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The use of closed containment (CCS) or semi-closed containment systems (S-CCS) for Atlantic

salmon Salmo salar aquaculture is under evaluation in Norway. One such system is the Preline

S-CCS, a floating raceway system that pumps water from 35 m depth creating a constant

current through the system. Exposing fish to moderate water currents is considered aerobic

exercise and it is often perceived as positive for fish welfare, growth, food utilization, muscle

development and cardiac health. The present study compared fish reared in the Preline S-CCS

and in a reference open pen. Samples were taken in fresh water before being transferred to the

seawater systems and after 1, 2 and 4 months in seawater and analysed for growth, mortality,

muscle development and plasma insulin-like growth factor I (IGF-I) levels. Moreover, gene tran-

scription were determined in the skeletal muscle [igf-I, insulin-like growth factor 1 receptor a

(igf1ra) and insulin-like growth factor 1 binding protein 1a (igf1bp1a)] and cardiac transcription

factors [myocyte-specific enhancer factor 2C (mef2c), gata4 and vascular endothelial growth fac-

tor (vegf )]. While the results suggest that post-smolts in Preline S-CCS were smaller than refer-

ence fish, fish from Preline S-CCS have less accumulated mortality at the end of the experiment

and showed 2.44 times more small muscle fibres than the reference group fish after 4 months in

seawater. These results confirmed what was previously observed in the second generation of

Preline. Similar levels of big muscle fibres between Preline S-CCS and reference suggest a similar

hypertrophy of muscle fibres even with lower IGF-I expression in the Preline S-CCS. Cardiac

gene transcription suggests cardiac hypertrophy was observed after 4 months in seawater in

the Preline S-CCS group. Altogether, Preline S-CCS is a promising technology able to produce

more robust S. salar with a faster growth and lower mortality in the subsequent standard open

cage system growth period.
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1 | INTRODUCTION

Atlantic salmon Salmo salar L. 1758 farming is one of the largest indus-

tries in Norway and production occurs in sea cages open to the envi-

ronment along most of the Norwegian cost, with 990 active salmon

farming sites in 2015 (Directorate of Fisheries, 2016). In Norway, a

typical production cycle entails S. salar smolts being transferred to

open sea cages during autumn (60–80 g) or early spring (100–150 g

in mass), followed by a growth phase in open net sea cages located

along the coast. Hjeltnes et al. (2017) reported that about 20% of fish

transferred to sea are not harvested, in part due to poor smolt quality,

diseases and disease treatment and escapees (Bleie & Skrudland,
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2014; Gullestad et al., 2011). This has limited the Norwegian salmon

industry to maintain a sustainable growth and motivated stakeholders

to search for new production strategies. One approach has focused

on production of larger and more robust smolts and post-smolts in

closed (CCS) or semi-closed (S-CCS) containment system prior to

transfer to open sea cages where the S. salar grow until market size.

The post-smolt phase in these systems is often referred to as the

period after seawater transfer and until the fish reach up to 1 kg.

Thus, in recent years, several variants of semi-closed or closed farming

technologies have been launched, placed either in land or in the sea

and differing in size, shape and construction material. The use of CCS

or S-CCS reduces the total time fish spend in open cage systems. The-

oretically, these systems may optimize fish welfare, reduce pathogen

interaction, reduce risk of escapees and allow treatment of discharge

water, decreasing organic pollution. However, all these technologies

have higher cost than traditional open cages and need to be carefully

tested before implementing in a commercial scale.

Salmon lice Lepeophtheirus salmonis represents one of the biggest

challenges in the S. salar aquaculture industry, inflicting heavy economic

losses to producers, along with negative effects on the wild salmonid pop-

ulation (Costello, 2009). Since L. salmonis copepodids are present on the

surface layers, pumping water from greater depths, as in the Preline S-

CCS, would theoretically avoid infestation. Moreover, poor cardiac func-

tion is a factor that may contribute to high mortality rates after transfer to

seawater and lack of sustained exercise may be one of the causes

(Håstein et al., 2005; Poppe et al., 2003). One of the advantages of CCS

and S-CCS is the possibility of controlling the water current. The Preline

S-CCS used in the current study induces a constant water flow through

the system. Since salmonids are mobile fish that can be motivated to swim

against a constant current, this flow produces an aerobic training for fish.

Cardiac health is one of the main factors that are influenced by the effects

of aerobic exercise in fish. Aerobic training has been associated with

increased growth (Castro et al., 2011; Solstorm et al., 2015; Totland et al.,

1987), better feed conversion (Christiansen et al., 1992; Leon, 1986) and

development of skeletal and cardiac muscle (Castro et al., 2013; Ibarz

et al., 2011; Rasmussen et al., 2011; Totland et al., 1987). Another impor-

tant advantage is reduced aggressive behaviour. Fish swimming towards a

constant current tend to form schools and present fewer interactions,

reducing hierarchies and resulting in more food available for subordinate

fish (Adams et al., 1995; Brännäs, 2009; Solstorm et al., 2016).

Fish growth is commonly used as an indicator of animal perfor-

mance since growth is highly influenced by environmental variables

(Thorarensen & Farrell, 2011). Thermal growth coefficient (GTC) sum-

marizes fish growth taking temperature into account, allowing the

comparison of fish influenced by different water temperatures

(Iwama & Tautz, 1981; Thorarensen & Farrell, 2011). However, the

GTC model is inaccurate when temperatures exceed the growth opti-

mum. Therefore, additional measurements are essential to evaluate

fish somatic growth potential.

Fish muscle growth is based on continuous recruitment of muscle

fibres through the life cycle (Stickland, 1983). In fish, skeletal muscle

consists in white muscle fibres mainly used for rapid anaerobic move-

ments and red muscle fibres for sustained aerobic swimming, which

rarely exceeds 200 and 50 μm, respectively (Weatherley et al., 1988).

