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This study provoked sex-specific differences in fat metabolism in Atlantic salmon Salmo salar, by
dietary administration of tetradecylthioacetic acid (TTA) during their first spring and winter in the sea.
The effects of TTA were evaluated in June of the first spring and May of the second spring in the sea, by
analysing white muscle-fat content. Muscle fat in males and females differed significantly as a result
of TTA in their diet and diet interacted with the sex of the fish. The fat content during the first spring
after dietary TTA was lowered by a greater amount in females than in males, 3·1–4·3%, respectively
(P< 0·05). In contrast, during the second spring, fat content was lowered by a greater amount in males
than in females, 15·8–16·7%, respectively (P< 0·01). Condition factor followed a similar pattern to
the muscle fat. The results indicate that the difference in male and female fat accumulation dynamics
is related to sex-specific reproduction biology of S. salar. In addition, the findings show that it is
important to consider the sex of the fish and the season of the year when studying fat dynamics and
reproductive biology of S. salar.

© 2016 The Fisheries Society of the British Isles
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INTRODUCTION

Fishes must accumulate sufficient energy for sexual maturation and reproduction
(Saborido-Rey & Kjesbu, 2005; Marshall & Browman, 2007). In salmonids, the
transition between fresh water and sea water influences the dynamics of growth, the
accumulation of fat and the initiation of the maturation process (Taranger et al., 1999;
Oppedal et al., 2011). Consequently, the size and age at puberty varies widely in
salmonids, as reviewed by Taranger et al. (2010). This variation is believed to be an
adaptation to challenging environmental conditions (Thorpe, 2007).

Domesticated fish species such as the salmonids are subject to seasonal and local
variations in the environment during the sea phase. The normal practice in the pro-
duction cycle of farmed Atlantic salmon Salmo salar L. 1758 involves the transfer
of in-season (S1) juveniles (smolts) from fresh water to sea water during the spring
(April to June). The weeks following transfer to the sea are a period in which energy
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demands are high and the fish may have poor condition factor and low levels of muscle
fat (Jobling et al., 2002; Lysfjord et al., 2004; Alne et al., 2011). Additionally, out-
breaks of various viral or bacterial diseases often occur during this period (Bowden
et al., 2002; Rørvik et al., 2007; Hjeltnes, 2014). In contrast, the period from summer
until late autumn is characterized by rapid growth and high fat deposition (Mørkøre &
Rørvik, 2001; Alne et al., 2011). The first winter at sea is a further energy-demanding
period for S. salar, during which levels of muscle fat fall due to an increased energy
demand for maintenance at the low sea temperatures (Lega et al., 1992; Handeland
et al., 2000; Mørkøre & Rørvik, 2001). Thus, seasonal variations in temperature and
day length affect growth and fat accumulation in this species (Mørkøre & Rørvik, 2001;
Nordgarden et al., 2003; Oppedal et al., 2011). These factors, combined with disease
outbreaks and internal energy status, significantly influence the production biology of
farmed S. salar.

The depletion of energy stores after the first winter at sea may challenge the success
of the reproductive strategy of S. salar. After the maturation process has been initiated
during the winter season (Oppedal et al., 1999, 2006), the availability of appropriate
energy or fat reserves during the spring period is a major factor in the maturation pro-
cess and low energy or fat levels arrest further progress (Rowe & Thorpe, 1990; Thorpe
et al., 1990; Kadri et al., 1996; Duston & Saunders, 1999; Duncan et al., 2002). Female
S. salar, in particular, must invest more energy in the development of gonads than males
(Aksnes et al., 1986). Females normally mature later in life than males, most commonly
in the autumn after two or more winters in the sea (Duston & Saunders, 1999).

