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1  |  INTRODUC TION

In 2018, nearly 1.36 million tons of farmed fish were produced in 
Norway, with the production of Atlantic salmon accounting for 

95% of the total aquaculture volume, making Norway the largest 
producer of Atlantic salmon in the world (Statistics Norway, 2019). 
However, the governmental projections is to achieve a five- fold in-
crease in aquaculture production by 2050, presuming sustainable 
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Abstract
The Norwegian salmon industry faces challenges related to sea lice (Lepeophtheirus 
salmonis) infestations, escapees, diseases and environmental impact. Semi- closed 
containment systems (S- CCS) have been proposed to abate these challenges. In the 
S- CCS, cultured fish are separated from the natural environment by a physical barrier, 
reducing the time fish spend in open sea cages. Production data from six cohorts of 
salmon were used to compare growth and performance of fish raised in S- CCS and in 
open sea cages (control group) incorporating different seasons. The study was carried 
out in two phases. Phase one used post- smolts from approximately 100 to 800 g in 
seawater, and fish in S- CCS were compared with a reference group from an open sea 
cage. The second, grow- out phase covered the size range from approximately 800 to 
5000 g in open sea cages; here fish previously reared in S- CCS were compared with 
fish from a control group. The study showed a significantly lower infestation of sea 
lice in S- CCS (0.02– 0.04) fish compared with the control group (0.18– 0.62) during 
the post- smolt phase. Furthermore, in the grow- out phase the S- CCS group showed 
higher growth rate and higher final weight (4680 g [spring], 4890 g [fall]) for the S- CCS 
group compared with the control group (3800 g [spring] and 4080 g [fall]). Salmon 
raised in S- CCS showed significantly higher survival compared with the control group 
in open pens, indicating increased resilience in fish raised in S- CCS when transferred 
to open net pens in sea. It is concluded that S- CCS have advantages compared with 
exposure to the natural environment in open pens in western Norway.
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environmental growth (Olafsen et al., 2012). But challenges con-
cerning pathogens, diseases and sea lice (Abolofia et al., 2017), es-
capes and is possible negative effect on wild stocks (Anon., 2011; 
Costello, 2009a, 2009b; Glover et al., 2012) have lead to stagnation 
in production volume. A key factor in abating the current challenges 
of open sea cage farming is to reduce the open sea cage period. 
This reduction will reduce the exposure period to challenges such 
as sea lice and diseases. In addition, larger smolts are more resilient 
and capable of handling the transfer to open net pens in seawater 
(Ytrestøyl et al., 2015).

The Atlantic salmon is now referred to as post- smolt until 
it reaches a weight of 1 kg (Hjeltnes et al., 2017). The post- smolt 
phase in open seawater is considered to be the most critical, due 
to physiological and environmental challenges such as adaptation to 
seawater, exposure to pathogens and suboptimal water conditions. 
Consequently, 20% of the smolt transferred to sea cages are lost be-
fore reaching harvest size (Hjeltnes et al., 2017). To mitigate this sit-
uation, it has been suggested that farmers should produce larger and 
more robust post- smolt as a strategy to reduce production- related 
losses in open sea cages (Hagspiel et al., 2018). Hence, innovative 
technologies are emerging in the aquaculture industry, making it 
possible to move part of the post- smolt phase to land- based, closed, 
recirculating aquaculture systems (RAS) or using floating semi- 
closed containment systems (S- CCS) in the sea (Thorarensen & 
Farrell, 2011). One examples of floating semi closed systems in sea is 
the Preline raceway platform (Preline Fishfarming system and Lerøy 
AS). Introduction of these systems could have an impact on limiting 
the environmental challenges, which include sea lice infestations, 
outbreak of diseases, escapes, organic waste and delousing agent 
pollution. In addition, the temperature profile will differ between 
an S- CCS system and an open sea cage system during the season. 
The temperature in seawater (surface) during summer is higher in 
an open net pen compared with S- CCS and is the opposite during 
winter. These variations in temperature will affect growth and feed 
conversion in fish during seasons (Talbot, 1993). Utilizing water from 
low layers, allows for more stable conditions (temperature and sa-
linity) that might have a positive effect on the welfare and growth 
of the fish (Rosten et al., 2011). The S- CCS system may also reduce 
central environmental challenges, such as organic waste emissions, 
spreading of sea lice and escapees (Rosten et al., 2011). Recent stud-
ies have shown a low mortality rate for post- smolt reared in closed 
containment systems with optimal density (Calabrese et al., 2017; 