In S. salar, skeletal muscle fibres per myotome develop from

approximately 5,000 at hatching to 180,000 during smoltification and

exceeding 1 million fibres when reaching a mass of 4 kg (Johnston,

1999). However, it seems that as the fish increases in size, the muscle

fibre recruitment contribution decreases while the hypertrophy con-

tribution increases (Stickland, 1983; Weatherley et al., 1980).

Several studies with teleosts suggest that insulin-like growth factor I

(IGF-I) plasma concentrations are positively correlated with individual

growth rates and can be a useful growth index (Beckman, 2011; Beckman

et al., 2004a; Kaneko et al., 2015). Growth hormone is released from the

anterior pituitary and stimulates the production of IGF-I in the liver, which

is the principle source of plasma circulating IGF-I (Daughaday & Rotwein,

1989; Ohlsson et al., 2009). IGF-I effects include stimulation of cell prolif-

eration, differentiation and protein synthesis (Fuentes et al., 2013), which

are mediated through IGF-I cell surface receptors (Igf1ra) (Mendez et al.,

2001), while IGF binding proteins (Igfbps) modulate the bioavailability and

half-life of IGF-I in the extracellular environment (Kawaguchi et al., 2013;

Wood et al., 2005). Moreover, other non-hepatic tissues produce IGF-I

locally, including skeletal muscle (Mendez et al., 2001) with autocrine and

paracrine effects. Evidence supports that both muscle-derived and liver-

derived IGF-I promote the same effects in muscle growth although the

main driver remains unclear (Fuentes et al., 2013). As the skeletal muscle,

teleost cardiac muscle growth is driven by cardiomyocyte hypertrophy

and hyperplasia and can also be stimulated by aerobic training (Castro

et al., 2013). Hyperplasia in mammals is modulated by cardiac transcription

factors such as transcription factor gata4 and the Myocyte-specific

enhancer factor 2C (mef2c) (Akazawa & Komuro, 2003; Kolodziejczyk

et al., 1999). Role of vascular endothelial growth factor (vegf ) is critical

during vertebrate angiogenesis (Yancopoulos et al., 2000) and it is impli-

cated in the formation of new capillaries following prolonged exercise in

fish (Castro et al., 2013; Iemitsu et al., 2006).

The present study reports on post-smolt performance and welfare

from the Preline S-CCS in comparison with a reference open pen.

Despite the huge potential of S-CCS to reduce infections of patho-

gens and improve cardiac health and growth through aerobic training,

little information on the effects on post-smolts rearing is available. In

particular, since the huge environmental variations under industrial

scale production, small-scale studies cannot always be extrapolated to

an intensive large-scale production. Previous observations on post-

smolts reared in the Preline S-CCS suggested a better disease resis-

tance as well as a higher potential for growth (H. Sveier, pers. obs.).

Hence, the present study aims to provide a more detailed focus on

the effect of aerobic training and the mechanisms of muscle develop-

ment between S-CCS and open-cage rearing systems and thus pro-

vide our knowledge in these new large-scale production strategies.

2 | MATERIALS AND METHODS

2.1 | Animals

Salmo salar smolts from the strain Salmobreed QTL duo (n = 321,412)

were used in the experiment. Fish were kept indoors in 70 m3 tanks

at natural temperature water and constant light during the freshwater

period. Fish were fed with a commercial dry diet (EWOS AS; www.

ewos.com) according to water temperature and fish size.
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Standard protocol to induce smoltification (Handeland & Ste-

fansson, 2001) were used beginning 11 January 2016

(Handeland & Stefansson, 2001). Smoltification was assessed using

a combination of morphological and physiological traits: lowered

condition, dark fin margins, silvery scales and high Na+–K+-ATPase

(NKA) activity (Stefansson et al., 2008). After smoltification, the fish

were transferred by well boat (Mowi Star) to their respective

facilities.

2.2 | Preline semi-closed raceway

The Preline S-CCS is located at Sagen, in the Trengereid Fjord, Horda-

land, south-west Norway in a sheltered location at 100 m depth

(Figure 1(a), (b)).The Preline semi-closed raceway system has dimen-

sions of 50 × 12 × 8 m, holding c. 2,000 m3 of water (Figure 1(c)). The

maximum water flow is 400 m3 min−1, with a total water exchange

every 5–6 min. The water current measured 10–20 cm s−1, using a

Nortek Vector 3D acoustic velocimeter (NorTek; www.nortekgroup.

com). The water is pumped from 35 m depth and circulate from inlet

to outlet creating a constant one-way water current through the

system.

2.3 | Experimental design

To compare post-smolt fitness parameters between the Preline and

the standard open sea cage S. salar production protocol used in Nor-

way (Figure 1(d)), S. salar smolts of the same cohort were transferred

from fresh water (FW) to the Preline S-CCS (n = 157,126, 30 April

2016) and to a reference facility (n = 164,286, 5 May 2016). This ref-

erence facility is an open conical pen 60 m deep (Figure 1(e)) located

in Skorpo, Hardanger, south-west Norway, in a location 250 m depth

(Figure 1(a), (b)).

After 4 months in the sea, the Preline fish were transferred to a

traditional sea cage facility at Buholmen on 31 August (Figure 1(b)). All

husbandry practices at the farms were conducted in accordance with

standard protocol for Lerøy Vest AS (www.leroy.no).

