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Smoltification, seawater
performance, and maturation
in Atlantic salmon (Salmo salar)
fed different fat levels
Vasco C. Mota1,2*, Gerhardus C. Verstege1,3, Anja Striberny1,
Esmail Lutfi 1, Jens-Erik Dessen1, Lene Sveen1,
Erik Burgerhout1 and Marta Bou1

1Nofima AS, The Norwegian Institute of Food, Fisheries and Aquaculture Research, Tromsø, Norway,
2Department of Mechanical Engineering and Technology Management, Norwegian University of Life
Sciences, Ås, Norway, 3Havbruksstasjonen i Tromsø AS, Kårvik, Norway
Introduction: The use of recirculating aquaculture systems (RAS) to produce

Atlantic salmon smolts has resulted in exceptionally high fish growth rates.

However, there are potential negative trade-offs between fast growth and key

physiological processes, such as inadequate smoltification and early sexual

maturation, which can both be linked to body energy reserves.

Methods: This study determined the effect of i) dietary fat levels on Atlantic

salmon whole-body fat and fatty acids composition, growth performance and

smoltification and ii) a previous dietary regime on seawater growth performance

and male early sexual maturation. In freshwater RAS, salmon parr (~19g) were fed

3 fat levels (20, 24, and 28%) over a 14-week period at 12°C. Subsequently, in

seawater flow-through systems, smolt (~96g) were fed a control diet (26%) for 12

weeks at 2 temperatures (12 and 16°C).

Results: Dietary fat levels resulted in differences in k-factor, fish whole-body fat

and fatty acids composition; the low fat diet resulted in fish with a 23% lower

whole-body fat when compared to the other two dietary groups at the end of the

freshwater phase. These differences in whole-body fat faded at the end of the

seawater phase. During the freshwater phase, all three feeds resulted in a

comparable growth performance and smoltification indicator values, including

k-factor, gill Na+, K+-ATPase, blood serum chloride and smolt index score. In

contrast, water temperature resulted in fish body weight differences, where

groups reared at 16°C were larger than those reared at 12°C. Nevertheless,

both temperature regimes supported a similar thermal growth coefficient.

Smolts grown at 16°C showed a higher level of the sex steroids

androstenedione compared to those at 12°C. However, 11-ketotestosterone

and testosterone levels did not differ despite a trend for higher levels at 16°C.

Furthermore, testis histology at the final sampling indicated that some individuals

showed initial signs of maturation (stage 3).
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Discussion: In conclusion, varying dietary fat levels (20 - 28%) during the

freshwater phase did not influence smoltification or male early sexual

maturation during the subsequent grow-out phase. However, a temperature

increase from 12 to 16°C resulted in larger fish and appeared to stimulate early

male maturation in some fish individuals.
KEYWORDS

smoltification, early sexual maturation, seawater performance, dietary fat levels,
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1 Introduction

Currently the most common way of producing Atlantic salmon

(Salmo salar) consists of a two-phase production cycle matching the

salmon’s anadromous lifestyle. First, parrs (juvenile fish) are

produced and smoltified in a freshwater hatchery; thereafter,

smolts (seawater ready fish) are transferred to sea cages for grow-

out (Bergheim et al., 2009). During the past decade freshwater

hatcheries have been replaced from conventional flow-through

systems to recirculating aquaculture systems (RAS).

RAS are among the most environmentally sustainable systems

to culture fish, and in Atlantic salmon production is especially

relevant due to the possibility for water temperature control,

freshwater reutilization, higher fish densities and larger smolts

production (Mota et al., 2022). The production protocols are

salmon producer and site specific but generally during the

freshwater phase, i.e., first feeding to smolt, the follow production

conditions can be observed: water temperature between 12 – 14°C,

feeding continuous and to apparent satiation, photoperiod 24 hours

light, water exchange rate 400 – 800 L/kg feed and fish densities up

to 60 – 80 kg/m3. (V.C. Mota, personal communication, 2024).

These RAS controlled production environment results in optimal

conditions for fast fish growth and shorter production time.

However, there are potential trade-offs between this fast growth

and key physiological processes such as inadequate smoltification

and early sexual maturation which can ultimately impact the fish

health and welfare, and the final product quality including poorer

fish fillet quality.

Smoltification or parr-smolt transformation constitutes a suite

of physiological, morphological, and behavioural changes such as

the development of hypo-osmoregulatory ability that prepares the

Atlantic salmon for a life at sea. It is triggered in parr that have

passed a size threshold of approximately 12 cm in response to an

increasing daylength during spring (Mccormick et al., 2007). The

morphological and physiological remodelling is an energy

demanding process primarily fuelled by lipolysis (Sheridan and

Kao, 1998). The resulting fat mobilization in combination with the

action of plasma growth hormone (GH) stimulates an increase in
02
linear growth that becomes visible through a reduced condition

factor at the end of smoltification (Mccormick et al., 1995).

Sexual maturation of Atlantic salmon encompasses

developmental, behavioural, morphological and physiological

processes such as steroidogenesis and gonad development aiming

to enhance reproductive capacity (Mobley et al., 2021). In an

aquaculture context, early sexual maturation, particularly in male

fish, is problematic as it compromises growth, changes fish external

appearance, reduces meat quality, and increases mortality at sea

leading to high economic loss for the fish farmer (Mcclure et al.,

2007). Onset of early sexual maturation of males during the

freshwater phase is often the result of fast growth triggered by a

combination of 24-h light, relatively high rearing temperatures and

energy-rich diets (Good and Davidson, 2016). A reduction in

dietary fat levels during spring has been suggested as a possible

solution to mitigate early sexual maturation (Good and

Davidson, 2016).

A few studies have investigated how smoltification is affected by

dietary fat levels and how seawater growth can be linked to dietary

history and overall concluded that smolt production may not be

impaired by a reduction in dietary fat content (Helland and

Grisdale-Helland, 1998; Bendiksen et al., 2003; Berrill et al.,

2004). However, these studies were conducted under seminatural

conditions, using simulated natural photoperiod, and fluctuating,

relatively low temperatures resulting in slow growing fish. In

contrast, the intensive rearing conditions in RAS, such as higher

temperatures and continuous light and feed promote high

metabolic rates and fast growth. Consequently, there is a need to

test the interrelationship, and possible interference, between feed

containing different levels of dietary fat during smoltification in

RAS, subsequent seawater performance and occurrence of early

maturation in Atlantic salmon male fish.