Ytrestøyl et al., 2015). Further investigation of the biological perfor-
mance in terms of growth, feed conversion, mortality and resilience 
of Atlantic post- smolt reared in S- CCS is required to assess the ap-
plication of this technology.

This study investigates the use of floating S- CCS (Preline) in six 
grow- out stockings of commercial post- smolts production where 
the smolt were reared in the S- CCS system prior to grow- out in open 
sea cages. The aim of the current study was to determine whether 
different rearing conditions (S- CCS and open net pens) growth of 
farmed Atlantic salmon.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental fish and conditions

In all cohorts (Table 1), the eggs were incubated at approximately 
8– 10°C. The alevins were first fed approximately 390- degree days 
(d°C) post- hatching, in 6 m tanks (circular, green, fibreglass, rearing 
volume 75 m3) at constant light and in heated water (approximately 
13– 14°C).

To stimulate parr- smolt transition, a traditional photoperiod re-
gime was conducted for all cohorts (Handeland & Stefansson, 2001). 
The treatment included a decrease in day- length from LD24:0 to 
LD12:12 for 5 weeks, followed by another 4 weeks on LD24:0. At 
the end of photoperiod treatment, fish in all cohorts showed typical 
morphological and physiological changes characteristics of smolting, 
including dark fin margins and silvery scales and high gill NKA activ-
ity (McCormick, 1993; Stefansson et al., 2003). When the fish had 
completed the parr- smolt transformation, the group was split into 
two equal- sized groups (S- CCS and control group) and transferred 
to seawater by a well boat within 3 weeks.

2.2  |  Experimental design

The fish used in this study were 0+ and 1+ Atlantic salmon smolts 
of the Salmobreed strain produced by Lerøy Sjøtroll AS (Hordaland, 
Norway) from hatching to the smolt stage.

Before seawater transfer, each cohort was divided into two 
groups: Preline (S- CCS) and control group. The groups were then 
followed through two experimental phases:

Cohort
Smolt  
(0+, 1+)

Incubation 
temperature

Degree 
days

First feeding 
date

Rearing 
temperature

Cohort 1 1+ 7.4°C 824 11.05.14 10.2°C

Cohort 2 0+ 7.5°C 914 14.02.15 15.1°C

Cohort 3 1+ 7.4°C 810 08.05.15 10.1°C

Cohort 4 0+ 7.4°C 902 18.02.16 15.0°C

Cohort 5 1+ 7.5°C 826 13.05.16 10.2°C

Cohort 6 0+ 7.5°C 915 09.02.17 15.1°C

TA B L E  1  Summary of rearing 
conditions in freshwater stage (cohort, 
strain) and production data (smolts, 
incubation temperature, degree days; 
from fertilization to first feeding, first 
feeding date, rearing temperature)
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2.2.1  |  Phase 1. Post- smolt in seawater

In the period from May 2015 to February 2019, a total of six cohorts of 
salmon post- smolts were transferred from freshwater to seawater rear-
ing systems (S- CCS and control) by well boat. Cohort 1, 3 and 5 were 
stocked during spring, and cohort 2, 4 and 6 were stocked during fall.

In phase 1 the S- CCS groups were reared for 4– 6 months. 
Rearing conditions are shown in Table 2.

2.2.2  |  Phase 2. Grow- out phase in seawater

After undergoing post- smolt phase (4– 6 months), the S- CCS fish 
were transferred by a well boat to a new location equipped with 
traditional sea cages for a further grow- out phase (Figure 1), where 
they grew 10– 12 months (final weight phase 1) to 3360– 5700 g (final 
weight phase 2). The grow- out experiment lasted until the first of 
the two groups (S- CCS and control) were slaughtered. Rearing con-
ditions for this part of the study are shown in Table 3.