2.4 | Water quality

Oxygen concentrations, feeding, salinity and temperature were con-

trolled and registered by automatic systems (OxyGuard Commander,

Sterner AS; www.sterneras.no). Oxygen, temperature and salinity

were registered at 3, 8 and 15 m in the open-cage systems at both

Skorpo and Buholmen and in the inlet and outlet water in the Preline

(a)
70°

68°

66°

64°

62°

60°

58°

NORWAY

5° 10° 15°

Bergen

Preline

Growing
phase

Freshwater
Reference

20° 25° 30°

(c)

(d)

(b)

(e)

FIGURE 1 (a) Location of experiment area in Norway and (b) locations of the Preline semi-closed containment system (S-CCS), reference,

freshwater and growing phase groups of Salmo salar post-smolts in Hordaland region; (c) schematic of the S-CCS; (d) standard open sea cages for
S. salar production in Norway; (e) drawing of an open conical pen used to hold the reference group of fish
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S-CCS. All groups were checked twice per day, dead fish were

removed and mortality was recorded. The fish in both treatments

were fed commercial freshwater–seawater dry diets (EWOS).

2.5 | Sampling

Sampling was conducted in the freshwater phase (15 April) and three

times during the seawater post-smolt growth phase: Preline (2 June,

29 June and 29 August) and reference (1 June, 30 June, 30 August).

Thirty fish were randomly selected on each occasion and euthanized

with a lethal dose of buffered MS222. Individual mass (M) and fork

length (LF) were measured for each individual before dissection. Hepa-

rinized 23G needle syringes were used to collect fish blood, which

was centrifuged (3,000 g at 4� C) and plasma immediately frozen on

dry ice and kept at −80� C until use. Two portions of muscle (3–5 mm

thick) were obtained from the same area posterior to the dorsal fin on

the left side of the fish and stored in buffered formalin for histological

image analysis of muscle fibre size. An additional muscle sample was

stored in RNAlater RNA stabilization solution (Thermo Fisher Scien-

tific; www.thermofisher.com) for molecular analysis. In addition, the

ventricle of the heart was divided in two parts by a sagittal cut, with

one part fixed in buffered formalin and the other in RNAlater.

2.6 | Mass and growth

Mass estimations based on feed output were made by Lerøy Vest AS

throughout the post-smolt phase using the FishTalk software

(AkvaGroup; www.akvagroup.com) with a food conversion efficiency

(FCE) input value of 1.1. Further, mass estimations (FCE = 1.1) were

conducted from the start of the growing phase to 30 Novem-

ber 2016.

Thermal growth coefficient (GTC) was used to reduce bias due to

differences in growth related to differences in temperature between

locations: GTC = (MF
1/3–MI

1/3)1000(ΣT)−1, where MF is the final mass,

MI is the initial mass and ΣT is the sum of daily temperatures. Fulton's

condition factor (K; Fulton, 1904) was calculated as: K = 100MLF
−3.

The feed conversion ratio (CRF) was determined for the post-smolt

and growth phase using the equation: CRF = 100ΔBFC−1, where ΔB is

the biomass gained and FC is the food consumed.

2.7 | Gene transcription analysis

Before total RNA isolation of samples of tissue (20 mg heart or 60 mg

muscle) were transferred to tubes containing 1.4 μm zirconium oxide

beads and RLT buffer (Qiagen; www.qiagen.com). Muscle and heart

tissue were homogenized for 15 min at 5,000 revolutions min−1

(Precellys 24, Bertin Technologies; www.bertin-instruments.com).

Subsequent total RNA isolation from heart was carried out using the

QIAsymphony SP system and the Qiasymphony RNA kit following

manufacturer instructions (Qiagen). Total RNA from muscle was iso-

lated using TRI-reagent (Sigma-Aldrich; www.sigmaaldrich.com) as

described in the manufacturer's protocol.

The total RNA concentration and purity was measured using the

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,

Thermo Fisher). Purity was assessed with 260:280 and 260:230 ratios

above 1.8. A selected number of samples were assessed for RNA

integrity on RNA 6000 Nano LabChip kit using the Agilent 2100 Bioa-

nalyzer (Agilent Technologies; www.agilent.com). Integrity was con-

firmed with RIN values higher than eight.

Complementary (c)DNA was reversely transcribed using 500 ng

heart or 2 μg muscle total RNA (muscle) using oligo(dt)20 primer and

the Superscript III kit (Thermo Fisher). This step was carried out using

a MicrolabSTARlet liquid handling workstation (Hamilton Robotics;

www.hamiltoncompany.com). Gene transcription was measured using

samples from freshwater smolts before transferring to seawater as

well as after 1, 2 and 4 months in seawater (muscle) or after 4 months

in seawater (heart).

Real Time PCR (rt-PCR) was carried out with a CFX96 Real-Time

PCR detection system platform (Bio-Rad Laboratories; www.bio-rad.

com) using the following PCR conditions: 3 min at 95� C, 37 repetitions

of 15 s at 95� C and 1 min at 60� C and including a melting curve step

at the end (10 s at 95� C, 5 s at 65� C and 5 s at 95� C). For each assay,

triplicate two-fold cDNA dilution series from pooled samples were

used to determine amplification efficiencies (E). Samples were run in

10 μl duplicates a using iTaq universal SYBR green supermix (Bio-Rad

Laboratories), 0.3 μM of each primer and 3 μl of diluted cDNA (1:7.5

dilution for heart, 1:20 for muscle). Each plate included a negative con-

trol as well as a common pooled sampled used for the inter-calibration

of assays among plates. The relative transcription levels of the genes

were normalized following the efficiency corrected method (Pfaffl,

2001) using ef1α as a endogenous reference gene (Olsvik, et al., 2005).

Primers used in this study are summarized in the Table 1.

2.8 | Pathogen screening

Heart samples from both sites, collected in the freshwater phase

(n = 30) and last sampling of the post-smolt phase (n = 60) (all stored

in RNAlater), were screened for piscine orthoreovirus (PRV) and sal-

monid alphavirus (SAV) targets (Andersen et al., 2007; Gunnarsson

et al., 2017). Reactions were carried out using AgPt-ID one step rt-

PCR kit (Thermo Fisher) and using ef1α as reference gene as previ-

ously described (Gunnarsson et al., 2017; Olsvik et al., 2005).

