skin using the Quick-RNA™
Microprep Kit (Zymo Research, USA) according to the
manufacturer’s protocol. Complementary DNA (cDNA) was
synthesised using the Tagman Reverse Transcription Kit (Applied
Biosystems, USA) in a 20 UL reaction mixture containing 9.6 UL of
500 ng template RNA, 2 uL of 10X RT Buffer, 1.4 puL of 25 mM
MgCl2, 4 uL of 10 mM dNTP mix, 1 puL of Rnase Inhibitor, 1 uL of
MultiScribe'™ Reverse Transcriptase, and 1 uL of Random
Hexamers. Thermocycling was carried out in a Veriti' 96-Well
Thermal Cycler (Applied Biosystems, USA) following this protocol:
25°C for 10 min, 37°C for 30 min, and 95°C for 5 min.

The transcript levels of selected genes with involvement in
epithelial integrity, stress response, mucin, and antibacterial
defence were quantified by real-time quantitative polymerase
chain reaction (RT-qPCR) in the QuantStudioTM 5 Real-Time
PCR System (Applied Biosystems, USA). The reaction mixture
contained 5 pL of PowerUp' " SYBR™ Green Master Mix
(Applied Biosystems, USA), 0.5 uL 10 pM of each forward/
reverse primer (Invitrogen, USA), and 4 uL of 1:10 cDNA. The
cycling param were as follows: pre-incubation at 95°C for 20 sec,
amplification with 40 cycles at 95°C for 1 sec and 60°C for 20 sec,
and a dissociation stage of 95°C for 1 sec, 60°C for 20 sec, and
95°C for 1 sec. A five-step standard curve of two-fold dilution
series was prepared from pooled cDNA to determine the
amplification efficiencies. Gene expression was normalised by
the geometric mean of three reference genes (Elongation factor

alpha-1, Acidic ribosomal protein, and B-actin), as described
previously (Nagasawa et al, 2012). Primer sequences of the
genes used in the study are provided in Supplementary Table 1.

Statistics

The production and physiological data were expressed as
mean * SD and analyzed by one-way ANOVA when data were
normally distributed. When normal distribution was not the
case, as for the physiological stress data, Kruskal-Wallis test
followed by Conover-Iman post hoc test was performed.
Statistical significance was defined when P < 0.05.

A Shapiro-Wilk test was used to evaluate the normal
distribution and a Brown-Forsyth test to check for equal variance
of the gene expression and histological data set. One-way ANOVA
was then employed to investigate significant differences over time.
In addition, the Holm-Sidak test was used to identify pairwise
differences. All statistical tests were performed using SigmaPlot 14.0
Statistical Software (Systat Software Inc., London, UK).

Data from external welfare score were not statistically treated
because the data are given as proportions. These data are
therefore presented as descriptive data (Kolarevic et al., 2021).

RESULTS

Production Performance Param

During the time that the fish were in the FishGLOBE V5
(S1 + S2), the cumulated mortality was 1.4%, while it was 4.9%
during the net pen phase (S3) (Figure 2).

From the SO sampling at the RAS facility (November 2019) to
S3, three months after sea transfer to the net pens (July 2020), the
fish grew from 238 g to approximately 1.4 kg (Figure 3A).
Expressed as SGR (Figure 3B) and TGC (Figure 3C), the best
growth period was when the fish were inside the FishGLOBE V5
(S1 - S2). Between 9 January 2020 (S1) and 25 March 2020 (S2),
SGR was 1.3 while TGC was 4.0 (Figures 3B, C). For the entire
period, from the initial sampling to the last sampling in
the open net pen phase (S0 - S3), SGR and TGC were 0.7 and
2.5, respectively.

The condition factor (CF) is given in Figure 3D. The CF was
significantly lower both at the first three weeks inside the
FishGLOBE V5 (S1) and at S3 (three months after sea transfer)
(P <0.001). CF between S0 and S2 did not significantly differ.

The hepatic somatic index (HSI) was highest at S1 and lowest
at S3 (Figure 3E). HSI at S1 was significantly higher (P < 0.001)
compared to all time points. The cardio somatic index (CSI)
increased from SO to S2 (Figure 3F). CSI in S1 and S2 was
significantly higher than in S0 and S3 (P < 0.001).