2.3  |  Experimental facilities: S- CCS system (preline)

The six S- CCS groups were stocked at the Lerøy Vest AS facilities at 
Sagen (60°20.903’ N 5°38.640′ E) in the Trengereidfjord, Samnanger 
in Hordaland (S- CCS). The S- CCS consisted of a 50 m- long raceway 
platform with an elliptical cross- section (Figure 2). The S- CCS has a 
rearing volume of 2000 m3 with a max water flow of 400 m3/min. The 
inlet water was pumped from a depth of 30 m (total depth 100 m). At 
each end of the system, propellers create a continuous water flow 
through the raceway and the water exchange rate was approximately 
4– 5 min (current 12– 15 cm/s, Vector 3D acoustic Velocimeter, Nortek 
AS, Norway). Oxygen concentrations, temperature and feeding were 
controlled by automatic systems, and all data were registered daily 
(OxyGuard, Sterner). Daily water measurements were taken in the inlet 
and outlet drain, and commercial dry diet (Ewos raid air) was fed from 
automatic feeders. The pellet was designed to have a longer retention 
time in the system. All husbandry practices, including lice count, were 
conducted following the standard protocol for salmon rearing for Lerøy 
Vest AS.

Location
Capacity 
(tons)

Location 
number Municipality Coordinates

Bognøy 1560 13209 Alver 60°37.923 N′ 5 29.731 E'

Buholmen 5460 11543 Austevoll 60°11.255 N′ 5 0.48919 E'

Djupevika 3900 20455 Kvinnherad 60°2.457 N′ 6 0.5620 E'

Hestabyneset 3120 18015 Tysnes 59°57.218 N′ 5 27.084 E'

Rongøy 4680 29276 Øygarden 60°30.560 N′ 4 55.902 E'

Sagen 780 32137 Samnanger 60°20.903 N′ 5 38.642 E'

Sauøy 3120 11758 Øygarden 60°35.637 N′ 4 51.675 E'

Skorpo 3120 32877 Bjørnafjorden 60°10.399 N′ 5 17.621 E'

Tobbholmane 3120 100054 Austevoll 60°1.459 N′ 5 18.489 E'

TA B L E  2  Location, capacity, area and 
coordinates of the experimental facilities

F I G U R E  1  Schematic setup of the 
experimental protocol; phase 1. Post- 
smolt in seawater (S- CCS and control). 
Phase 2. Grow- out phase in seawater 
(S- CCS and control).
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2.4  |  Experimental facilities: conventionally open 
sea cages

The control groups were reared in open 160 m conical circular sea 
cages. Each fish farm consisted of six to 10 circular cages with a rear-
ing capacity of up to 200,000 Atlantic salmon each. All the open 
cage facilities in this experiment are located along the Western 
Norwegian coast (Table 2). A timeline of the stocking period is 
shown in Figure 3.

During the experimental periods, all husbandry practices, includ-
ing sea lice counting, were conducted in accordance with standard 
Atlantic salmon production protocol for Lerøy Vest AS. The fish were 
fed a standard dry diet (Ewos, Norway) in relation to environmental 
temperature and fish size (Austreng et al., 1987). To avoid early matu-
ration (Imsland et al., 2014), all groups were exposed to continuous ar-
tificial led- light (35 W/m2, submerged) from mid- December to the end 
of June. Temperature and oxygen (Tables 3 and 4) were measured daily 
at −3 m by automatic sensors (OxyGuard, Sterner), and all environmen-
tal data were registered in Fishtalk (AkvaGroup, Bryne, Norway).

2.5  |  Data collection

Biological production data and environmental data were collected 
regularly (daily and weekly) from May 2015 to February 2019 and 
included six cohorts of Atlantic salmon, from smolt to slaughter 
(S- CCS and control). Parameters included and investigated in this 
study are (1) growth (daily), (2) feed conversion (daily), (3) mortality 
(daily), (4) sea lice infestations (weekly), and (5) biomass estimation. 
All the measurements were conducted according to regulations for 
Norwegian aquaculture.