The first objective of the present study was to determine the

effect of different dietary fat levels on Atlantic salmon whole-body

fat and fatty acids (FA) composition, growth performance and

smoltification. The second objective was to assess the effects of a

previous dietary regime on seawater growth performance and early

male sexual maturation at two temperatures.
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2 Materials and methods

2.1 Experimental design

Three experimental diet treatments with different fat inclusion

were tested in triplicated groups: i) Low fat group - 20%, ii) Control

group - 24% and, iii) High fat group - 28% in a Freshwater RAS

phase (14 weeks) at 12˚C. This was followed by a Seawater FTS

phase (12 weeks) at two temperatures i) 12˚C and ii) 16˚C and,

during this period only one diet was used – Control (Figure 1). Due

to a pump mechanical failure one Low fat replicate was lost after

week 0, therefore N = 3, except for the Low fat group where N = 2,

for all data presented in this study except gonad histology and sex

steroids data. For these two variables fish was considered the

experimental unit (N = 5 - 9).
2.2 Fish

All procedures involving fish were authorized by the Norwegian

Food Safety Authority (FOTS) under general husbandry practices

and ID24383.

Atlantic salmon (Salmo salar) eyed eggs (AquaGen Atlantic

QTL-innOva PRIME, AquaGen AS, Trondheim, Norway) were

hatched and reared in a freshwater flow-through system (Tromsø

Aquaculture Research Station, Kårvik, Norway) at ~ 7.5°C under

continuous light (LD24:00) photoperiod until approximately 14g.

At the end of this phase, all fish (N= 990) were individually PIT-

tagged (12.5 mm, GPT12 PLT™, Biomark, USA) and randomly

distributed over nine experimental tanks (N = 110/tank). The fish

were acclimatized for 1.5 weeks to the rearing units and

environmental parameters: dissolved oxygen > 85% saturation,
Frontiers in Aquaculture 03
pH = 7 - 7.5, temperature = 11.5 – 12.5°C and salinity = 1 - 2

ppt. Photoperiod was light-dark (LD) 24:00. Fish were fed

continuously (approx. 23h day) with an automatic belt feeder

over satiation (120%) with an acclimatization diet (control =

24% fat).

After the acclimatization phase, fish (N=110/tank; 18.8 ± 2.3g)

were fed the three experimental diets (in triplicates) during a 14-

week period, named the Freshwater RAS phase. During this period,

fish parr were smoltified using a square wave photoperiodic regime

consisting of 6 weeks “winter signal” (LD 12:12), followed by 8

weeks of LD 24:00. The continuous light, i.e. LD 24:00, was used in

the current study as it was previously shown to result in the highest

growth and it is a common practice in Atlantic salmon industry

during the freshwater on-growing phase (Ytrestøyl et al., 2022). The

water temperature was 12°C. At week 3, 6, and 8, five fish per

replicate group were captured and transferred to a flow-through

tank containing full-strength (34 ppt) seawater at 12°C for a 24-

hour seawater challenge test (SWCT). At the end of the 14-week

period, treatment groups were randomised using a common garden

design and fish (N= 27 - 37 per replicate; 95.5 ± 19.3g) were moved

to one of two seawater flow-through culture tanks for a subsequent

12-week period, named the Seawater FTS phase. During this phase

one culture tank was kept at 12°C whereas the other was kept at 16°

C; both tanks were kept at LD 24:00. All fish were fed a control diet

resembling a commercial diet containing 26% fat during this phase.
2.3 Rearing units

The experimental Freshwater RAS phase (week 0 to week 14)

was conducted in nine replicated RAS units that were described in

detail in Mota et al. (2022). Briefly, each individual RAS unit
FIGURE 1

Schematic illustration of the experimental design. * The dietary lipid inclusion during Seawater FTS phase was 26% for all groups.
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consisted of a cylindro-conical fish tank (V = 0.5 m3); drum filter

(micro-screen mesh size = 40 μm); a moving bed bioreactor (V = 0.2

m3, 750 m2/m3 bio-media), a gas exchange unit (CO2-degasser

cylinder), low pressure oxygen cone (0.6 Bar) and a temperature

control unit. Illumination was provided by a LED light (2358 lm,

Pacific LED, Philips, The Netherlands) above each fish tank unit.

The total RAS water volume was 0.8 m3, water flow to the fish tank

was 1500 L/h.

The experimental Seawater FTS phase (week 14 to week 26) was

conducted in two replicated octagonal fish tanks (V = 4 m3) with an

average water flow of 3240L/h. Two holding sump tanks (V = 3.3

m3) were used to condition the water for each fish tank, i.e., the

temperature was controlled by heat exchangers and the pure oxygen

was added through a diffusor. The natural seawater was pre-filtered

(drum filter micro-screen mesh size = 60 μm) and UV treated

(2200W, WEDECO, ITT Water & Wastewater Herford GmbH,

Germany) before flowing into the holding sump tanks.
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2.4 Diets

Three experimental diets were formulated and produced at the

Aquafeed Technology Centre (Nofima AS, Bergen, Norway)

(Tables 1, 2). The control diet was produced in four pellet sizes,

i.e., 1.25, 2, 3 and 4.5 mm and the Low Fat and High Fat diets were

produced in two pellet sizes i.e., 2 and 3 mm. The diets were used in

accordance with increasing fish size as shown in Figure 1, i.e., the

Control diet was used for acclimatization, Freshwater RAS phase

and Seawater FTS phase and, Low fat and High Fat were used for

Freshwater RAS phase only. The control diet was formulated to

resemble a commercial diet in terms of fat, protein and energy

content to represent a benchmark “standard” for fish performance

(Jobling, 2012).

Feed samples from all diet groups and pellet sizes (N = 8) were

collected and stored frozen at -80°C until analysis. The chemical

composition of the diets was determined via proximate composition
TABLE 1 Ingredient and chemical composition (%) of the experimental feeds.

Ingredient composition (%)
Acclimatization phase Freshwater RAS phase Seawater FTS phase

All Low fat Control High fat All

Fish meal 45.0 42.4 40.0 37.6 30.0

Soy protein concentrate (SPC) 10.0 12.7 12.0 11.3 17.0

Wheat gluten 11.0 13.1 12.4 11.7 12.4

Corn gluten – – – – 5.0

Wheat 10.7 10.9 10.2 9.6 9.5

Fish oil 17.2 13.7 18.6 23.5 11.0

Rapeseed oil – – – – 8.9

Choline chloride 0.50 0.53 0.50 0.47 0.50

Mannan oligosaccharide (MOS) 0.50 0.53 0.50 0.47 0.50

K2CO3 0.090 0.10 0.090 0.085 –

MgSO4 0.25 0.27 0.25 0.24 –

Rapseed lecithin 1.0 1.1 1.0 0.9 1.0

Vitamin premix 0.50 0.53 0.50 0.47 0.50

Monosodium phosphate 2.3 2.7 2.5 2.4 2.5

Carophyll Pink (10% Astaxanthin) 0.0050 0.0053 0.0050 0.0047 0.050

DL-Methionine 0.20 0.32 0.30 0.28 0.20

L-Histidine 0.20 0.32 0.30 0.28 0.30

Mineral premix 0.50 0.53 0.50 0.47 0.50

Chemical composition (%)