Weekly sea lice count of 20 fish every week showed no lice in
the period between S1 and S2 for the present population.
Additionally, no fish escaped from the system during this period.

Changes in External Morphological
Welfare Indicators

None of the sampled fish were visually scored for
nephrocalcinocis in the FishGLOBE V5 or the time thereafter
(S1, S2, or S3; Table 3). However, in the RAS phase (SO,
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FIGURE 2 | Fish mortality. Cumulative mortality (%) in FishGLOBE V5 (blue line) and three months after release to net pens (orange line). Registrations of dead fish

Table 3), 20% of the sampled fish were visually scored with
nephrocalcinocis level 1, and 2% were scored with level 2.
There was a high prevalence of eye damage (43 - 54%) in the
FishGLOBE V5 and in the net pen (S1 - S3, Table 3), though the
proportion declined with time. There was also a moderate
prevalence of operculum damages (17 - 23%); however, no
apparent trend during the production cycle. The proportion of
snout injuries increased, around 17% of snout damages were
observed after sea transfer compared to 6% from the first period
in FishGLOBE V5. Cases of emaciation increased following transfer
to FishGLOBE V5 (S1), but thereafter showed decreasing
prevalence. Jaw and vertebral deformities were low in prevalence.

A majority of the sampled fish had slight damages (1 on the
scale) in the pectoral fins similar at all sampling points. Fish with
more serious (>2) pectoral fin injuries were minimal. Caudal fin
damage was accounted for in up to 98% of the sampled
population and increased with time. A considerable number of
fish had severe pelvic fin damage, and up to 44% of the fish had a
damage score of 2, particularly during the period S1 to S3
(Table 3). The proportion of fish with pelvic fin injuries with a
severity score of 3 increased when the fish were transferred to the
net pen. As for the dorsal fin, the severity of the injuries increased
as the fish became bigger, and there were several fish with a
severity score of 3 at S2 and S3, respectively.
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FIGURE 3 | Performance indicators. (A) weight (g), (B) specific growth rate (SGR,%), (C) thermal growth coefficient (TGC), (D) condition factor, (E) hepatic somatic
index (%) and (F) cardio somatic index of the representative fish (N=15) during the 3 phases of production. Values are provided as mean + SD (A, D-F). Different
letters indicate significant different at P < 0.05, analyzed by ANOVA followed by a Tukey post-hoc test
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TABLE 3 | Prevalence of damage, deformities, emaciation and nephrocalcinosis (% Individuals), n = 30) of evaluated external morphological operational welfare
indicators [OWI, scored from O (lowest) to 3 (highest) prevalence] recorded at 3 different time points (TO = RAS facility, T1 and T2 = FishGLOBE V5, T3 = net pen

facility).

Measurement SO0 S1 S2 S3

OWI score 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

Prevalence of Damage (% Individuals)

Eye damage 100 0 0 0 0 24 29 0 46 32 22 0 57 40 3 0
Operculum damage 82 16 2 0 84 15 2 0 78 22 0 0 7 23 0 0
Snout damage 100 0 0 0 96 4 0 0 94 6 0 0 83 10 7 0
Upper jaw deformities 100 0 0 0 91 9 0 0 92 8 0 0 97 3 0 0
Lower jaw deformities 100 0 0 0 100 0 0 100 0 0 0 100 0 0 0
Emaciation 100 0 0 0 85 ihl 4 0 94 6 0 0 97 3 0 0
Vertebral deformities 98 2 0 0 100 0 0 98 2 0 0 100 0 0 0
Skin damages 0 88 12 0 0 84 16 0 0 38 58 4 0 17 63 20
Dorsal fin 16 80 4 0 6 93 2 0 0 48 50 2 0 7 20 3
Caudal fin 14 86 0 0 2 98 0 0 0 98 2 0 0 97 3 0
Pectoral fins 0 96 4 0 0 84 16 0 0 92 8 0 0 93 7 0
Pelvic fins 40 58 2 0 0 62 38 0 0 56 44 0 3 47 43 7
Nephrocalcinosis 78 20 2 0 100 0 0 0 100 0 0 0 100 0 0 0