Daily calculations on weight gain based on feed output were 
completed by FishTalk™. Recent studies of the 3rd generation in the 
S- CCS system have shown that the estimations based on feed out-
put (FishTalk™ calculations, FCE = 1.2) correspond very well with 
the weight measurements that were conducted during the post- 
smolt phase (Moe, 2017). In short, the procedure was as follows: 
Following transfer to sea- pens (well boats), the total number of fish 
in all groups were counted. In addition, individual fish weight were 
measured (N = 200) and biomass calculated. On daily basis during 

TA B L E  3  Summary of rearing conditions in six cohorts of post- smolt in phase 1

Period of deployment Cohort Group Location Fish N

Temperature (°C) Oxygen saturation (%)

Mean Min Max Mean Min Max

May 2015 Cohort 1 Control Rongøy 191,378 11.9 7.4 16 83.2 66 96.5

May 2015 Cohort 1 S- CCS Sagen 157,283 9.7 8.3 14.2 90.6 75 100

Oct 2015 Cohort 2 Control Tobbholmane 191,740 7.9 5.1 12.1 92 85 105

Oct 2015 Cohort 2 S- CCS Sagen 158,761 10.4 6.9 12.5 81 71 93

May 2016 Cohort 3 Control Skorpo 164,286 14.8 8.7 21.7 96.4 74 105

May 2016 Cohort 3 S- CCS Sagen 156,273 9.6 7.5 16 95.5 75.3 97

Nov 2016 Cohort 4 Control Bogno 162,390 7.9 5.4 11.8 100 75 105

Nov 2016 Cohort 4 S- CCS Sagen 92,643 9.8 6.4 11 79.3 73 97

Apr 2017 Cohort 5 Control Sauøya 146,338 10.2 6.9 14.5 98.4 86.4 105

Apr 2017 Cohort 5 S- CCS Sagen 218,363 10.2 8.2 13.5 96 86.5 105.5

Oct 2017 Cohort 6 Control Bogno 177,105 7.9 3.4 12.2 98 76.2 105.7

Oct 2017 Cohort 6 S- CCS Sagen 287,435 8.2 5 10.6 87 78.5 95

F I G U R E  2  S- CCS system placed at the 
Sagen location (a) and a 3D model (b) of 
the platform. Photo: (a) Lerøy Vest AS, (b) 
preline Fishfarming System AS.

(a)

(b)
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grow- out, dead fish were removed and number of fish in each pen 
continually adjusted. Daily food rations were calculated in FishTalk 
based on specific growth rate (%*day−1) per day for different body 
weights and temperatures (www.skret tingg uidel ines.com) as well 
as the biomass and a food conversion factor on 1.2. Mean weekly 
weight per pen was calculated as accumulated biomass divided by 
number of fish. This calculation was investigated and if needed 
calibrated, every second week by measuring mean weight from 20 
individual fish when counting for sea lice. This procedure follows 

national guidelines from Norwegian authorities of biomass control 
and all numbers were monthly reported to Norwegian Directorate 
of Fisheries as part of standard biomass surveillance.

Minor dips in the weight curve figures (Figure 6) are caused by 
short periods of malfunctioning feeding equipment. Since the S- CCS 
and control facilities were located in different places, which varied in 
seawater temperature, a weight model incorporating growth rate per 
day dependent on the daily temperature was employed (Thermal- 
unit Growth Coefficient, TGC). This model takes into account the 

F I G U R E  3  Period of stocking for the six cohorts in the experimental period from May 2015 to January 2019. The dark- green rubric 
represents fish reared in the S- CCS system (Cohort 1, 3 and 5 represents spring stocking and Cohort 2, 4 and 6 represents fall stocking), 
and the light- green rubric represents the following grow- out phase in open sea cage until harvested. The blue rubric represents the control 
group reared in a conventional open sea cage over the same periods in each cohort.