Crude protein 47.2 49.3 44.2 45.2 46.5

Fat 24.0 20.0 24.6 29.5 26.1

Gross energy (MJ/kg) 21.9 21.3 22.3 23.7 22.4

Ash 10.0 10.1 9.0 8.9 8.4

Dry matter 92.9 92.5 92.7 95.5 92.7

Pellet size (mm) 1.25 – 1.60 2 & 3 2 & 3 2 & 3 4.5
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analysis according to standard methods described previously by Bou

et al. (2017). Briefly, dry matter content of the feeds was determined

by gravimetric analysis following drying at 105°C for 16-18 h until the

weight remained constant. Ash content was determined based on

mass change after combustion in a muffle furnace at 550°C for 16 h.

An elemental analyser (Flash 2000 Thermo Fisher Scientific,

Cambridge, UK) was used to measure total N2 content which was

used to calculate sample protein content based on N × 6.25. Gross

energy was determined by isoperibolic oxygen bomb calorimetry

(Parr 6200 calorimeter, Parr Instrument Company, Moline, USA).
2.5 Fish sampling and analysis

Seven sampling events took place throughout the experiment at

weeks: 0, 3, 6, 8, 14, 20, and 26. Five fish per replicated treatment
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group were sampled in each event for tissues; except for week 0

where only three fish per group were sampled. Fish were euthanized

with a bath overdose of Benzocaine (Benzoak vet, 200 mg/ml,

EuroPharma, Leknes, Norway) prior to tissue sampling.

2.5.1 Survival and growth performance
Fish mortality was assessed and recorded daily in each fish tank.

During all sampling events, individual weight (g) and fork length

(cm) were measured. Condition factor and growth were calculated

from these measurements.

Condition factor (K-factor) was calculated as (Equation 1):

K = 100  �  
W
L3

(1)

Where W is individual weight in grams and L is the length

in centimetres.
TABLE 2 Fatty acid composition (% of total fatty acids) of the experimental feeds.

Formulation
Acclimatization phase Freshwater RAS phase Seawater FTS phase

All Low fat Control High fat All

14:0 6.10 5.89 6.23 6.35 3.49

16:0 12.62 12.83 12.48 12.31 11.70

18:0 1.49 1.52 1.43 1.38 2.39

20:0 0.20 0.19 0.21 0.21 0.31

Ʃ SFA1 21.04 21.04 20.98 20.89 18.58

16:1 n-7 3.86 3.86 3.86 3.88 2.45

18:1 n-9 11.23 11.65 10.83 10.34 19.83

18:1 n-7 1.95 1.99 1.88 1.79 1.88

20:1 n-11 2.77 2.68 2.82 2.88 1.54

20:1 n-9 10.64 10.42 10.82 11.10 6.03

22:1 n-9 17.84 17.39 18.48 18.98 10.23

Ʃ MUFA2 49.92 50.68 49.65 50.41 50.64

18:2 n-6 4.22 5.07 4.16 3.61 20.08

20:2 n-6 0.25 0.24 0.23 0.24 0.18

20:4 n-6 0.30 0.34 0.29 0.30 0.24

Ʃ n-63 4.90 5.80 4.69 4.27 20.58

18:3 n-3 1.41 1.43 1.36 1.34 3.38

20:5 n-3 6.25 6.05 6.24 6.26 3.95

22:5 n-3 0.70 0.73 0.72 0.74 0.50

22:6 n-3 5.09 7.77 7.89 7.76 5.05

EPA+DHA 11.34 13.82 14.13 14.02 9.00

Ʃ n-34 14.88 17.41 17.63 17.49 13.81
1 Saturated fatty acids (SFA) includes 15:0, 17:0, and 22:0.
2 Monounsaturated fatty acids (MUFA) include 14:1n-5, 18:1n-11, and 24:1n-9.
3 Omega-6 fatty acids (n-6) includes 18:3n-6, and 20:3n-6.
4 Omega-3 fatty acids (n-3) Includes 20:4n-3 and 20:3n-3.
frontiersin.org

https://doi.org/10.3389/faquc.2024.1323818
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org


Mota et al. 10.3389/faquc.2024.1323818
Thermal growth coefficient (TGC) was calculated as (Equation

2):

TGC = 1000  �  
W21=3 −W11=3

T �  Dt
(2)

Where T is the water temperature in ˚C and Dt is the number of

days between time T1 and T2.

Specific growth rate (% per day) was calculated as (Equation 3):

SGR = 100  �  
lnW2 − lnW1

t
(3)

2.5.2 Fat content and fatty acid composition
Total lipids were analysed from the diet and whole-body of fish

at the start (week 0), at the end of Freshwater RAS phase (week 14),

and at the end of the Seawater FTS phase (week 26) following the

method described by Folch et al. (1957). For whole-body analysis,

five fish per tank were pooled and total lipids were extracted from

the homogenate produced. A sample of 1 ml from the chloroform–

methanol phase was used for analysis of FA composition of

total lipids using the method described by Mason and Waller

(1964). In brief, the extract was dried under N2 gas, and the

residual lipid extract was transmethylated overnight with 2’,2’-

dimethoxypropane, methanolic HCl and benzene at room

temperature. The methyl esters were separated and analysed in a

GC (Hewlett Packard 6890; HP) with a split injector, using an SGE

BPX70 capillary column (length 60 m, internal diameter 0.25 mm

and film thickness 0.25 mm; SGE Analytical Science), flame

ionisation detector and HP Chem Station software. The carrier

gas was Helium, and the injector and detector temperatures were

both 280°C. The oven temperature was raised from 50 to 180°C at

the rate of 10°C/min, and thereafter raised to 240°C at a rate of 0.7°

C/min. Individual FA methyl esters were identified by reference to

well-characterised standards. The relative amount of each FA was

expressed as a percentage of the total amount of FA in the analysed

sample, and the absolute amount of FA per gram of tissue was

calculated using C23:0 methyl ester as the internal standard.

2.5.3 Blood serum chloride concentration
Blood samples were collected from the caudal vessels using

Vacuette ® vacuum tubes (Greiner Bio-One, Kremsmunster,

Austria) containing a clot activator (for serum). Serum was obtained

by centrifugation at 4000 x G for 10 min., which was thereafter stored

at −80°C until assayed. Blood serum chloride (Cl-) concentration was

measured using a Pentra C400 system (Horiba, CA, USA).