2.9 | IGF-I plasma determination

Time resolved competitive fluoro-immunoassay (TR-FIA) protocol was

used to measure plasma IGF-I concentration (Small & Peterson, 2005).

Prior to the assay, serum IGF-I was dissociated from the binding pro-

tein with acid-ethanol (Shimizu et al., 2000). Briefly, 96-well DELFIA

pre-coated goat anti-rabbit IgG Microtitration plates (Perkin Elmer;

www.perkinelmer.co.uk) were washed with 200 μl DELFIA wash

buffer before each well received 20 μl anti-barramundi IGF-I rabbit

antiserum (GroPep; www.gropep.com; diluted 1:8000) and 100 μl of

standard-recombinant IGF-I (GroPep) or 35 μl plasma. Standards and

samples were diluted in standard assay buffer. Plates were incubated

overnight with shaking (600 revolutions min−1 at 4� C). After centrifu-

gation (1 min at 3,000 g), europium labelled (0.05 ng μl−1) IGF-I was

added to each well and the plate incubated overnight under agitation

(600 revolutions min−1 at 4� C). The plate was washed six times with

200 μl washing buffer before adding 200 μl DELFIA enhancement
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solution (PerkinElmer) to each well. After shaking at 600 revolutions

min−1 for 10 min at room temperature Time-resolved fluorescence

was measured by a fluorometer (ARVO X4; PerkinElmer) with emis-

sion and read wavelengths at 340 and 615 nm, respectively.

2.10 | Histology

Muscle and heart samples stored in buffered formalin were processed

by an external laboratory (Fish Vet Group; www.fishvetgroup.com).

Sections were scanned using a Zeiss Axio Scan.Z1 slide scanner and

analysed using ZEN 2.3 (Zeiss; www.zeiss.com). A circular area of

1,000 μm in diameter in the epaxial white skeletal muscle was ran-

domly chosen in approximately the same area for each section and

muscle fibre size was measured for the widest diameter. Muscle fibre

diameters measured were ranked for subsequent analysis into

12 groups by 20 μm size intervals up to fibres with >220 μm diameter

(Fernandez et al., 2000). Histopathological signs of degeneration and

necrosis were also examined.

2.11 | Statistical analysis

All statistical analyses were carried out using STATISTICA 13.2 (Tibco

Software; www.tibco.com). Prior to statistical analysis, length, mass

and condition factor were tested for normality using the

Kolmogornov-Smirnov test and tested for homogeneity of variance

using the Hartley F-max test. IGF-I plasma concentration and muscle

transcription of igf-I, igf1ra and igfbp1a were tested for homogeneity

of variance using the Levene's test.

One-way ANOVA was used to determine the level of significance

for M, LF, K, IGF-I plasma concentrations and gene transcription on

muscle between the Preline S-CCS and reference open cage. Differ-

ences between fish showing symptoms of degeneration and necrosis

were also explored using one-way ANOVA. Moreover, differences in

plasma IGF-I concentration between SAV-infected and non-infected

fish were observed using one-way ANOVA. Significant one-way

ANOVA was followed by a Tukey honest significant dfifference post

hoc test to determine differences among the experimental groups. A

Kruskal-Wallis test was used to investigate the cardiac gene

transcription of mef2c, gata4 and vegf and muscle gene transcription

through time. Significant results were followed by a Newman–Keuls

test to test the differences. Differences were considered significant

when p < 0.05. A one-way ANCOVA was conducted on the white

skeletal muscle fibre size to determine the significance level between

treatments, where LF was used as a covariate factor. This was to

remove the effect of size as a factor. Correlation between plasma

IGF-I concentration and fish size (M, LF and K) after 4 months in sea-

water was investigated using simple linear regression.

3 | RESULTS

3.1 | Water quality

The average water temperature measured at 3, 8 and 15 m depth for

the open cage facilities (reference and Preline, Buholmen, growth

phase) are shown in Figure 2(a). For the Preline S-CCS, the tempera-

ture was monitored in the outlet water. Temperature was higher dur-

ing the first 4 months at the sea for post-smolts in the reference

location than in the Preline S-CCS. In the growth phase after transfer-

ring the fish from the Preline S-CCS to open cage (in Buholmen), the

temperature and the change through time were very similar on both

systems.

The salinity (Figure 2(b)) was higher for the Preline group, both

during the post-smolt and in the growth phases. In the Preline S-CCS,

the salinity varied between 26.2 and 34.7, averaging 31.7 while in the

reference open cage was in the range 21.6 and 27.5 and averaged

24.2. During the growing period, the range was slightly higher for the

Preline (Buholmen) (26.9–30.5, average 28.8) than for the reference

group (20.1–27.6, average 24.6). Variation in the oxygen concentra-

tion at the outlet water of Preline during the post-smolt phase was

higher than in the reference. Oxygen variations both in Preline and

reference were fast and short in time. Oxygen concentrations in the

Preline ranged 72.2–131.56%, average 102.74%, while in the refer-

ence where 75.7–111.6%, average 97.21%. During the growth phase,

oxygen values were similar in Preline (Buholmen) (83.8–99.4%, aver-

age 92.96%) and reference open cages (78–96%, average 86.63%).