TA B L E  4  Summary of rearing conditions in six cohorts during phase 2— grow- out. S- CCS fish are now transferred to open net- pen 
facilities

Period of transfer Cohort group Location Fish N

Temperature (°C) Oxygen saturation (%)

Mean Min Max Mean Min Max

Aug 2015 Cohort 1 Control Rongøy 147,383 9.4 4.56 15.1 83.2 66.7 100.9

Aug 2015 Cohort 1 S- CCS Djupevika 139,182 9.2 5.2 15.4 90.6 74 105

Mar 2016 Cohort 2 Control Tobbholmane 178,886 11.6 5 17 92 95 105.8

Mar 2016 Cohort 2 S- CCS Hestabyneset 142,703 11.7 5.2 17.1 81 83.3 93

Sep 2016 Cohort 3 Control Skorpo 119,118 9.7 3.9 17.2 96.4 74.1 105

Sep 2016 Cohort 3 S- CCS Buholmen 139,924 9.8 4.9 16.9 95.5 75.3 105

Feb 2017 Cohort 4 Control Bogno 152,635 11.2 5.9 17.4 100.5 75 105.8

Feb 2017 Cohort 4 S- CCS Rongøy 77,465 11.7 5.9 16.2 79.2 73 97

July 2017 Cohort 5 Control Sauøya 111,177 9.5 2.8 15.9 98.4 86.4 105

July 2017 Cohort 5 S- CCS Djupevika 208,944 9.0 2.7 16.3 96.1 86.5 105.5

Feb 2018 Cohort 6 Control Bogno 133,304 9.79 2.9 17.3 98 76.2 105.7

Feb 2018 Cohort 6 S- CCS Hestabyneset 119,033 10.3 4.9 17.8 87 78.5 95

http://www.skrettingguidelines.com


    |  4183Øvrebø et al.

seasonally temperature for fish growth (Iwama & Tautz, 2011). The 
following equation was used:

The specific growth rate (SGR) for weight was calculated (time 
interval is total number of days from initial weight to final weight) 
according to the formula:

The daily feed conversion ratio (FCR) was registered in each loca-
tion, and these was calculated using the following equation:

Mortality was counted daily in each group.
Infestation of sea lice was counted every week, according to 

standard procedures by The Norwegian Food Safety Authority 
(MTIF, 2017).

The weight gain between cohorts was estimated using following 
formula:

2.6  |  Statistical analysis

All statistical analyses and figures were generated using rstudio 
(Version 1.2.500, RStudio, Inc, Boston, MA, USA) and r (Version 
3.6.1, R Core Team, Vienna, Austria), including following packages; 
Rcompanion (Mangiafico, 2018), car (Fox & Weisberg, 2011). The 
data sets were checked for normality and homogeneity of variance 
assumptions using the Shapiro– Wilk test and the Levene test, re-
spectively. Data were analysed with a two- way ANOVA followed 
by the Tukey post hoc test. The level of significance in this study 
was <0.05. Figure data are presented as mean ± standard error 
(SE).

3  |  RESULTS

3.1  |  Phase 1 –  (Post- smolt): Feed conversion 
ratio, mortality, sea lice infestation and growth 
performance

At the end of the post- smolt phase, the six cohorts varied in esti-
mated weight (two way ANOVA, p 0.05, Figure 4). A higher estimated 
weight (Tukey post hoc text, p < 0.05) was observed for the control 
group in open net pen in cohort 1 (size 648.8 g), cohort 3 (size 844 g) 
and cohort 6 (size 366 g) compared with the same cohorts from the 

S- CCS system (Cohort 1, size 539.7 g; Cohort 3, size 487 g; Cohort 6, 
size 284 g). In contrast, in cohort 2, 4 and 5 the estimated weight was 
higher (Tukey post hoc text, p < 0.05) at the end of the post- smolt 
phase in the S- CCS system (Figure 4).