2.5.4 Gill NKA activity
The second gill arch was dissected and placed in SEI buffer (250

mmol/L sucrose, 10 mmol/L Na2-EDTA, 50mmol/L imidazole, pH

7.3), snap frozen in dry ice and stored at −80°C until assayed. Gill

NKA activity was assessed by Eurofins Food & Feed Testing

Norway AS (Kambo, Norway) according to the method described

by (Mccormick, 1993).
Frontiers in Aquaculture 06
2.5.5 Smolt index
Smolt index was visually assessed by individually scoring of

body silvering (1-absent to 4-silver), presence of parr marks (1-solid

marks to 4-absent) and darkening of the distal edge of the caudal fin

(1-absent to 4-black edges).
2.5.6 Gonad histology
Male gonads at the end of the Seawater FTS phase (week 26)

were dissected and placed in 10% neutral formalin containers

(BiopSafe®, Mermaid Medical, Denmark) and stored at 4 °C until

analysis. Sectioning and staining of the tissue samples were done the

Norwegian Veterinary Institute in Harstad, Norway. Briefly, the

tissue sections were hydrated in water and stained with 1% Alican

blue (Alfa Aesar) in 3% acetic acid for 15 min., transferred to 1%

periodic acid for 10 min, followed by Schiffs reagent for 15 min, and

finally in heamatoxylin for 30 s before dehydration and mounting.

The sections were digitised with NanoZoomer S360 (Hamamatsu,

Tokoyo, Japan). The maturational stage of the testis and its

dominating germ cell score was determined according to a 6-

point scoring system modified from Melo et al. (2014) and Ciani

et al. (2021). The cell stages were scored as: I) Spermatogonia A un-

differentiated and differentiated (SPA) - nuclear diameter ~10 μm,

some heterochromatin, foamy appearance of sertoli cells, and

presence of tubuli, II) Spermatogonia B (SPB) - nuclear diameter

~6 - 8 μm, high amount of heterochromatin, III) Spermatocytes

(SC) – nuclear diameter ~ 3 - 4 μm IV) Spermatides (ST) - densely

packed nucleus, ~1.5 - 2 μm, V) Spermatozoa (SZ) - Small densely

packed nucleus with tail and VI) SZ Spermatozoa (SPZ) - SPZ

dominating, large lumen in tubules (Figure 2).
2.5.7 Sex steroid hormone analysis
The concentration of three sex steroid hormones, i.e.,

androstenedione (A4), testosterone (T), and 11-ketotestosterone

(11-KT), were measured in male serum samples at the end of the

Seawater FTS phase (week 26) using a liquid chromatography–

tandem mass spectrometry (LC-MS/MS) at the Proteomics and

Metabolomics Core Facility (PRiME) at the University of Tromsø

(Norway). Briefly, samples were analysed on an Acquity UPLC I-

Class interfaced to a Xevo TQ-XS tandem mass spectrometer

(Waters, Manchester, UK) with the following settings: ESI

positive mode; capillary voltage 1 - kV; desolvation gas

temperature - 550°C; source temperature - 150°C; desolvation gas

flow – 1000 L/h; cone gas flow – 150 L/h; nebuliser pressure – 7 Bar.

The chromatographic separations were done using a Acquity

Cortecs T3 1.6 μm 100 x 2.1 mm (Waters, Manchester, UK)

column maintained at 50°C with a flow rate of 0.3 mL/min. A

linear gradient system composed of 0.1% formic acid in water, and

0.1% formic acid in methanol was used, starting from 40% (v/v)

methanol, and increasing to 70% in 8 min., maintaining at 95% for

0.5 min. before returning to the starting conditions. The

autosampler temperature was 6°C and the sample injection

volume was 4 ml.
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2.6 Water quality

Manual measurements and water samples were taken twice a

month in the Freshwater RAS phase and daily in the Seawater RAS

phase. Dissolved oxygen, pH, conductivity (salinity), and

temperature were measured using a portable meter (FDO 925,

Sentix 940 and TetraCon 925 sensors connected to a Multi 3630

IDS, WTW, Germany). Carbon dioxide was measured using a

portable CO2 sensor (OxyGuard Pacific, OxyGuard, Denmark).

Ammonium (NH4-N), nitrite (NO2-N), and nitrate (NO3-N) were

measured from water samples using a spectrophotometer (Test Kit

1.14558.001, 1.14776.0001and 1.14942.0001, Spectroquant ®,

Merck, Germany). Turbidity was measured from water samples

using a (ORION AQ4500, Thermo Scientific®, Thermo Fisher

Scientific, USA). All measurements and water samples were

obtained from each fish tank outlet.

Hydraulic retention time (HRT; min.), indicator of average time

that water was inside the fish tank, was calculated as (Equation 4):

HRT =  
V
Q

(4)

Where V is the culture tank volume in L and Q is the water flow

in L/min.
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2.7 Statistics

Sex steroid data were acquired and analysed using MassLynx

version 4.2 (Waters corporation, USA). Statistical analyses were

performed with IBM® SPSS® Statistics V27 (IBM, Corp., USA).

The experimental unit considered was the RAS unit (N = 3 or N = 2

for Low fat group) for all parameters with the exception of gonad

histology and sex steroids data where fish were considered the

experimental unit (N = 5 – 9). The relatively high cost and time-

consuming analysis for these two variables resulted in a low fish

number per treatment, thus the rationale to use fish as a replicate

unit, similarly to other studies (Fjelldal et al., 2018; Ciani et al.,

2021). Data in percentage (%) was transformed using arcsin [√ (x +

1)] prior to statistical analysis. Homogeneity of variance was

assessed using a Levene’s test and normality using the Shapiro-

Wilk test. A one-way ANOVA was used to assess the effect of

dietary lipids composition (Diet) on fish and water quality

parameters during the Freshwater RAS phase, and was followed

by post-hoc Tukey test, if significant. A two-way ANOVA was used

to assess the effect of dietary lipids composition (Diet in freshwater),

water temperature (Temperature) and their interaction on fish

parameters during the Seawater FTS phase, and was followed by

post-hoc Tukey test, if significant. An independent samples t-test
B C

D E F

A

FIGURE 2

Images of Atlantic salmon testis representing the study population. (A–C) Testis with dominating stage I, and most advanced cell stage IV. Cell
stages: I) spermatogonia A un-differentiated (SPAund) and differentiated (SPAdiff), II) spermatogonia B (SPB), III) spermatocytes (SC) and IV) spermatids
(ST). (B) Magnification of an enlarged germinal compartment with presence of several germinal cell types. (C) Germinal compartment showing the
most dominating germ cells present in the testis. (D–F) Three individuals with dominating cell stage III. Individuals showed large germinal
compartments with presence of more advanced germ cell stages. Tissue sections stained with Alcian Blue and PAS.
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was used to assess the effect of water temperature on water quality