The fatty acid tetradecylthioacetic acid (TTA) increases the number and the size of
peroxisomes and mitochondria in mammals, which leads to an increased capacity for
𝛽-oxidation of fatty acids (Bremer, 2001). TTA also decreases the levels of plasma
lipids and adipose lipid stores and enhances the transport of fatty acids to the liver
(Berge et al., 2002). In recent years, TTA has been of interest as an additive for fish
feed (Moya-Falcón et al., 2004; Kennedy et al., 2007; Rørvik et al., 2007; Alne et al.,
2009a, b; Arge et al., 2012; Grammes et al., 2012). In experiments when S. salar
were given TTA-supplemented feed during the first spring in sea (April to June), it
led to reduced fat content in white muscle. This is observed in both post-smolts (Alne
et al., 2009a) and larger individuals (Arge et al., 2012). Early sexual maturation in
male S. salar the following autumn (jack maturation) was significantly lower in the
TTA-fed fish in both studies, possibly due to the lower accumulation of fat in the
spring. Dietary TTA during the same time of year also found increased survival rates in
S. salar post-smolts during natural outbreaks of infectious pancreas necrosis (Rørvik
et al., 2007) and heart and skeletal muscle inflammation (Alne et al., 2009b). In both
studies, the findings were related to a stimulation of energy metabolism by re-allocation
of lipids from storage to energy production. Thus, the principal mechanism of TTA is
to facilitate an increase in 𝛽-oxidation during energy-demanding periods.

As mentioned above, the energy status of S. salar in spring seems closely related to
sexual maturation. This raises the question of whether fat dynamics may differ between
males and females. TTA exerts at least part of its metabolic effects through the peroxi-
some proliferator-activated receptor (PPAR) family of nuclear receptors (Skrede et al.,
1997; Bremer, 2001) and it has recently been shown that crosstalk takes place between
PPARs and oestrogen receptors in mice Mus musculus (Bang Hyun Kim et al., 2009)
and possibly also in brown trout Salmo trutta L. 1758 (Batista-Pinto et al., 2009). To
gain a better understanding of reproductive biology in S. salar, the hypothesis was that
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inclusion of TTA in the diet may lead to sex-specific differences in fat–lipid accumu-
lation. The hypothesis was tested during two periods of high energy demand: the first
spring and the second winter in the sea.

MATERIALS AND METHODS

F I S H A N D R E A R I N G C O N D I T I O N S

Experiments were performed at the former Nofima Marine research station at Ekkilsøy, on
the west coast of Norway (63∘ N). The study was a part of a larger project that extended from
sea transfer in April 2009 until May the following year. Three thousand in-season (S1) S. salar
smolts from the Rauma strain (Rauma Broodstock AS; www.vikenco.no), were bulk weighed on
the 15 April 2009 and distributed among six tanks (500 fish per tank) on a truck at the hatchery
(Straumsnes Settefisk AS). The fish were transported to the research station and transferred to
six net pens (5× 5× 5 m), one tank per pen. The mean body mass (M) of the fish was 105 g at sea
transfer. One of two dietary treatments was allocated to each pen at random, in triplicate. The
net pens were located at the same pier and exposed to the natural photoperiod throughout the
experiment. The ambient seawater temperature was recorded at a depth of 3 m and was 6·9∘ C
at sea transfer and averaged 8·7∘ C during the experiment. The maximum seawater temperature
was 16·3∘ C, recorded in August 2009 and the minimum was 2·7∘ C, recorded in February 2010.

S A M P L I N G A N D F I S H A NA LY S E S

Before sea transfer, 30 (3× 10) fish of the total start population were sampled, representing
the overall mean mass. Thereafter, 10 fish from each net pen, representing the overall mean
mass of the respective pen were sampled on five occasions: 6 weeks (May 2009), 10 weeks
(June 2009), 15 weeks (July 2009), 22 weeks (September 2009) and 34 weeks (December 2009)
after sea transfer. The final sampling was carried out when the experiment was terminated (on
18 May 2010). The fish were weighed in bulk on each sampling occasion. The sampled fish
were anaesthetized with MS-222 (Alpharma; www.alpharma.com) and killed by a sharp cranial
blow. M and fork length (LF) of each of the sampled fish were recorded. Sexual maturation was
detected by visual observation of secondary sexual characteristics such as body colour and by
examination of gonads. Sex was determined by visual inspection of the gonads. The fillet from
the Norwegian Quality Cut (NQC) (NS 9401, 1994) of each sampled fish was photographed
and the % fat in the cutlet was determined by digital image analysis using the PhotoFish system
(Folkestad et al., 2008). A total of 360 fish were sampled, of which 50·8% were females and
49·2% were males.