Overall, a better feed conversion was registered in the S- CCS sys-
tem during spring in comparison with the control groups (Figure 5a). 
In the fall stockings, no difference in feed conversion was observed. 
In the spring stockings, a lower mortality was observed in the S- CCS 
group, whereas for the fall stockings, lower mortality was observed 
in the control group (Figure 5b), however no overall significant differ-
ence was observed for mortality. The sea lice infestations (Figure 5c) 
for fish reared in the S- CCS system were significantly lower in spring 
and fall compared with control group. For the initial weight, a signif-
icant difference was observed between seasons since the 1+ smolts 
were bigger than the 0+ smolts. The final weight in spring was higher 
in control group in contrast to the fall stockings, where final weight 
was higher in S- CCS group (Figure 5d). Further, specific growth rate 
(SGR) and thermal growth coefficient (TGC) showed no significant 
difference between seasons and rearing systems.

3.2  |  Phase 2 –  (Grow- out): Feed conversion 
ratio, mortality, sea lice infestation and growth 
performance

After transfer to open net pen facility and at the end of the study, 
the final estimated weight was higher in fish from the S- CCS sys-
tem for cohort 2, 3, 4, 5 and 6, the only exception being cohort 1 
(Figure 6).

A significant effect of season was observed for feed conversion 
ratio (p < 0.01, two- way ANOVA). No difference was registered be-
tween the S- CCS and control groups in FCR for the spring groups, 
while a better FCR was observed in S- CCS during fall stockings 
(Figure 7a). For mortality (Figure 7b), a significant interaction ef-
fect between season and system was observed (p < 0.05, two- way 
ANOVA). In the spring stockings, higher mortality was registered in 
S- CCS group; however, in the fall stockings, a lower mortality was 
observed in the S- CCS group. The registered sea lice infestation 
(Figure 7c) in the S- CCS group was lower during spring compared 
with the control group. Final weight in the spring and fall stockings 
was significantly higher for the S- CCS fish in comparison with con-
trol fish (Figure 7d). In addition, a significantly higher weight gain 
was observed in fish from S- CCS compared with the control fish 
(p < 0.05, two- way ANOVA).

4  |  DISCUSSION

4.1  |  Phase 1: Post- smolt growth

The growth performance varied with season, and in the fall stock-
ings, the overall growth performance observed was more promising 
in fish from the S- CCS system, apart from cohort 6. During spring, 

TGC=
(

Final weight1∕3−Start weight1∕3
)

×1000∕sum of daily temperature
(
◦

C
)

.

SGR
(

%bodyweight gain
[

%∕day
])

=100×
[

ln(Final weight [g])− ln(Initial weight [g])

∕
(

Time interval
[

days
])]

.

FCR = (feed provided∕biomass increase).

Weight gain =
(

W2 −W1

)

.
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the observed overall growth performance was higher in the control 
group, except for in cohort 5, where the growth performance was 
better in the S- CCS fish. These variations in growth performances 
could be related to variations in smolt quality and from the fresh-
water facility.

During phase 1, the average temperature varied between the 
S- CCS system and the control group in open net pens within the 
cohorts. This is likely affected by both the seasonal temperature 
conditions and bathymetric differences (S- CCS fish were exposed to 
water from 30 m of depth), whereas the fish in the control group that 
were in open net pens were exposed to surface water. The tempera-
ture effect on growth is similar to the studies done for the 3rd S- CCS 
cohort (also a part of this data set), where fish from the control group 
(12.9°C on average) had a significantly higher final weight compared 
with the S- CCS fish (9.5°C on average) at the end of the post- smolt 
phase (Moe, 2017).

4.2  |  Phase 1: Feed conversion ratio (FCR)