TABLE 1 Primer sequences used for PCR in the present study of Salmo salar smolt performance in a Preline semi-closed containment system

Gene Sequence (50 > 30) Accession no. Reference

ef1α CCCCTCCAGGACGTTTACAAA AF321836 Olsvik et al., 2005

CACACGGCCCACAGGTACA

igf-I ATGTCTAGCGCTCATTTCTT EF432852 Bower et al., 2008

GAATTCTTACATTCGGTAGTTCCTT

igf1bp1a GGTCCCTGTCATGTGGAGTT KC122927.1 Hevrøy et al., 2015

TTCCAGAAGGACACACACCA

igf1ra TGCACAACTCCATCTTCACC EU861008.1 Hevrøy et al., 2013

GGGGCTCTCCTTCTGTCCTA

mef2c CACCGTAACTCGCCTGGTCT GU252207 Castro et al., 2013

GCTTGCGGTTGCTGTTCATA

gata4 TCTCCATTCGACAGCTCCGT HM475152 Castro et al., 2013

CATCGCTCCACAGTTCACACA

vegf AGACAGCCCACATACCCAAG NM_001124417 Castro et al., 2013

GAAGACGTCCACCAGCATCT
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3.2 | Growth in mass and length

Mass (mean � S.E.) from the FW sampling on 15 April was

101.0 � 4.2 g. During post-smolt phase, mass gain was higher for the

reference group (from 125.0 � 4.4 g to 730.0 � 57.2 g than for the

Preline group (from 130.5 � 10.9 g to 429.3 � 15.4 g) Differences

between groups were significant (one-way ANOVA, F1,58 = 13.251;

p < 0.001) after 2 months in seawater (Figure 3(a)).

Estimation on the mean mass of the fish in the tanks was done by

Lerøy Vest AS based on feed output. After 1 month in seawater, mean

mass increased from 132.0 to 443.6 g in the Preline group and from 136.7

to 733.5 g in the reference group (Figure 3(b)). On 30November, 3 months

after the post-smolt phase, the mean mass of Preline (Buholmen) group

was estimated in 1475 g and in the reference group was 1,666 g

(Figure 3(b)). Increase in mass during the growing period was 232% for the

Preline (Buholmen) group and 123% for the reference group.

Fork length (mean � S.E.) from FW was 20.6 � 0.2 cm. During

the post-smolt phase, increase in LF was higher in the reference group

(from 22.9 � 0.2 to 38.7 � 0.9 cm) than in the Preline group (from

23.2 � 0.5 cm to 33.4 � 0.3 cm) (Figure 3(c)). Differences between

groups were significant (one way ANOVA, F1,58 = 14.36, p < 0.001)

after 2 months in seawater.

The condition factor (mean � S.E.) was 1.15 � 0.01 in FW. During

the post-smolt phase, K declined in both groups before recovering

(from 1.04 � 0.01 to 1.12 � 0.02 in the Preline group and from

1.03 � 0.01 to 1.20 � 0.02 in the reference group (Figure 3(d)).

K was higher for the reference group than for Preline group after

4 months in seawater (one way ANOVA, F1,58 = 6.138, p < 0.05).

The feed conversion ratio (CRF) was lower for the Preline group

both during post-smolt and growth phases (1.04 and 1.03, respec-

tively) than in the reference group (1.08 in both phases; Table 2).

Thermal growth coefficient (GTC) was measured on the post-smolt

phase being 2.778 for the Preline group and 3.149 for the reference
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group. Estimations predicted a GTC of 3.001 and 2.318 in the growth

phase for Preline and reference groups, respectively (Table 2).

3.3 | Pathological condition

During the post-smolt phase, the accumulated mortality for the Pre-

line group increased from 0.54% after transferring to Preline system

from freshwater facility until 1.34% after 4 months (Figure 4). During

this post-smolt phase, the accumulated mortality in the reference

cages was lower (0.98%). However, after 20 days in the growth phase,

the accumulated mortality in the reference group surpassed the mor-

tality in the Preline (Buholmen group). On 30 November, accumulative

mortality was higher in the reference group (3.42%) than in the Preline

(Buholmen) system (2.48%).

Fish from the reference group presented signs of degeneration

and necrosis in the skeletal and heart muscle (26.7%). Using rt-PCR,

SAV was detected in reference group fish after 4 months in seawater

(16.67%), all of them presenting histopathological signs of disease.

However, no SAV was detected on fish from fresh water or the Pre-

line group. PRV was detected both in freshwater (80%), Preline (80%)

and reference (73.33%) groups.

3.4 | Swimming behaviour

Fish in Preline S-CCS formed schools and swam constantly against the

current (Supporting Information Video S1). Fish in the reference group

presented a more erratic swimming, with more interactions among

individuals.

3.5 | Histology

After 4 months in seawater, post-smolts kept in the Preline rearing

system presented higher frequency of the smallest muscle fibres than

fish in the reference group: 0–20 μm diameter (one way ANCOVA,

F1,56 = 5.297; p < 0.05) and 20–40 μm diameter (one way ANCOVA,

F1,56 = 5.790; p < 0.05. This equals 2.44 times higher frequency in

the fibres in the 0–20 μm size class. The reference group had a higher

frequency (one way ANCOVA, F1,56 = 5.307; p < 0.001) on the

60–80 μm size class (Figure 5).

3.6 | Plasma IGF-I

At the end of the freshwater period, plasma IGF-I concentrations

averaged 72.3 � 7.5 ng ml−1. During the first 2 months, plasma IGF-I

concentrations were higher for the reference group. After 1 month,

Preline group averaged 95.3 � 7.2 ng ml−1 and the reference group

averaged 127.5 ng ml−1 (one-way ANOVA, F1,58 = 10.1626, p < 0.01).

After 2 months, the averages were 129.5 + 8.0 and 204.8 + 12.7

ng ml−1 for Preline and reference groups, respectively (one-way

ANOVA, F1,58 = 25.2004, p < 0.001). After 4 months, plasma IGF-I

concentration were the highest for both groups, but with no differ-

ences between them (Figure 6).

3.7 | Gene transcription

3.7.1 | Muscle gene transcription

In muscle samples, results indicated that there were no significant dif-

ferences in the igf-I (Figure 7(a)) and igf1ra (Figure 7(b)) gene transcrip-

tion between the Preline S-CCS and the reference open-cage system

in any of the sampling points in the post-smolt phase. No significant

differences were observed for igfbp1a after 1 and 2 months in seawa-

ter (Figure 7(c)). It was observed an increase in the transcription of

igfbp1a over time but this was only significant after 4 months in sea-

water for the reference group (Kruskal-Wallis, H3,36 = 4.090;

p < 0.05). Moreover, no significant differences between rearing sys-

tems were observed at each sampling point.