parameters during the Seawater FTS phase. A significant level (a) of
0.05 was used for all analyses. All data are presented as mean ±

standard deviation (S.D.).
3 Results

3.1 Survival and growth performance

Overall survival was high (> 99.0%) during both experimental

phases. The exception was the Low fat group during the Freshwater

RAS phase, where an acute mortality event occurred after sampling

at week 8 in one of the replicated tanks, resulting in average

treatment group survival of 90.9% (Tables 3, 4). The mortality

was likely caused by a hydrogen sulphite release from one water

pipe during RAS routine maintenance. Fish growth curves show
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that the body weight was similar among the dietary groups

throughout the 26-week experimental period (Figure 3). In

contrast, the body weight in the 16°C groups was significantly

larger by 22% and 36% at respectively week 20 (P-value = 0.010),

and week 26 (P-value< 0.001) compared to groups grown 12°C.

Specific growth rate (SGR) for the Freshwater RAS phase did not

differ significantly among the dietary groups, while SGR for the

Seawater FTS phase was 19% significantly higher in the groups

grown at 16°C when compared to the groups grown at 12°C (P-

value< 0.001). The thermal growth coefficient (TGC) did not differ

in any of the phases.
3.2 Fat content and fatty acid composition

The whole-body fat at the start of the experiment (week 0) did

not differ among the three dietary groups (11.3 ± 0.3%; Figure 4). In
TABLE 4 Summary of performance parameters of Atlantic salmon during seawater FTS phase (week 14 and week 26).

Parameters

Seawater FTS phase
(Week 14 – 26)

P-value

12˚C 16˚C

Low fat Control High fat Low fat Control High fat Temp. Diet Temp. x Diet

Initial weight (g) 82.3 ± 14.4a 102.7 ± 8.6 b 94.9 ± 10.1 a,b 83.2 ± 21.1 a 103.0 ± 3.1 b 94.6 ± 9.2 a,b 0.950 0.045 0.996

Final weight (g) 416.1 ± 90.6 501.7 ± 34.9 466.8 ± 31.4 601.7 ± 114.7 636.7 ± 55.6 641.2 ± 36.2 <0.001 0.332 0.766

Initial length (cm) 19.2 ± 1.0 20.4 ± 0.5 19.9 ± 0.6 19.2 ± 1.6 20.4 ± 0.2 19.9 ± 0.5 0.965 0.086 0.995

Final length (cm) 31.7 ± 1.8 33.5 ± 0.7 32.9 ± 0.7 34.3 ± 1.9 34.9 ± 0.5 35.0 ± 0.5 0.002 0.194 0.686

Survival (%) 99.0% 99.5%

SGR (%/d) 1.88 ± 0.06 1.85 ± 0.13 1.85 ± 0.06 2.31 ± 0.07 2.11 ± 0.09 2.23 ± 0.18 <0.001 0.320 0.523

TGC 3.01 ± 0.28 3.16 ± 0.22 3.10 ± 0.10 2.98 ± 0.13 2.86 ± 0.17 2.97 ± 0.22 0.151 0.941 0.544
Initial values at week 14 and final values at week 26.
SGR, specific growth rate and TGC, thermal growth coefficient.
Superscript alphabets indicate significant differences for experimental diet treatments fed during the Freshwater RAS phase (Two-way ANOVA, post-hoc Tukey HSD test, P< 0.05). Significant P-
values are shown in bold.
Values are given as treatment group ± S.D. (N=3, except Low fat where N=2).
TABLE 3 Summary of performance parameters of Atlantic salmon during the Freshwater RAS phase.

Parameters

Freshwater RAS phase
(Week 0 – 14) P-value

Low fat Control High fat

Initial weight (g) 18.8 ± 0.0 19.0 ± 0.5 18.7 ± 0.5 0.596

Final weight (g) 83.2 ± 17.0 102.2 ± 5.8 94.2 ± 9.1 0.220

Initial length (cm) 11.2 ± 0.1 11.2 ± 0.2 11.3 ± 0.2 0.748

Final length (cm) 19.4 ± 1.3 20.4 ± 0.4 19.9 ± 0.6 0.370

Survival (%) 90.9 ± 12.9 99.4 ± 0.5 100 ± 0.0 0.321

SGR (%/d) 1.51 ± 0.21 1.71 ± 0.08 1.65 ± 0.11 0.311

TGC 1.42 ± 0.27 1.68 ± 0.09 1.59 ± 0.13 0.280
fro
Initial values at week 0 and final values at week 14.
SGR, specific growth rate and TGC, thermal growth coefficient.
One-way ANOVA, P< 0.05. Significant P-values are shown in bold.
Values are given as treatment group mean ± S.D. (N=3, except Low fat where N=2).
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FIGURE 3

Changes in fish body weight (g) throughout the 26-week experimental period (N = 3, except N = 2 for Low fat group). Two periods are shown:
Freshwater RAS (0 - 14 week) and Seawater FTS (14 – 26 week). * Indicate significant differences between the two temperature groups (P-value< 0.05).
FIGURE 4

Fish whole-body fat content (%) at week 0, 14 and 26. Values are given as treatment group mean ± S.D. (N = 3, except Low fat where N = 2).
Superscript alphabets indicate significant differences among diet groups and * indicates significant differences between temperature groups (P-
value< 0.05).
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contrast, at the end of the Freshwater RAS phase (week 14), the

whole-body fat from the Low fat group had decreased to 9.0 ± 0.7%

and was significantly lower (↓ 23%; P-value = 0.009), when

compared with the Control (11.1 ± 0.7%) and High fat groups

(12.3 ± 0.7%). At the end of the Seawater FTS phase (week 26), the

whole-body fat was not significantly affected by the dietary history

of the fish. On the other hand, fish grown at 12°C had significantly

lower (↓8%; P-value = 0.017) whole-body fat (14.4 ± 0.1%) when

compared to the fish groups grown at 16°C (15.6 ± 0.4%).

The whole-body fish FA composition at the end of the

Freshwater RAS phase (week 14) differed among some specific

FA, including sums of omega-6 (P-value< 0.001) (Table 5).