D I E TA RY T R E AT M E N T S A N D F E E D I N G

The diets were based on extruded fishmeal-based pellets (3, 4·5, 7 and 9 mm) commercially
produced by Skretting AS (www.skretting.no). The experimental diets were obtained by coating
the commercial pellets in a blender. The control diet was used both for the TTA study presented
here and other experimental diets in a more extensive study and thus all diets were prepared in
25 kg batches by first coating the pellets with distilled water (0·9 l) and leaving them to dry for
1 day. Pellets intended for use in the TTA study were then coated with TTA dissolved in heated
rapeseed oil (0·5 l at 70∘ C) to an inclusion level of 0·25% TTA (w/w). The rapeseed oil was
heated to dissolve the TTA and the control diet was also coated with the same amount of heated
and un-supplemented rapeseed oil.

TTA was administered over two periods. The first period lasted c. 10 weeks, from the start
of the experiment at the end of April until 2‰ (w/w) TTA of the initial total biomass (mean M
105 g) had been eaten in each respective net pen. The second period was of duration 6 weeks
from 16 January 2009 to 26 February 2009 and during this period 0·4‰ of the initial total
biomass (mean M 2085 g) was eaten. The reduction in the second dosage was made on the basis

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097
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Table I. Chemical composition of the control diet at the different pellet sizes fed to Salmo
salar

Pellet size (mm) 3 4·5 7 9

Dry matter (g kg−1) 912 898 889 927
Moisture (g kg−1) 88 102 111 73
In dry matter:

Crude lipid (g kg−1) 250·8 289·2 332·5 350·4
Crude protein (g kg−1) 468·8 421·2 386·7 352·3
Ash (g kg−1) 65·7 73·6 49·8 53·8
Starch (g kg−1) 53·8 50·3 72·9 76·0
NSP (g kg−1) 73·0 63·8 47·1 94·6
Energy (MJ kg−1) 23·0 23·3 24·2 25·1
Astaxanthin (mg kg−1) 57·5 49·4 40·0 36·2

NSP, non-starch polysaccharides, calculated as: 1000− (crude lipid+ crude protein+ ash+
starch+moisture).

of previous knowledge of an increased effect of TTA at colder temperatures (Gjøen et al., 2007).
The TTA diet was replaced by the control diet after each period. The pellet size was adjusted to
fish size in accordance with the feed manufacturer’s guidelines. The fish were fed by automatic
feeders in excess of the recorded feed intake, four times per day. Waste feed was collected after
each feeding period and pumped up into wire mesh strainers (Einen et al., 1999). The amount
of dry matter recovered under the present conditions on the site was determined for each feed
and a correction applied for the loss of dry matter in uneaten feed (Helland et al., 1996).

C H E M I C A L A NA LY S E S O F F E E D

The control diet was analysed for dry matter, ash, crude protein, crude lipids, starch and
energy (Table I). Dry matter was determined gravimetrically by drying at 105∘ C to constant
mass. Ash was determined by flame combustion and heating to 550∘ C until constant mass. The
crude protein was analysed as nitrogen× 6·25, using the automated Kjeldahl method (Tecator;
www.foss.us). Crude lipid was analysed by HCl hydrolysis and extraction in petroleum ether,
using the SOXTEC HT 6 system and a SOXTEC1047 hydrolysing unit (Tecator). Starch was
analysed as glucose after enzymatic hydrolysis, using a Megazyme K-TSTA 05/06 total starch
assay kit (www.megazyme.com). The energy content was determined by using a Parr 1271 bomb
calorimeter (Parr Instruments Co.; www.parrinst.com). The feed formulation and amino acid
composition of the 9 mm pellet size of the control diet is presented in Larsson et al. (2014).