Changes in Physiological Stress Indicators
Plasma cortisol showed large individual variations at S0, S1, and
S2, and was significantly higher during the last part of the
FishGLOBE V5 phase compared to the first phase (S1: 287.8 +
203.8 nmol/L; S2: 426.2 + 262.4 nmol/l, P < 0.001) (Figure 4A).
The cortisol levels of fish sampled in the net pen phase (S3: 42.0 +
29.9 nmol/L) was significantly lower compared to all previous
phases (P < 0.0001).

The four sampling points differed regarding plasma glucose
levels (P = 0.01), where average values were a little above 6
mmol/L (Figure 4B). Both SO and S1 sampling points were
significantly lower compared to S2 and S3. Plasma magnesium
levels increased from SO (1.0 + 0.1 mmol/l) to S2 (2.6 = 7.0
mmol/l), where the level in S2 was significantly different from all
sampling points (Figure 4B). The magnesium level between S1
(1.5 £ 0.9 mmol/L) and S2 was significantly different, and both

timepoints differed significantly with SO (P < 0.0001). Mg for S3
was 1.8 + 0.4 mmol/L.

Histological Status of Gills and Skin

Histology was focused on two mucosal organs: gills (Figure 5) and
skin (Figure 6). Almost 60% of the evaluated filaments in all
sampling points were regarded as “healthy” (Figure 5A). Epithelial
lifting, lamellar clubbing, hypertrophy, and hyperplasia were the
most frequent pathologies (Figures 5A-E) and accounted for 30%
of the assessed lesions. There were no statistical differences
between SO - S3 for the different gill conditions. The lowest
percentage of filaments with healthy status relative to the total
amount of evaluated filaments was registered at S1, immediately
after the transfer from the RAS facility to FishGLOBE V5. A
higher proportion of gills with the condition “lifting” was also
documented at this time point.
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FIGURE 4 | Plasma stress indicators. The levels of (A) cortisol (hnmol/l) and (B) magnesium and glucose (mmol/l) were analyzed in the representative fish (N=15)
during the 3 phases of production. Values are provided as mean + SD Different letters indicate a significant difference at P < 0.05, analyzed by Kruskal-Wallis test
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FIGURE 5 | Gill health status. (A) Quantitative histological evaluation was performed in a group of fish from the four sampling points, where common gill pathologies
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structure and fair distribution of mucus cells, and some of the pathologies identified, including (C) clubbing, (D) hyperplasia at the base of the filament, with an increased
number of mucus cells, and (E) aneurysm and advanced stage of hyperplasia. The data represent the evaluation from 15 individual fish (N=15) per sampling point.

Skin histological condition was assessed by two criteria: 1)
general appearance and 2) skin surface quality (Figure 6A).
Though there was considerable variability in the scores for the
general appearance of the skin, no significant temporal
differences were observed (P = 0.091). Nonetheless, the average
scores were above 1.5, which was midway in the 0-to-3 scoring
scheme used. In addition, the average scores for S1 and S3 were
almost at the same level. In most of the fish evaluated, the skin
surface was rough and had a missing epidermis (Figure 7C). The
average scores for SO, SI, and S3 were above 2. There was a

significant change in the status of the skin surface quality from S1
(right after transfer to FishGLOBE V5) to S2 (right before fish
were taken out of the FishGLOBE V5), with a significantly lower
score found in the latter (P = 0.008).