3.7.2 | Heart gene transcription

Freshwater smolts had a significant higher transcription of mef2c

(Kruskal-Wallis, H2,86 = 41.599; p < 0.001), gata4 (Kruskal-Wallis,

H2,81 = 23.897; p < 0.001) and vegf (Kruskal-Wallis, H2,81 = 24.256;

p < 0.001) than post-smolt groups after 4 months in seawater, inde-

pendently of the rearing system (Figure 8). After 4 months, Preline fish

expressed significantly higher mef2c (Kruskal-Wallis, H1,56 = 8.094;

p < 0.01) and gata4 (Kruskal-Wallis, H1,56 = 4.951; p < 0.05) than the

reference group. No differences were found on the transcription of

vegf between Preline and reference groups after 4 months in seawa-

ter. Since differences were found in the messenger (m)RNA transcrip-

tion levels of gata4 and vegf between SAV-infected and non-infected

fish, all fish tested as SAV-positive were excluded from the analysis.

TABLE 2 Feed conversion ratio (CRF) and thermal growth coefficient

(GTC, estimated for the growth phase) for Salmo salar kept in Preline
semi-closed containment and reference rearing systems during the
post-smolt and growth phases

GTC

Group CRF Measured Estimated

Preline (post-smolt) 1.04 2.778 2.85

Reference (post-smolt) 1.08 3.149 3.041

Preline (growth) 1.03 – 3.001

Reference (growth) 1.08 – 2.318
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FIGURE 4 Accumulated mortality of Salmo salar in the Preline semi-

closed containment system (S-CCS) 30 April to 30 August followed by
the open pen growth phase (Buholmen) from 1 September to
30 November ( ; , changeover from S-CCS to open pen). The
accumulated mortality in the reference group covers the period 5 May
to 30 November ( )
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4 | DISCUSSION

In the present study, post-smolts reared in the Preline S-CCS during

spring and summer grew less both in length and mass than their coun-

terparts in the reference group. Full-scale production systems permit

the acquisition of reliable and valuable data for aquaculture manage-

ment, but disadvantages come from the lack of replication and control

of environmental variables that can also affect the experiment. Fish

have the same genetic background and come from the same cohort,

but differences between groups can be determined by environmental

factors of any kind, location, presence of pathogens or feeding proce-

dures in addition to the rearing systems itself. Therefore, results must

be considered as indicative and future research on this platform must

be carried out in order to confirm present results.

Environmental factors including temperature, salinity, photope-

riod and oxygen affect growth and metabolism of teleosts (Boeuf &

Payan, 2001; Brett, 1979), with temperature being regarded as one of

the key factors influencing growth (Fry, 1971). Since Preline was

pumping water from 35 m depth, fish in the reference group were

exposed to higher temperatures than Preline fish during the post-

smolt phase (12.9 vs. 9.5 on average); the difference started a few

days after transfer (Figure 2(a)). In both systems, the temperature vari-

ation was similar, but always 3–4� C colder in the Preline. Moreover,

transition from smolt to post-smolt includes a series of physiological

adaptations of the fish to be able to survive in the marine environ-

ment. These adaptations are often associated with a lag phase in

growth before being followed by an increase in growth rate

(Stefansson et al., 2008), which can be reflected in the decrease in K.

Differences in growth after 2 and especially 4 months could be condi-

tioned by the higher Preline salinity as well as by lower temperature in

this system (Figure 2(b)). However, it has been shown that S. salar

post-smolt growth is independent of salinity in a range similar to the

one observed in the present study (Duston, 1994). Optimal oxygen

concentrations have been determined in the range 85–120% for

S. salar at temperatures from 5–15� C (Thorarensen & Farrell, 2011).

Oxygen concentration in the open cage fell into this range, but Preline

oxygen concentration was more variable and fell outside these

thresholds during short periods of time, which could potentially affect

fish growth.

To account for differences in temperature between rearing sys-

tem, but also from regional differences, a mass model incorporating

growth rate per day dependent on the daily temperature was

employed (GTC). Due to the size of the experiment, GTC was calculated

over 30 fish sample instead of following individually tagged fish. It

should be noted that during some parts of the growth phase, the

water temperature exceeded 16� C, which could affect the GTC value

(Jobling, 2003). The GTC was retained because the temperature pro-

files between the groups during the growth phase did not differ much

and that both groups exceeded 16� C around the same time. Not sur-

prisingly, Preline fish had a lower growth rate compared with the

reference-group fish during the post-smolt phase. However, the GTC

in Preline (2.778) was still around the 2.71, a value considered to be

average (Thorarensen & Farrell, 2011). After transferring to an open

system for the growth phase (Buholmen), the GTC increased in Preline

fish, becoming higher than for the reference fish. It is important to

note that estimated data based on feed output corresponded with the

mass measurements conducted during the post-smolt sampling,

0-20 20-40 40-60 60-80 80-100 100-120

Muscle fibre diameter (μm)

120-140140-160160-180180-200200-220 >220
0

5

10

15
*

*

*

D
ist

rib
u�

on
 fr

eq
ue

nc
y 

(%
)

20

25

30

35

FIGURE 5 Mean (+S.E.) Salmo salar skeletal muscle fibre diameter frequency distribution reared in Preline semi-closed containment system ( )

and reference S. salar ( ) after 4 months in seawater. Significant difference between groups; *p < 0.05; ***p < 0.001

0
Fresh water

A a

B

C

C

a

bc

b

1 months SW 2 months SW 4 months SW

50

100

150

200

250

300

IG
F-

I (
ng

/m
l)