Analyses of TTA content were carried out as described in Kennedy et al. (2007) at the Insti-
tute of Medicine, Haukeland University Hospital, Bergen, Norway. The inclusion level of TTA
in the diets was 0·23%, which was 0·02% below the intended inclusion level. A leakage test was
done to measure the loss of TTA from the pellets into water. The leakage test involved placing
10 g of pelleted diet and 45 ml of water into a 250 ml glass bottle and shaking gently by hand for
15 s. The pellets were subsequently transferred to a new 250 ml glass bottle and the procedure
repeated. The total time that the pellets were in water (including transfer time) was 3 min. The
test showed that c. 9% of the TTA leaked from the pellets during this time. In the actual exper-
iment, however, the pellets were eaten by the fish in a matter of seconds, considering the small
size of the net pens and the amounts of uneaten feed collected.

C A L C U L AT I O N S

The growth rate of the fish was measured as the thermal-unit growth coefficient (CTG)
(Cho, 1992). CTG incorporates both fish size and temperature and was calculated as:

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097
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1000
(

M1∕3
d1 –M1∕3

d0

)
(ΣT)−1, where Md1 is the final body mass (g), Md0 is the initial body

mass (g) and ΣT is the sum of day-degrees during the period. Feed conversion ratio (RFC) was
calculated as: (B1 −B0) [1000 (Md1 −Md0 +Mdead)]−1, where B0 is the initial biomass and B1
is the final biomass of food and Mdead is the total mass of fish that died during the experiment.
The specific feeding ratio (RSF) was calculated as: {kg feed supplied [(B0 +B1)−2)−1]× 100},
where B0 is the initial biomass, B1 is the final biomass. The condition factor (K), which relates
the mass of the fish to its length, was calculated as: K = ML−3

F 100, where M is body mass (g)
and LS is standard length (cm).

S TAT I S T I C A L A NA LY S I S

Net pen was used as the experimental unit. CTG, RFC, RSF, M, K and amount of muscle fat
were used as response variables. Diet, sex and sampling point were used as class variables. A full
model including both single variables and interactions between variables was applied in which
the data were statistically tested for sex-specific effects using the SAS software package (SAS
Institute Inc. 1990; www.sas.com): Yijl =𝜇+ 𝛼i + 𝛽 j + (𝛼𝛽)ij + 𝜀ijl, where Yijl is the response
variable, 𝜇 an overall effect, 𝛼i the main effect of diet i, 𝛽 j the main effect of sex j, (𝛼𝛽)ij an
interaction effect, unique to the particular combination of levels and 𝜀ijl is a random error.

r2 expresses the proportion of the variance explained by the model and was calculated as:
between-group sum of squares divided by the total sum of squares (type III).

Significant differences between means were ranked by Duncan’s multiple-range tests. The
significance level was set at P≤ 0·05 and P≤ 0·10 was considered to be a trend. The results are
presented as means± s.e., unless otherwise stated.

RESULTS

P RO D U C T I O N DATA

There were no significant differences in M or mortality between the groups given
the two dietary treatments. At stocking in April, the average M of the fish was 105 g.
At the final sampling and termination of the experiment in May the following year,
the overall M was 3009± 45 g. Similarly, the daily mass increase, CTG, RSF and RFC
did not differ significantly between the fish groups throughout the experimental period.
Table II presents the pooled production data.

S E A S O NA L VA R I AT I O N I N C O N D I T I O N FAC T O R (K)

K of all fish varied with season. The mean K at sea transfer was 1·29 and it declined
markedly in both dietary groups during the first 10 weeks in the sea (April to June). It
increased during the early autumn and then levelled off. The K did not fall during the
winter period (Fig. 1).

M U S C L E- FAT C O N T E N T

The mean muscle-fat content of the post-smolt groups after the first period of being
fed TTA (the first spring in the sea) was 4·1± 0·3%. The muscle-fat content increased
throughout the late summer and autumn, as did the K and M. The mean muscle-fat con-
tent was 17·8± 0·1% for the control group at the final sampling in May and 16·4± 0·1%
for the TTA group.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097
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Fig. 1. Development of the overall mean± s.e. (n= 6) condition factor (K) in S1 Salmo salar fed dietary tetrade-
cylthioacetic acid (TTA) during the experimental period from April to May in the following year. Different
upper case letters show significant differences between sampling points. *, sampling points after the two
periods of TTA administration.