Overall, there was a lower FCR during spring in the S- CCS system 
compared with control. Raceway systems, like S- CCS, are designed 

to control water velocity, which is known to affect growth perfor-
mance (Castro et al., 2011; Totland et al., 1987). Atlantic salmon 
exposed to long- term sustained swimming showed a 38% increase 
in growth with respect to non- exercised fish (Castro et al., 2011; 
Totland et al., 1987). Moreover, the feed conversion is also af-
fected by exercise, and several studies have shown that exercise de-
creases FCR in different salmonid species (Christiansen et al., 1992; 
Leon, 1986). During phase 1, the S- CCS fish were forced to swim 
against a moderate current, causing mild aerobic training, in contrast 
to the fish in the control group that was reared in open net pens. 
Growth and FCR should be seen in the context of the possible re-
duction in stressors, aggressive behaviour, fewer interactions and 
hierarchy development among the fish in the S- CCS system (Adams 
et al., 1995; Jobling et al., 1993; Solstorm et al., 2016). In addition, 
fish density can impact the growth performance of post- smolt, and 
findings in Calabrese et al. (2017) demonstrated the density should 
not exceed 75 kg/m3. In the S- CCS system, the average stocking 
density was higher (M = initial density 10.3 kg/m3; M = final den-
sity 42 kg/m3) compared with the control group (M = initial density 
0.7 kg/m3; M = final density 3.3 kg/m3) in all cohorts. However, in 
this study, no significant difference was registered for growth and 
FCR between the rearing systems in phase 1. The observed growth 

F I G U R E  4  Registered growth during 
phase 1 for the S- CCS and control group 
in cohort 1– 6 from May 2015 to February 
2018. The red dashed line represents the 
S- CCS group, whereas the turquoise line 
represents the control group.



    |  4185Øvrebø et al.

performance across the cohorts shows that temperature is the main 
factor influencing growth, independent of the rearing system.

4.3  |  Phase 1: Mortality

Observations from the field have shown that mortality rate for 
post- smolt may be influenced by the transport from freshwater to 
seawater (Harald Sveier, Lerøy AS, pers. comm.). During the post- 
smolt phase, no overall difference in mortality was registered be-
tween the S- CCS group and the control group. For phase 1, the rate 
of mortality in the S- CCS was especially affected by one particular 
cohort (cohort 6), where a higher mortality rate was observed during 
both post- smolt and grow- out phase. Mortality cause has not been 
confirmed.

4.4  |  Phase 1: Sea lice

In phase 1, infestations of sea lice were significantly lower in the S- 
CCS group compared with the control group in open net pens. This 
observation was expected since the water in the S- CCS system is 
controlled by a deep- water intake under the sea lice belt, in con-
trast to open net pens, where the fish are continuously exposed to 
the natural environment, in which sea lice are abundant (Torrissen 

et al., 2013). The findings of reduced sea lice pressure on fish in the 
S- CCS are of great interest and suggest that new technology, such 
as S- CCS could contribute to reduce sea lice infestations on farmed 
post- smolt in sea.

4.5  |  Phase 2: Growth

At the end of phase 2, harvest, fish from the S- CCS group showed a 
significantly higher weight gain compared with the control group in-
dependent of the season. In addition, fish from the S- CCS group had 
a significantly higher final weight compared with the control group. 
These results correspond to studies done for salmonids raised in 
closed containment systems (CCS) and exposed to moderate water 
velocity, where an increase in growth as an effect of exercise has 
been documented (Nilsen et al., 2019). For the observed overall 
growth performance during fall, higher growth was observed in 
fish from the S- CCS system, except for cohort 1. During spring, the 
observed overall growth performance was higher in fish originating 
from the S- CCS system.

Growth performance of fish in this study indicates that rearing of 
salmonids in an S- CCS prior to the grow- out phase in open sea cages 
has a positive effect that continues during the grow- out phase. 
Interestingly, the temperature conditions between the experimental 
groups (S- CCS and control) did not differ much during the grow- out 

F I G U R E  5  Registered feed conversion ratio (a), mortality (b), sea lice infestations (c) and final weight (d) in phase 1 for spring (left) and fall 
(left) cohorts, mean ± SE (N = 3).
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phase. For SGR in phase 2, no difference between the groups was 
found.

Moreover, several studies have indicated that water velocities 
(>0.40 BL/s) can have positive effects on growth through increased 
number of muscle fibre (hypertrophy, Ibarz et al., 2010; Totland 
et al., 1987). Moe (2017) showed that fish in the third S- CCS cohort, 
at the end of the post- smolt phase, had 2.44 times higher frequency 
of muscle fibres in the smallest interval group (0– 20 μm), compared 
with the control group. Taken together, these observations suggest 
that the higher growth in S- CCS fish during the grow- out phase 
could be explained by hypertrophy of the newly recruited muscle 
fibres.