**

***

FIGURE 6 Mean (�S.E.; n = 30) plasma IGF-I concentration of Salmo

salar in both fresh water and during rearing in Preline S- semi-closed
containment system (S-CCS; ) and reference group ( ). Significant
differences trough time are denoted with capital letters within the
reference group, lower-case letters within the Preline S-CCS group
and significant differences between rearing systems are shown:
**p < 0.01; ***p < 0.001. SW, seawater

574 BALSEIRO ET AL.FISH
 10958649, 2018, 3, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.13659 by C
A

PE
S, W

iley O
nline L

ibrary on [02/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ig
f-I

 re
la

�v
e 

ex
pr

es
sio

n

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

ig
f-1

ra
 re

la
�v

e 
ex

pr
es

sio
n

Fresh water 1 months SW 2 months SW 4 months SW

0.25
(a) (b)

(c)

0.20

0.15

0.10

0.05

0.00

Fresh water

A A
A

B

a
a a

ab

1 months SW 2 months SW 4 months SW

ig
�

p1
a 

re
la

�v
e 

ex
pr

es
sio

n

0.60

0.50

0.40

0.30

0.20

0.00

0.10

FIGURE 7 Mean (�S.E.; n = 30) relative gene transcription values for (a) Igf-I ( ) Reference, and ( ) Preline, (b) igf1ra ( ) Reference, and ( ) Preline,

and (c) igf1bp1a ( ) Reference, and ( ) Preline using ef1α as standard in Salmo salar muscle, both in fresh water and during rearing in Preline semi-
closed containment system (S-CCS; ) and reference group ( ). Significant differences through time are denoted with capital letters within the
reference group and lower-case letters within Preline S-CCS. SW, seawater

ga
ta

4 
re

la
�v

e 
ex

pr
es

sio
n

Fresh water 4 months SW

3

2.5

2

1.5

1

0.5

0

a a

b
c

m
ef

2c
 re

la
�v

e 
ex

pr
es

sio
n

40

35

30

25

20

15

10

5

0

a a

b
c

(a) (b)

ve
gf

 re
la

�v
e 

ex
pr

es
sio

n

Fresh water 4 months SW

40

35

30

25

20

15

10

5

0

a a

b b

(c)

FIGURE 8 Mean (�S.E.; n = 30) relative gene transcription values for (a) mef2c ( ) Reference, and ( ) Preline, (b) gata4 ( ) Reference, and ( )

Preline and (c) vegf ( ) Reference, and ( ) Preline using ef1α as standard in Salmo salar heart, both in fresh water and after rearing in Preline semi-
closed containment system (S-CCS; ) and reference group open pen ( ) for 4 months in seawater. Significant differences between groups are
indicated by different lower-case letters

BALSEIRO ET AL. 575FISH
 10958649, 2018, 3, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.13659 by C
A

PE
S, W

iley O
nline L

ibrary on [02/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



supporting validity of such estimations. At the end of the growth

phase, the fish were still larger in the reference group system com-

pared with the Preline (Buholmen) group, which nevertheless grew

faster during the growth phase (Table 2 and Figure 3(b)). It cannot be

concluded that this higher growth in the Preline (Buholmen) group

was due to the Preline rearing, to the presence of SAV in the refer-

ence fish or simply to the fact that the fish coming from Preline were

smaller when transferred to the open pen (Maclean & Metcalfe, 2001;

Mortensen & Damsgård, 1993; Nicieza & Metcalfe, 1997). Moreover,

CRF was lower in the Preline than in the reference group. It has been

observed that moderate exercise favours the food conversion through

appetite stimulation (Christiansen et al., 1992; East & Magnan, 1987;

Leon, 1986), although less drifting food in the Preline rearing system

as result of a more precise feeding process may have played a role.

Swimming behaviour of fish in the Preline was quite different

than in the open pen (Supporting Information Video S1). In Preline,

fish swam against the current, showing fewer interactions and less

aggressive behaviour, as it has been previously observed in fish

exposed to constant currents (Christiansen et al., 1991; Jobling et al.,

1993; Solstorm et al., 2016). In calm waters, salmonids tend to form

dominant hierarchies, inducing differences in size within the fish pop-

ulation (Adams et al., 1995; Brännäs, 2009; Winberg et al., 1991).

Aggressive behaviour can produce lesions, which can in turn facilitate

infections. Furthermore, high aggression can lead to increased sponta-

neous activity with higher energetic costs and increment of the feed

conversion ratio of the population (Christiansen et al., 1991; Solstorm

et al., 2016).

Preline S-CCS showed a higher accumulated mortality than the

reference group during the first period post transfer to seawater

(Figure 4). A higher salinity in the Preline S-CCS would have been a

greater ionoregulatory challenge for these fish, but also higher flow

rate can play a role as it has been reported in salmonids during the

first days of exposure to similar flow rates (Davison & Goldspink,

1977; Totland et al., 1987). Moreover, the mortality could be related

to transportation problems. Mortality in the Preline S-CCS did reach a

plateau, while the reference group increased gradually through time,

especially during summer months. Shortly after transferring Preline

fish to Buholmen for the growth phase, accumulated mortality

became higher in the reference group. It is not clear if this effect was

caused by more robust fish coming out of the Preline S-CCS or if

other factors contributed, especially pathogens. No sea lice or signs of

amoebic gill disease were observed in the third generation of Preline.

Moreover, data from the Preline second generation showed lower

prevalence in seawater pathogens in the Preline S-CCS than in the

reference group (Supporting Information Figure S1). In the present

generation, it has been reported SAV infection in fish from the refer-

ence group, but not from the Preline. SAV is the causative agent of

pancreas disease, which can produce mortalities up to 50% linked to

stress (Bang Jensen et al., 2012; Rodger & Mitchell, 2007). Although

all muscle samples used in the study showed to be a carrier of PRV,

PRV is common in farmed S. salar appearing often without any associ-

ated pathology (Kongtorp et al., 2004; Løvoll et al., 2012). Therefore,

PRV most likely had little, if any, affect on fish growth.