When applying the full statistical model, the class variable sex was not significant
with respect to muscle-fat content, for either of the periods of TTA administration.
Sex as a single class variable was therefore excluded from the model. This gave a
reduced model based on diet and the combined effect of diet and sex was significant in
both the first and second spring periods in the sea. This also explained the variation in
muscle fat most convincingly (Table III). There was a significant interaction between
the dietary treatment and sex during the first spring, while the interaction during the
second spring was borderline significant (P< 0·10). This made it necessary to test the
statistical effects of diet within each sex separately.

The effect of diet on muscle-fat content during the first spring in the sea was signifi-
cant for females but not for males (Table III and Fig. 2). The effect of diet on muscle-fat

Table III. Overview of probability (P-value) and the total variation explained (r2) by the mod-
els used in statistical analyses of muscle-fat content (%) in S1 Salmo salar in the first and second

spring in the sea

First spring Second spring

Class variables P r2 P r2

Diet+ diet× sex Full significant statistical model <0·05 0·69 <0·001 0·86
Diet Single variable within the model <0·05 0·33 <0·001 0·72
Diet× sex Interaction term within the model <0·05 0·36 <0·10 0·13
Diet Between males >0·10 0·04 <0·01 0·90

Between females <0·01 0·86 <0·05 0·72

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097
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Fig. 2. Mean+ s.e. (n= 3) muscle-fat content of (a) female and (b) male S1 Salmo salar given ( ) a diet supple-
mented with tetradecylthioacetic acid (TTA) or ( ) a non-supplemented control diet during the first spring
in the sea. Significant differences between diets within a sex are indicated by different letters on top of the
bars; a general test for significant differences in the means across both sexes is indicated by different letters
inside the bars.

content during the second spring in the sea was significant in both sexes (Table III and
Fig. 3). The fat content of muscle for females fed the TTA diet was significantly lower
than that of all other groups during the first spring in the sea (Fig. 2). Both female and
male fish fed the TTA diet had significantly lower levels of muscle fat during the sec-
ond spring in the sea than fish fed the control diet. In contrast to the previous spring,
however, the level of muscle fat in the males in the TTA group was significantly lower
than it was in the females (Fig. 3).

C O N D I T I O N FAC T O R K

K interacted in a significant manner with both diet and sex in both the first (P< 0·05,
r2 = 0·6) and the second spring (P< 0·01, r2 = 0·78) in the sea. The effect on K was
significant for females during the first spring in the sea, but not for males. K of females
fed the TTA diet was significantly lower than K of all other groups (Table IV). This is
the same pattern as that seen for muscle fat. The pattern for K was again similar to that
of muscle fat during the second spring in the sea, during which diet had an effect on
the K for males and almost so for females (P< 0·10). K of males was thus significantly
lower than that of females treated with dietary TTA (Table IV).
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Fig. 3. Mean+ s.e. (n= 3) muscle-fat content of (a) female and (b) male S1 Salmo salar during the second spring
in the sea given ( ) a diet supplemented with tetradecylthioacetic acid (TTA) or ( ) a non-supplemented
control diet during the first winter in the sea. Significant differences between diets within a sex are indicated
by different letters on top of the bars. A general test for significant differences in the means across both sexes
is indicated by different letters inside the bars.
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Table IV. Condition factor (K) in S1 Salmo salar males and females given a diet supplemented
with tetradecylthioacetic acid (TTA) or a control diet during the first spring and winter in the
sea. P-values show statistics of the dietary treatments within sex. Different superscript letters
indicate significant differences over both sexes (P< 0·05) across rows. All values are mean± s.e.

(n= 3)

TTA-supplemented diet K Control diet K Diet within sex P

Sampling Males Females Males Females
Between

males
Between
females

First spring 1·14± 0·02a 1·07± 0·01b 1·13± 0·02a 1·14± 0·01a >0·10 <0·01
Second spring 1·33± 0·02c 1·41± 0·01b 1·43± 0·02b 1·52± 0·04a <0·05 <0·10

B O DY M A S S O F T H E S A M P L E D F I S H

Neither diet nor sex affected M of the sampled fish during the first or second spring.
Therefore, there was no statistically significant difference in M between males and
females sampled for analysis in the two dietary groups at the two spring samplings.