4.6  |  Phase 2: Mortality

At the end of the grow- out phase, a lower mortality for the spring 
stockings were observed in the control group in comparison with the 
S- CCS group. In the fall stockings, the control group showed a higher 
mortality rate in comparison with the S- CCS group. The difference 
in mortality rate between S- CCS fish and control might relate to the 
exercise achieved in the S- CCS system, where the exercised fish 
tend to be more capable of resisting environmental and physical 
challenges in the sea.

4.7  |  Phase 2: Feed conversion ratio (FCR)

In the grow- out phase, the FCR was significantly different during 
seasons between the S- CCS fish and control fish. The FCR can be 
described as the amount of mass gained by the fish relative to the 
amount of feed consumed (Jackson, 2010). Studies have shown that 
weight gain is achieved with less feed when the appetite is stimu-
lated as an effect of training (Davison, 1989). In open sea cages, 
freely swimming fish tend to form dominant hierarchies and show 
increased aggression; this can again lead to less food available for 
subordinate fish (Adams et al., 1995; Brännäs, 2009). In phase 2, 
during the fall, the FCR was lower in the S- CCS group in compari-
son with the control group. The decrease in FCR could be related 
to a better appetite in the robust and exercised fish from S- CCS.

4.8  |  Phase 2: Sea lice

After a free- swimming larvae period, sea lice settle, attach and feed 
on its fish host (Bjørn & Finstad, 1998). The sea lice cause stress and 
physical damage to the fish, adversely affecting growth and welfare. 
Consequently, severe infestations of sea lice can lead to secondary in-
fections and mass mortalities (Costello, 2006; Pike & Wadsworth, 1999; 
Torrissen et al., 2013). At the end of phase 2, no statistical differences 

F I G U R E  6  Registered growth during 
phase 2 for the S- CCS and control 
group in cohort 1– 6 from August 2015 
to January 2019. The red dashed line 
represents the S- CCS group, whereas 
the turquoise line represents the control 
group.
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in sea lice infestations were shown between fish from the S- CCS group 
and the control group. However, the trend points to a lower infesta-
tion level in fish reared in S- CCS. In addition, according to observa-
tions from the field the need for sea lice treatments in S- CCS groups 
were reduced in comparison to groups in open net pens (Harald Sveier, 
Lerøy AS, pers. comm.). This observation could be influenced by many 
factors, where one aspect could be the skin of the fish. The skin and 
associated mucus layer of Atlantic salmon constitutes its first line of 
defence against the environment. The skin of the fish protects both 
as a physical barrier and as an active and protective layer with immu-
nological capacities that interacts with the surrounding environments 
(Sveen et al., 2016). In addition, the skin provides protection against 
external agents and has a high capacity for regeneration and healing 
(Richardson et al., 2016). Recent studies of the skin barrier, including 
epidermis and dermis, showed that thickness and mucus cell numbers 
increased in line with growth after seawater transfer in Atlantic salmon 
(Karlsen et al., 2018). Accounting for these results and observations, it 
could be suggested that the fish reared in the S- CCS system as post- 
smolt before the grow- out phase are more robust in terms of sea lice 
infestations. The reduced sea lice infestations could also help explain 
the lower mortality rate observed for S- CCS fish.

5  |  CONCLUSION

In the grow- out phase, the S- CCS group showed higher weight gain 
and higher final weight compared with the control group in open 

pen. In addition, salmon raised in S- CCS showed significantly higher 
survival during fall compared with the control group, indicating in-
creased robustness in fish raised in S- CCS when transferred to open 
net pens in sea. The analysis of the six cohorts also showed sig-
nificantly lower sea lice infestations in the S- CCS system compared 
with open net pens during the post- smolt phase. It is concluded that 
S- CCS has advantages compared with traditional exposure to the 
natural environment in open sea cages in Norway.
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