Nevertheless, no differences among the three groups were

observed in the sums of saturated fatty acids (SFA),

monounsaturated fatty acids (MUFA) and omega-3.
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3.3 Smoltification indicators – freshwater
RAS phase

The K-factor was constant between week 0 and week 8 ranging

between 1.24 - 1.39, whereas at week 14 it had declined to a range

between 1.12 – 1.20 (Figure 5A). Additionally, at week 14 the k-

factor of the Low fat group was significantly lower (↓5%) when

compared to Control and High fat groups (P-value = 0.001).

Gill NKA activity did not differ among the dietary groups

(Figure 5B). Moreover, it appeared constant between week 0 and

week 8 (7.9 - 18.5 μmol ADP/mg protein/h) with a subsequent peak

at week 14 (19.7 – 24.2 μmol ADP/mg protein/h).

Serum chloride ions (Cl-) of fish exposed to a 24h seawater

challenge (SWC) did not differ among the dietary groups (Figure 5C).

Additionally, at week 3 and week 6 serum Cl- increased in response to

a SWC by 30-31 mmol/L (↑23-25%), whereas this response was

absent at week 8, two weeks after onset of smoltification.

Smolt index score did not differ among the dietary groups

(Figure 6), except for parr marks score at week 8, where Control

presented a significantly lower score 4 when compared to Low fat

and High fat (P-value = 0.020). A maximum smolt appearance, i.e.,

score 4, was observed at week 6 for silver colour (Figure 6A) and

week 14 for both parr marks absence (Figure 6B) and black edges of

the caudal fin (Figure 6C).
3.4 Sexual maturation indicators - seawater
FTS phase

At the end of the Seawater FTS phase (week 26), no differences

were observed among the dietary groups regarding blood serum sex

steroid levels of sampled males (Figures 7A–C). In contrast, with

respect to temperature androstenedione (A4) levels were

significantly higher (P-value = 0.041) in the 16°C groups (0.6 –

24.7 ng/ml) compared to 12°C groups (0.1 – 11.4 ng/ml), while

testosterone (0.0 – 3.1 ng/ml) and 11-ketotestosterone (0.0 – 1.9 ng/

ml) concentrations did not differ.

Histological analysis of the testis showed no differences in

dominating cell stage between diet or temperature at the end of

the Seawater FTS phase (week 26). Overall, the testis scored stage I

with some individuals in Control (12 and 16°C) and High fat (16°C

only) groups scoring stage III – maturing testis (Figure 7D).
3.5 Water quality

The results of the water quality parameters measured during the

two experimental phases are summarized in Table 6. Most of the

measured and calculated parameters did not significantly differ

among the dietary treatments, with the exception of NH4-N/NH3-N

and NO2-N at Freshwater RAS phase and temperature at Seawater

FTS phase. The High fat group presented significantly lower NH4-N

and NH3-N compared to the Control and Low fat groups, and

significantly lower NO2-N compared to Low fat group.
TABLE 5 Fatty acid composition (% of total fatty acids) in the whole-
body of Atlantic salmon at the end of Freshwater RAS phase (week 14).

Fatty acids Low fat Control High fat P-value

14:0 5.1 ± 0.2a 4.8 ± 0.0b 4.2 ± 0.1c <0.001

16:0 13.0 ± 0.2 13.2 ± 0.2 13.2 ± 0.4 0.541

18:0 2.2 ± 0.1a 2.3 ± 0.1a 2.6 ± 0.0b 0.002

20:0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.776

Ʃ SFA1 21.0 ± 0.3 21.0 ± 0.2 20.8 ± 0.4 0.544

16:1 n-7 3.8 ± 0.1a 3.7 ± 0.0ab 3.6 ± 0.1b 0.031

18:1 n-9 13.9 ± 0.5a 14.6 ± 0.1a 16.6 ± 0.6b 0.002

18:1 n-7 2.2 ± 0.1a 2.3 ± 0.0a 2.4 ± 0.0b 0.005

20:1 n-11 2.1 ± 0.0a 2.0 ± 0.0b 1.7 ± 0.1c <0.001

20:1 n-9 9.9 ± 0.1a 9.5 ± 0.1b 8.9 ± 0.2c 0.001

22:1 n-9 13.4 ± 0.4a 12.7 ± 0.2a 11.3 ± 0.0b 0.002

Ʃ MUFA2 46.6 ± 0.1 45.9 ± 0.3 45.7 ± 0.7 0.110

18:2 n-6 4.7 ± 0.1a 5.2 ± 0.0b 6.0 ± 0.1c <0.001

20:2 n-6 0.5 ± 0.0a 0.5 ± 0.0b 0.6 ± 0.0c <0.001

20:4 n-6 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.650

Ʃ n-63 5.6 ± 0.2a 6.2 ± 0.2b 7.3 ± 0.1c <0.001

18:3 n-3 1.4 ± 0.1 1.5 ± 0.0 1.5 ± 0.0 0.749

20:5 n-3 3.9 ± 0.1a 3.7 ± 0.0a 3.2 ± 0.2b 0.004

22:5 n-3 1.4 ± 0.1 1.4 ± 0.0 1.3 ± 0.0 0.174

22:6 n-3 10.7 ± 0.2 10.8 ± 0.2 11.1 ± 0.10 0.057

EPA+DHA 14.6 ± 0.2 14.5 ± 0.1 14.3 ± 0.34 0.426

Ʃ n-34 19.2 ± 0.2 19.1 ± 0.2 18.8 ± 0.07 0.164
1 Saturated fatty acids (SFA) includes 15:0, 17:0, and 22:0.
2 Monounsaturated fatty acids (MUFA) include 14:1n-5, 18:1n-11, and 24:1n-9.
3 Omega-6 fatty acids (n-6) includes 18:3n-6, and 20:3n-6.
4 Omega-3 fatty acids (n-3) Includes 20:4n-3 and 20:3n-3.
Superscript alphabets indicate significant differences (One-way ANOVA post-hoc Tukey HSD
test, P< 0.05). Significant P-values are shown in bold.
Values are given as treatment group mean ± S.D. (N=3, except Low fat where N=2).
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4 Discussion

Continuous feeding, constant light and relatively high

temperatures applied in current day RAS facilities to produce

smolts may interfere with smoltification and promote precocious

maturation. In the present study, we investigated the influence of

different dietary fat levels (Low fat 20%, Control 24% and High fat

28%) on smoltification in RAS, and subsequently, their long-term

effects on outgrowth and sexual maturation in seawater FTS. It was

found that k-factor, whole-body fat and fatty acids composition

differed significantly among groups, whereas growth, NKA activity,

Cl- and smoltification indicators were unaffected by the diets.

Testes histology showed most testes as immature (stage I) with

some testes maturing (stage III) without clear effect of diets or

temperature. However, fish body weight and sex steroid

androstenedione were positively affected by temperature but not

by diets at the end of the Seawater FTS phase.