Differences between SAV positive and negative fish were not

observed for muscle fibre size. Therefore, all fish were included in the

analysis. Muscle fibre size distribution changed through the ontogeny

of fish from a higher percentage of small fibres at the beginning of the

experiment to a greater proportion of large sizes after 4 months in

seawater (Figure 5). This growth as result of hypertrophy with a low

hyperplasia through development of the fish has been previously

observed (Stickland, 1983; Weatherley et al., 1980). However, Preline

fish presented a higher frequency of small muscle fibres (higher hyper-

plasia) than the reference group after 4 months in seawater, being also

this phenomenon previously observed in the Preline second genera-

tion (Supporting Information Figure S2).

The majority of the fish muscle is white skeletal muscle, which is

mainly used for anaerobic swimming (Videler, 1993), but also used for

swimming under a critical current speed species and size-dependent

(Burgetz et al., 1998; Johnston & Moon, 1980). Moreover, it has been

observed that training can change the white muscle fibre profile

(Rasmussen et al., 2011). Therefore, it is plausible to think that higher

hyperplasia in white skeletal muscle could be an effect of aerobic

training. Furthermore, several studies indicate that water speeds

above 0.40 body lengths s−1 induce muscle hypertrophy (Bugeon

et al., 2003; Castro et al., 2011; Ibarz et al., 2011; Martin & Johnston,

2005; Totland et al., 1987; Walker & Emerson, 1978). Although Pre-

line fish were smaller, after 4 months in seawater they have a compa-

rable frequency of big muscle fibres, suggesting muscle hypertrophy.

Higher growth in the growth phase could be related to hypertrophy of

small fibres recruited during training.

Plasma IGF-I concentration increased as a result of fish develop-

ment in seawater, as it has been previously described (Beckman,

2011; McCormick, 2012). The reference group showed higher plasma

IGF-I than Preline fish, reflecting the higher growth rate at this stage

(Figure 6). Such differences are probably due to differences in envi-

ronmental variables, mainly temperature, as it has been previously

observed (Beckman, 2011; Brett, 1979; Gabillard et al., 2003; Larsen

et al., 2001). Moreover, link between higher plasma IGF-I concentra-

tion and higher growth rate has been established for other teleost

species (Beckman et al., 1998; Imsland et al., 2007; Mingarro et al.,

2002; Pierce et al., 2001). The lack of correlation between plasma

IGF-I and body size found after 4 months in seawater may reflect a

difference between large and small-scale laboratory studies. Addition-

ally, it is possible that elevated plasma IGF-I concentration in the Pre-

line S-CCS reflected the training effect and the initiation of enhanced

growth during the growth phase. No differences were found in plasma

IGF-I concentration between SAV positive and negative.

Local igf-I and igf1ra transcription in muscle did not differ

between the two rearing systems during the post-smolt period

(Figure 7). Since muscle growth is mediated by the interaction of both

IGF-I and its receptor (Beckman et al., 2004b), a higher transcription

on the reference fish could be expected. This suggests that tempera-

ture was not an influencing factor on muscle transcription of igf-I and

igf1ra as it has been previously observed in Onchorhynchus mykiss

(Walbaum 1792) (Gabillard et al., 2003). Hence, the growth-promoting

effects from temperature were probably mainly driven by liver derived

IGF-I, rather than local muscle derived IGF-I. However, local muscle

igf-I transcription should be interpreted with caution, as interactions

with igf1bps may inhibit biological action (Beckman, 2011).
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As differences between SAV positive and negative fish were

observed for gata4 and vegf, SAV positive fish were excluded from

both analyses. When comparing heart gene transcription in fresh

water and after 4 months in seawater, an ontogenic component in the

three chosen markers was observed (Figure 8). After 4 months in sea-

water, no difference was observed between rearing systems for the

vegf. However, significantly higher transcription of the transcription

factors mef2c and gata4 were found in the Preline fish than in the ref-

erence fish. Elevated mef2c and gata4 transcription is an indication of

increase in cardiomyocyte hypertrophy as an effect of training

(Akazawa & Komuro, 2003; Castro et al., 2013; Kolodziejczyk et al.,

1999). Since faster water currents seems to have higher magnitude

effect of the markers considered (Castro et al., 2013), it seems that

fish from Preline were not exposed to a water current strong enough

to induce differences in vegf transcription.

In summary, fish in the Preline S-CCS exhibited lower growth dur-

ing the post-smolt phase, as well as lower igf-I transcription. This was

due to environmental differences between rearing systems, mainly

temperature. However, Preline fish were forced to swim against a

moderate current, causing mild aerobic training that fish in the refer-

ence group did not receive. The Preline fish had, at the end of the

post-smolt phase, a 2.44 times higher frequency of muscle fibres in

the smallest interval group (0–20 μm), compared with the reference

fish, confirming previously observed results in Preline second genera-

tion. Furthermore, the number of large fibres remained constant, indi-

cating both hyperplasia and hypertrophy of skeletal muscle. This was

coupled with the increase in plasma IGF-I concentration as well as

lower increment of igf1bp1a in muscle in the Preline group. Higher

increase in growth rate for Preline fish during the growth phase

reflected the hypertrophy of these newly recruited muscle fibres.

Moreover, cardiomyocyte hypertrophy in response to aerobic training

was demonstrated by higher transcription of mef2c and gata4 in the

heart, but training magnitude was not enough to elicit the vegf

response. Taken together, the results show that Preline S-CCS fish did

not grow as efficiently as in open pens due to lower temperatures,

but training produces more robust fish with more potential growth

and less mortalities in the growth phase than the reference group.
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