Gene Expression in the Skin

To further elucidate the changes in the skin, we performed
expression analysis of selected genes with key roles in tissue
structure and integrity, stress, mucus biochemistry, and
immunity (Figures 7, 8). From the genes important for tissue
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FIGURE 6 | Skin health status. (A) Histological evaluation of the skin was carried out by identifying the status of two key criteria, general appearance and surface
quality, using a 0-to-3 scoring scheme. Different letters indicate a significant difference at P < 0.05. The data represent the mean + SD of 15 individual fish (N=15) per
sampling point. Representative histological photos of (B) healthy skin, with defined epidermal and dermal layers, and (C) comprised skin, where the surface is rough
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FIGURE 8 | Expression of key genes important for (A-C) mucin and (E, F) antibacterial defence in the skin. Different letters indicate a significant difference at
P < 0.05, analyzed by ANOVA followed by a Holm-Sidak post-hoc test. Values are presented as mean + SD of 15 individual fish (N=15) per sampling point.

structure and integrity, keratin, type I cytoskeletal 20 (krt20,  tendency during the production cycle while the expression of
P = <0.001), B-cadherin-like (cadhl, P = <0.001), epithelial  cadhl and emp3 was significantly elevated at S2 compared to
membrane protein 3 (emp3, P = 0.009), and thrombospondin-2  other time points. In addition, there was a significant difference
(thbs2, P = <0.001) demonstrated significant temporal changes  in the expression of cadhl, emp3, and thbs2 between S1 and S2.
(Figures 7B, E, F). Krt20 and thbs2 showed an increasing  For stress genes, only heat shock protein 90 (hsp90, P = <0.001)
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showed significant changes (Figure 7I), where the level at the
later part of FishGLOBE V5 phase was significantly higher
compared to SO and S3, but not with S1. There were significant
temporal changes in the expression of all mucin genes in the skin
(Figures 8A-C). The expression patterns among these genes
showed high similarity with each other, that is, a significant
downregulation after transfer to FishGLOBE V5 and elevation at
the end of production in the system (S2), specifically with mucin
5b (muc5b, P = 0.001) and mucin 2 (muc2, P = 0.002). From the
selected antibacterial defence genes, only defensin (def, P = 0.004)
showed significant changes during production, with a decreasing
tendency observed from SO to S2. The expression of def from S1
to S3 did not significantly vary.

DISCUSSION

The study documented the health and welfare of a group of
Atlantic salmon from a land-based RAS farm until three months
after transfer to a net pen at sea, where, in between these
productions, fish were reared in FishGLOBE V5, a novel semi-
closed containment system. The use of semi-closed systems in
the industry is still at a pilot stage, and most of the systems
available still exist as one unit (N = 1) with no reference cage
nearby. This has been considered a major challenge in several
studies documenting the biological consequences of rearing fish
in S-CCS prototypes (Balseiro et al., 2018; Karlsen et al., 2018),
since we at present lack the possibility of controlled experiments
with reliable replicates and controls. Also, most farmers are
prohibited by regulations to place a reference cage so close to
the semi-closed system. We are aware of these limitations, but
still, the present study is needed to further develop the systems
that are believed to be of importance for future salmon
aquaculture since they have shown to be very promising
regarding lice and escapees. One alternative in future study
would be to replicate the study with new populations in the
same system, but this also entails a certain limitation since
populations differ in so many ways. This may require advanced
mathematical models, so that monitoring data can be compared.

The water quality inside the FishGLOBE V5 was within the
recommended levels for salmon post-smolts. Optimum
hydrodynamics is important for even distribution of good
water quality in all areas of the system to secure fish health
and welfare. In addition, optimal hydrodynamics helps the self-
cleaning of the system. Though not provided in this paper, the
hydrodynamics inside the FishGLOBE system were monitored
and found to be sufficient in ensuring that the parameters are
within the limits supporting the biological requirements of post-
smolts (Espmark et al., 2020).

The mortality inside the FishGLOBE V5 was low, at 1.4%, but
increased to 4.9% during the first three months following transfer
to net pens (S3). The mortality reported by the production staff
was mainly attributed to weaker fish that did not grow. The
weight from SO to S3 was steadily increasing, with the best
growth, in terms of SGR and TGC, during the 3.5 months that
the fish stayed inside the FishGLOBE V5. The growth in