Nutrient requirements studies have shown that high lipid diets

increase growth and improve feed utilization in adult Atlantic

salmon. Consequently lipid content of commercial Atlantic

salmon diets have increased from about 17% to 35% (Torstensen

et al., 2001). Interestingly the origin of the lipids, i.e., fish oil, plant

oil (rapeseed) or algae oil (Schizochytrium sp.) in balanced diets

seems to not affect Atlantic salmon performance, feed intake, gut

health, histology, welfare, pigmentation, or fillet quality (Zatti et al.,

2023). However, in parr-smolt Atlantic salmon fed ad libitum,

dietary lipid inclusion has been found to have no or only minor

effects on fish growth, although it was found to influence fish whole

body fat levels (Grisdale-Helland and Helland, 1997; Berrill et al.,

2004). In the current study, parr-smolt were fed ad libitum with

three diets with fat levels ranging from 20 to 28% during the

freshwater-RAS phase. Similarly, to the previous studies (Berrill

et al., 2004) growth rate did not significantly differ among the diet

treatments, however, the lower fat diet resulted in smolt with a

significantly lower whole-body fat and lower k-factor. Reduction in

body fat can result from lipolysis during smoltification, a high

energy demanding process (Helland and Grisdale-Helland, 1998),

which can be visible in a lower condition factor of smolts when

compared to parr. In the current study, it is likely that the lower fat

diet could not replenish the body lipid reserves that were being

recruited for the smoltification process, which resulted in a
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significantly lower whole-body fat level and k-factor compared to

the other two diets at the end of freshwater-RAS phase. All diet

groups showed similar whole-body fat at the end of the seawater-

FTS phase, regardless the earlier phase differences. This finding

suggests that smolts that were initially low on body fat level were

able to regain the fat level and thereafter maintain it similarly to the

other two diet groups at a maximum lipid load determined by a

lipostatic mechanism as it has been postulated previously for

salmonids (Jobling and Johansen, 1999). Yet, feed intake was not

monitored in this study, and possible differences in energy intake

due to different feeding activity cannot be ruled out.

Temperature was previously shown to influence fat

accumulation, where lower temperatures (5/6°C vs 12°C) result in

a higher accumulation, namely in the liver (Ruyter et al., 2006;

Sissener et al., 2017). Low temperatures are suggested to lead to an

accumulation of fat in the liver, probably due to a selective

deposition (Ruyter et al., 2006) and reduced activity of enzymes

(Sissener et al., 2017). These mechanisms seem to be reduced or

ceased at temperatures above 10°C (Liland et al., 2013; Sissener

et al., 2017), which may justify the current study results, where it

was found that at the end of the seawater phase post-smolt grown at

16°C had a significantly higher whole-body fat when compared to

fish grown at 12°C. Concurrently higher temperature also resulted

in post-smolts being 36% heavier than 12°C grown fish. Previous

studies found that Atlantic salmon appetite increases with

increasing water temperatures (Imsland et al., 2014; Martinez

et al., 2022) resulting in larger and fatter fish when water

temperatures are on the high end of the optimum range. The

whole-body fish FA composition had some minor differences

among groups, but the total FA classes, i.e., SFA, MUFA and

omega-3, were not different among the three diet groups. These

results suggest that despite different fat level in the diets during the

freshwater phase, the content in FAs likely was within the fish

requirements, and therefore no major differences were observed at

the fish body composition level.

Dietary effects on smoltification have been studied in fish fed

different diets through the development from parr to smolt

(Helland and Grisdale-Helland, 1998; Berrill et al., 2004).

However, high-energy diets did not seem to affect the plasma ion

(Cl- and Na+) regulation during seawater challenge (Redell et al.,

1988). Another study found that variations in protein-to-energy
B CA

FIGURE 5

Fish smoltification parameters during the Freshwater RAS phase. (A) fish K-factor, (B) gill Na+, K+, -ATPase activity (µmol ADP/mg protein/h) and
(C) serum Cl- (mmol/L). Values are given as treatment group mean ± S.D. (N = 3, except N = 2 for Low fat group all and N = 1 for Low fat group at
gill Na+, K+, -ATPase activity week 14). Superscript alphabets indicate significant differences among diet groups (P-value< 0.05). SWC = fish exposed
to a seawater (34 ppt) challenge for 24 h.
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ratio did not affect plasma ion (Cl-), K-factor or whole-body

nutrient levels, but increasing dietary lipid level increased K-

factor and Hepato-somatic index (Nordgarden et al., 2002).

Berrill et al. (2004) studied the influence of dietary lipid inclusion

during freshwater production of parr-smolt and found that fish

whole body lipid composition increases in high dietary lipid

inclusion but fish smoltification markers, such as NKA activity
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and condition factor, were not affected by dietary lipid levels.

However, the previous studies only followed the fish development

until approximately 40g and the current production practices,

smoltification protocols and freshwater production systems have

changed considerably since these two studies, with the adoption of

RAS and larger smolt production. For example, a study comparing

the performance of Atlantic salmon smolt reared in RAS and FTS
B

C

A

FIGURE 6

Fish external smoltification index score (% of fish) during the Freshwater RAS phase. (A) Body silvering (1-absent to 4-silver), (B) presence of parr
marks (1-solid marks to 4-absent marks) and (C) darkening of the distal edge of the caudal fin (1-absent to 4-black edges). Values are given as
treatment group mean (N = 3, except N = 2 for Low fat group). Superscript alphabets indicate significant differences among diet groups
(P-value< 0.05).
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B
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D

A

FIGURE 7

The violin plots of the blood sex steroid levels (ng/ml) of Atlantic salmon males at the end of the Seawater FTS phase (week 26): (A) Testosterone,
(B) 11-ketotestosterone and (C) Androstenedione. The thick dashed line represents the median value and the thin dashed line represent quartiles.
(D) The histogram of the dominating cell stage (% males). The number in brackets shown the n of males for each group. * Indicates significant
differences between temperature groups (P-value< 0.05).
TABLE 6 Summary of water quality parameters measured at the fish tank effluent throughout the 26-week experimental period.

Parameters

Freshwater RAS phase
(Week 0 – 14) P-value

Seawater FTS phase
(Week 14 – 26) P-value

Low fat Control High fat 12˚C 16˚C

O2 (% saturation) 92.4 ± 1.0 94.2 ± 1.8 92.9 ± 3.0 0.669 86.4 ± 10.3 84.5 ± 7.2 0.967

Temperature (˚C) 12.2 ± 0.2 12.3 ± 0.0 12.2 ± 0.1 0.505 12.0 ± 0.1 15.9 ± 0.1 <0.001

CO2 (mg/L) 1.4 ± 0.1 1.4 ± 0.4 1.2 ± 0.2 0.762

Salinity (ppt) 1.8 ± 0.1 1.8 ± 0.0 1.8 ± 0.0 0.656 33.9 ± 0.1

pH 7.15 ± 0.02 7.15 ± 0.06 7.19 ± 0.02 0.547 7.93 ± 0.02

Turbidity (NTU) 6.2 ± 1.8 5.9 ± 1.8 8.8 ± 1.7 0.185

NH4-N (mg/L) 0.11 ± 0.02 a 0.09 ± 0.02 a 0.06 ± 0.01 b 0.021

NH3-N (mg/L) 0.35 ± 0.07a 0.33 ± 0.06a 0.20 ± 0.00b 0.017

NO2-N (mg/L) 0.14 ± 0.04a 0.11 ± 0.01a,b 0.09 ± 0.00b 0.036

NO3-N (mg/L) 13.6 ± 1.3 12.6 ± 0.6 11.2 ± 1.0 0.085

Water exchange rate (L/kg feed) 694 ± 25 687 ± 11 682 ± 6 0.634

Water exchange (% volume/d) 19.6 ± 0.2 19.7 ± 0.3 20.0 ± 0.7 0.635

Fish tank HRT (min.) 20 ± 0 20 ± 0 20 ± 0 1.000 84 ± 17 70 ± 17 0.913

Final fish density (kg/m3) – week 14 8 ± 4 12 ± 1 11 ± 1 0.310 32 42
F
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HRT, hydraulic retention time; NTU, nephelometric turbidity unit.
Superscript alphabets indicate significant differences, post-hoc Tukey HSD test, P< 0.05. Significant P-values are shown in bold.
Values are given as treatment group mean ± S.D. Freshwater RAS phase N=3, except Low fat where N=2. Seawater FTS phase N=78-87.
Freshwater RAS phase: superscript alphabets indicate significant differences (One-way ANOVA post-hoc Tukey HSD test, P< 0.05). Seawater FTS phase: t-test, P< 0.05. Significant P-values are
shown in bold.
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found branchial gene expression of key transporters (e.g. NKA)

significantly different in RAS raised fish relative to fish from the FTS

at the seawater transfer (Kolarevic et al., 2014). In the current study,

fish were smoltified and grown in RAS units until approximately

90g and most smoltification markers measured indicate that fish

had smoltified independently of their fat diet regime. The smolt

status markers gill NKA activity, serum Cl- response to a seawater

challenge and smolt index score did not differ in response to

different fat dietary levels. The exception was a lower k-factor on

the Low Fat diet group. The reduction of the k-factor is a typical

result of the increase length growth relative to body mass during

smoltification (Mccormick et al., 2013), whether this observation in

the Low Fat group is a result of the lower diet fat content or a sign of

strong smoltification is not clear.

In the seawater phase of Atlantic salmon aquaculture average

mortality is 16-17% (Sommerset et al., 2021). A high proportion of

this mortality occurs the first months after smolt have been

transferred to sea cages. A recent study investigated if parr fed

diets varying in amino acids, methionine, and B-vitamins during

the freshwater stage could improve smolt growth performance and

survival in the seawater stage (Sissener et al., 2021). These authors

found no positive effects on the robustness, survival and growth of

the tested dietary improvements compared to the control diet

(similar to a commercial feed), indicating that the control diet

likely contained all necessary nutrients. Similarly, in the current

study fish fed during the freshwater to diets varying on fat

composition performed equally well in the seawater phase, with

no mortality, similar growth rate and final whole body fat

composition. These findings support earlier findings that poor

performance after seawater transfer may not be the result of

current commercial diets.

Maturation in Atlantic salmon is known to be influenced by

factors such as photoperiod, water temperature, exercise, genetic

strain, rearing water quality and feed, with water temperature and

photoperiod appearing to be the most critical factors for the

decision to start of delay maturation (Good and Davidson, 2016).

Imsland et al. (2014) suggested that photoperiod is the main signal

for the start of maturation, whereas it is temperature that controls

the magnitude of the photoperiod effect. For example, a recent study

comparing two rearing temperatures has found that Atlantic

salmon had similar production performance but the prevalence of

maturation was lower at the 12°C compared to 14°C (Crouse et al.,

2022). Similarly, Martinez et al. (2022) found that Atlantic salmon

fed to satiation grown at 18 °C from 23 g to 600 g resulted in almost

100% maturation in contrast to 12.5 °C and 8°C, that resulted in

40% and 0% maturing males, respectively, and lowed final body

weight (200 – 400g). In the present study, no differences in male

precocious maturation were observed among the dietary groups,

assessed by blood serum sex steroid levels or histological analysis of

the testis. In contrast, males reared at 16°C resulted in higher level

of the sex steroids androstenedione compared to 12°C.

Androstenedione serves as an intermediate in the biosynthesis of

for example 11-ketotestosterone. However, 11-ketotestosterone and

testosterone levels did not differ, despite a trend for higher levels at

16°C. Further, testis histology at the final sampling (week 26)

indicate that some individuals showed initial signs of maturation
Frontiers in Aquaculture 14
(testis cell stage 3), although no clear differences were found

between groups with respect to diet or temperature. The fish

body weight in the 16°C groups was significantly larger by 36%

week 26 compared to groups grown 12°C, 601.7- 636.7g and 416.1-

501.7g respectively. Other studies where fish grew larger, the

maturation of Atlantic salmon males seemed to appear more

evident when the fish reached a body weight of 851-908 g

(Crouse et al., 2022) and ~1000 g (Skjold et al. submitted). One

could speculate whether the fish grown at 16°C for a longer period

in the current study would have resulted in a clear sign of early sex

maturation in males. This topic should be further studied for

Atlantic salmon since early sex maturation incidence is recurrent

in commercial conditions and poses important economic losses.
5 Conclusion

The current study showed no effects on smoltification, seawater

performance and maturation of a low (20%) and high (28%) diet fat

levels compared to a control (24%) fat diet (similar to a commercial

feed). In contrast, whole-body fat and FA composition differed

among dietary groups in the Freshwater RAS phase. Moreover, fish

grown in a seawater FTS at 12 or 16°C for 12-weeks until

approximately 416 - 637g did not result in a difference in

maturation in the male gonad histology evaluation, despite some

maturing testes. However, the sex steroid androstenedione levels

may indicate an onset of maturation of some fish culture at 16°C.

Overall, these results indicate that no positive effects may arise from

changing modern diets fat levels on smoltification, seawater

performance and maturation, but this study’s results also show

that it may not be advisable to culture Atlantic salmon at high

temperatures due to the risk of male early sex maturation.
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