FishGLOBE V5, in terms of SGR and TGC, is also acceptable
with reference to commercial growth tables and reference studies
(Espmark et al., 2017; Ytrestoyl et al., 2020). The drop in SGR
and TGC from S2 to S3 was likely not associated with a drop in
condition, but rather that the growth inside the FishGLOBE V5
was much better than during three months after transfer to cage,
since SGR and TGC in the cages were not low compared to the
mentioned references. Decreased growth right after transfer to
new systems is expected, but in this case, the transfer from SO to
S1 did not cause a drop in growth, while transfer from
FishGLOBE V5 to cage showed the expected drop. Also, the
condition factor (CF) indicates that the fish at all sampling points
were in good condition. The drop in CF from SO to S1 may be
due to sea water transfer (Alne et al., 2011). The second drop in
CF from S2 to S3 may also be due to transfer. However, it is
worth mentioning that the condition factor during S3 was
approximately 1.2 and not low compared to benchmark studies
(e.g., Ytrestoyl et al.,, 2020).

The cardio somatic index was higher inside FishGLOBE V5
(S1 - S2) compared to both phases before (S0) and after (S3).
Larger hearts may be a consequence of training (Ytrestoyl et al.,
2020) and can be seen as an indicator of good condition in fish.
However, the benefit of increased CSI is not conclusive
(Timmerhaus et al., 2021). Also, the hepatic somatic index
showed differences between the phases, with significantly larger
HSI during S1, and significantly lower HSI during S3. Smaller
HSI during the sea phase (S3) was likely a direct effect of the fact
that the fish was bigger in size. Also, larger HSI during the first
period of the FishGLOBE V5 phase (S1) in relation to S2 and S3
can be fish-size-related. We would like to emphasise that the HSI
was calculated from un-gutted fish. HSI is also considered to be
an indicator of feeding status, where low feeding rate may result
in smaller livers (Pandit and Gupta, 2019). Since in this study we
did not systematically control and determine feed intake, we do
not have reliable data to verify the difference in feed intake
between the sampling points.

The general external welfare status was not sub-optimal and
that rearing fish in FishGLOBE V5 did not have substantial
negative consequences for the fish. Nonetheless, some indicators
presented concerns for future consideration. Over 50% of the
evaluated fish during the FishGLOBE V5 phase, regardless of
whether it was during the early or late period of rearing,
exhibited varying degrees of eye damages. Cataracts have many
different causal factors, such as genetic conditions, nutritional
deficiency, and water temperature (Hargis, 1991; Ersdal et al,
2001). Cataracts in fish are often considered irreversible, but
osmotic cataracts have been reported to be reversible (Hargis,
1991). We could not establish the cause of the increased cases of
cataracts, however, the moderate osmotic imbalance after sea
transfer (SO to S1) could be linked to the reported eye lesions.
Around 25% of the evaluated fish demonstrated opercular
shortening and allowing the fish to stay in FishGLOBE V5
prior to the open net pen did not aggravate the condition.
Operculum deformities seem to have genetic causes, in
addition to problems that occurred in early larval stages
(Galeotti et al., 2000). This deformity can be an influencing
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factor for infection because gills are more exposed to the
environment in malformed operculum (Lazado et al., 2020).
This reflects some non-specific pathologies inferred from gill
histology. The fish in this study showed increased snout damage
from 6% to 17% from S1 to S3. This may originate from
transport out of the FishGLOBE V5 and exemplify the issue of
increased mechanical damage during transport in salmon (Sveen
et al., 2020).

Fin erosion or damage is considered an important visible
measurement of the welfare of the animals (Noble et al., 2007).
These damages can be caused by several factors during
production including handling, pumping, water velocity,
density, pathogenic infection, and/or aggression (Timmerhaus
et al., 2021). Salmon commonly exhibit fin damage at farms
(Noble et al., 2007; Noble et al., 2018), and, usually, “mild” forms
of damage (small area affected) are not potentially harmful at
first, though when fish are crowded or stressed, and if water
quality deteriorates, the condition rapidly increases in severity
and causes serious damage to the affected animals. Except for
dorsal fin damage, the FishGLOBE V5 phase did not worsen the
cases of fin damage. The prevalence of dorsal fin damage with a
score of 2 increased at the end of the FishGLOBE V5 phase but a
considerable recovery was noted during the net pen phase.

Skin damage by visual gross scoring did not correspond well
with the histology results, and the methods of evaluation could
account for this difference. The gross scoring of skin evaluates
the overall appearance of the skin surface while histological
evaluation covers only a small portion. Nonetheless, both offer
insights into the skin health status. The increased cases of higher
scores (>2) for skin damage in S2 and S3 could be attributed to
multiple factors, though very likely they were caused by the
increased density (from S1 to S2) and handling and transport-
related stress during transfer from FishGLOBE V5 to the net pen.
Mechanical-related skin wounds are often an issue in salmon
reared in high densities, and could be predisposing factors for
infections (e.g. winter ulcers) (Sveen et al., 2020). In the future, it
would be interesting to follow, at several time points during the
FishGLOBE production, the skin gross appearance to establish
whether rearing in this system has a pronounced impact on skin
quality and the development of the damage. Nonetheless, most of
the skin damage accounted for minor scale loss
and haemorrhaging.

Nephrocalcinosis has been identified as a growing concern in
salmon farming, especially in the last few years and it appears to
be as common in flow-through as in RAS systems (Klykken et al.,
2021). Around 20% of the fish evaluated during the RAS phase
exhibited mild nephrocalcinosis (scores 1 and 2). Though there is
an ongoing debate over the main causes of such a condition,
water quality, such as the increased use of seawater during the
hatchery stage, and CO, in RAS, have been implicated as
potential causal factors (Fivelstad et al., 2018). It is important
to highlight that the CO, levels were very low both during the
RAS and FishGLOBE V5 phase and far below the threshold that
has been shown to influence fish welfare (Skov, 2019). It is
interesting to highlight that not a single case of nephrocalcinosis
was identified during the FishGLOBE V5 and net pen phases.

Despite the limited sampled fish, this suggests the possibility that
the conditions in FishGLOBE V5 did not trigger
nephrocalcinosis, or it could be that the condition in the
system allowed the fish to recover. This supports the recent
survey that mild nephrocalcinosis appears to be reversible after
transfer to sea (Klykken et al., 2021).

Cortisol, the commonly measured primary stress hormone,
was elevated in S1 to S2, compared to S3. In particular, the
cortisol level at the beginning of the FishGLOBE V5 phase (S1)
was lower than at the end period in the system (S2). In conditions
that are less controlled, as in the present study, numerous factors
might have influenced this profile, which could be difficult to
single out. One example is the fact that the fish were sampled in
different ways, because different systems required different
strategies. While scoop-net was used in tanks and cage, the
inserted net was used in FishGLOBE V5 to obtain a better
representative sample in this huge system. However, the values
were very similar to those of previous studies, demonstrating the
cortisol response after stress induction in salmon. The values at
S3 were close to the baseline resting cortisol levels in salmon.
There were small but significant differences in plasma glucose
level among sampling points, where fish sampled during the last
part in FishGLOBE V5 (S2) and in sea cage (S3) phase had
slightly higher glucose levels compared to the two first stages in
RAS (S0) and early phase in FishGLOBE V5 (S1). The glucose
ranged from 6 - 6.7 mmol/L and indicated mild stress, which
partly indicates that the increased cortisol level was not chronic
but an instantaneous response, likely due to handling-related
stress during sampling. Despite the calming effect of anaesthesia,
it is known that different chemicals, including Finquel, as used in
this study can cause an immediate increase in physiological stress
indicators such as cortisol. However, the increase is more severe
if the fish are repeatedly exposed over time, and it is not expected
to be large compared to the increase in cortisol because of
handling (Zahl et al., 2012). In this study all fish were treated
similarly, and Finquel was used for euthanasia.

Plasma magnesium is normally between 1 — 2 mmol/L. Levels
deviating from this often indicate stress and a poor ability to
regulate osmoregulation (Iversen and Eliassen, 2009). Here
plasma Mg increased to 2.6 mmol/L in S2, indicating a slightly
weakened seawater adaptation. The shift in salinity from 5 ppt in
SO (RAS) to 32 ppt in S1 and S2 (FishGLOBE V5) may have
caused the significant increase in Mg (Bakke et al., 1991).

The skin and gills are multifunctional mucosal organs that
represent the first line of defence in fish (Cabillon and Lazado,
2019). Because of their direct contact with the environment, their
responses are often regarded as a reflection of the quality of the
environment. Histological evaluation revealed that gill health status
did not improve during the stay in FishGLOBE V5. Lifting,
clubbing, and hyperplasia were the 3 pathologies that constituted
the major deviations in the analyzed gill samples, accounting for 25
- 30% of the recorded cases. On the other hand, we can also state
that rearing in FishGLOBE V5 did not worsen these structural
alterations. As for the skin, the surface quality was significantly
influenced during the early period in FishGLOBE V5. At the
beginning of the period in the system, the skin surface exhibited
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roughness and, in many cases, the epidermal layer was missing. The
skin significantly recovered at the latter phase of rearing in
FishGLOBE V5, with an average score less than 2. This may
indicate that the rearing environment provided a condition for
the skin to partially recover. It may be that the elevated score in S1 is
due to handling during transfer. Skin health, characterised by
lesions and wounds, is a known issue for salmon during
transportation from one production unit to another (Noble et al.,
2018; Lazado et al., 2020; Sveen et al., 2020).

To further elucidate the observations in the skin, we
performed gene expression analysis of key genes for tissue
structure and integrity, stress, mucus, and antibacterial
defence. The biological function of EMP3 is not fully known,
but current evidence linked it to cell-cell interactions, control of
cell proliferation, and apoptosis (Taylor and Suter, 1996). Both of
the emp genes were significantly influenced by time in the
current study, where a significant increase in expression from
S1 to S2 was observed. It was earlier reported that these genes
have been implicated in the skin development of salmon in S-
CCS (Karlsen et al., 2018). Their pronounced regulation at the
end of the FishGLOBE V5 phase likely contributed to the
observed improvement in surface quality, as they may have
facilitated the regeneration process. Two other genes, krt20 and
thbs2, have key functions in the extracellular matrix (ECM) of
skin (Agah et al., 2004; Rakers et al., 2010; Karlsen et al., 2018)
and their increasing expression as the production progressed
could be attributed to the changes relative to growth and further
development of the skin in seawater (Karlsen et al., 2018). In a
study by Sveen et al,, (Sveen et al,, 2019), ECM proteins were
shown have key involvement in the early of wound healing
mechanisms in the skin of salmon. The viscous mucus is an
impervious gel, which acts as a lubricant, a physical barrier, and a
trap for microbes (Linden et al., 2008; Osorio et al., 2022). Here,
we identified a significant temporal variability in the expression
of mucin, the major glycopolymeric component of mucus, in the
skin during the production cycle. We also observed that
following transfer to FishGLOBE V5, mucin expression
decreased, then was elevated again at the end of the rearing
phase in the system. The elevated expression of mucins at S2
relative to S1 was perhaps a form of recovery response in the skin
provided by the FishGLOBE V5 environment.

In summary, the monitoring programme employed in the
current study documented the health and welfare of salmon from
a RAS facility until transfer to a net pen. FishGLOBE V5, a S-
CCS, was employed as a transition rearing phase between RAS
and net pen. The adoption of S-CCS in salmon farming can
shorten the time for the fish in on-growing net pens where they
are more vulnerable to infection and erratic environmental
conditions. Overall, we have shown that allowing salmon to
stay for some time in FishGLOBE V5 did not significantly affect
fish health, welfare and performance. Water quality in
FishGLOBE V5 was within the threshold that supports a good
rearing environment for salmon. This was reflected in the
desirable growth, moderate mortality, and a potential recovery
from nephrocalcinosis. The prevalence of eye, fin, and skin
lesions following transfer to FishGLOBE V5 should be

considered in the risk assessment with regard to the use of this
S-CCS. Skin health may have benefited from the transition phase
in FishGLOBE V5 based on the skin quality immediately after
transfer compared to the end of the FishGLOBE V5 phase.
Indications of stress induction including elevated plasma
cortisol and magnesium levels should also be taken into
consideration in the further development of this prototype.
Future verification trials for FishGLOBE system and similar
semi-closed systems should aim for including replicated
systems and comparing reference net pens situated in locations
with almost similar environmental conditions, including
documentation of the temporal variability of different factors.
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