S E X UA L M AT U R AT I O N

Only 12 fish, six in each of the two dietary groups, were in the process of sexual
maturation at the sampling occasion in September. All fish that were undergoing sexual
maturation were males.

DISCUSSION

This study demonstrated a significant dietary effect of TTA and an interaction
between diet and sex in S. salar during the first spring and winter in the sea. This
resulted in significantly different levels of muscle fat in males and females during the
following spring. The validity of these observations is supported by corresponding
changes in K. The results suggest that the reproduction biology of S. salar seems
related to, among other factors, different dynamics of fat accumulation in the sexes.

TTA administered during the first spring reduces the level of muscle fat in S1 S. salar
smolts, as reported by Alne et al. (2009a). The current study has shown, however, that
S. salar males and females respond differently to the TTA treatments during both the
first spring and the winter in the sea. Batista-Pinto et al. (2009) showed that PPAR𝛼
mRNA expression was significantly higher in female S. trutta in May than in the rest
of the year, whereas the level in males did not change. The authors suggested that the
PPAR𝛼 in S. trutta females was under oestradiol modulation and further, that cross-talk
between this and the oestrogen receptor may occur. If this is also holds for S. salar, it is
conceivable that this mechanism influenced the effect of TTA on females in this study,
but this needs more investigation.

Alne et al. (2009a) administered TTA in the feed for a short period after sea transfer
and found reduced incidence of early sexual maturation in the following autumn. The
authors related this to a reduction of fat in the TTA-treated males during the spring.
Consequently, it was surprising to see a significant fat reduction only in females in

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097
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the current study. Very few fish, however, reached early maturation in the autumn and
the number that did so was the same in the TTA group as in the control group. This
indicates a lower effect of TTA than in Alne et al. (2009a), probably due to the lower
TTA-inclusion level (0·25 v. 0·50%) in this study. Another consideration is that sexual
maturation processes in S. salar males may differ with age and size (Taranger et al.,
2010).

The lower dose in the winter period was sufficient to provoke an effect of TTA. The
reduction in muscle fat during this period was, in addition, significantly greater in males
than females. The reason for the differences in response to TTA between sexes at the
different time periods is not clear, but may have involved endogenous mechanisms as
discussed above. The effects of TTA have been extensively described in male mam-
mals (Frøyland et al., 1995; Bjørndal et al., 2013) and to a lesser extent in females
(Stunes et al., 2011; Skrede et al., 2012). As far as is known, this study is the first
direct comparison.

The most marked differences in response to TTA occurred during the first spring in
sea. Early maturation in males takes place during the spring of the same year as sea
transfer (jacks, Duncan et al., 2002; Alne et al., 2009a). Thus, the drive for increased
development in the gonads may be very persistent in a large proportion of S1 males and
it may be important to maintain a high body energy level. This mechanism may have
counteracted the TTA treatment in males at this time. Females at this developmental
status, in contrast, may not have reached a sufficient energy level for maturation and
may therefore respond to TTA by mobilising fat for energy, as seen in this study. Lipid
levels are significantly higher in both male and female S. salar after 1 year in the sea and
both sexes may be anticipated to mature to a certain extent during the second spring and
into the next autumn. Thus, in this regard, a more similar response to TTA may perhaps
be expected during the second, rather than the first, spring in the sea. Batista-Pinto et al.
(2009) have shown that seasonal and sexual differences in the expression of mRNA for
PPAR𝛼 occur in salmonids and Costet et al. (1998) showed that PPAR𝛼 is involved
in lipid homeostasis in mice, in which the control of circulating lipids, fat storage and
obesity are all sexually dimorphic. Thus, if the same mechanisms exist in S. salar, it
is possible that the different treatment responses were a result of an interrelationship
between TTA, sex and seasonal differences in PPAR expression.

The transfer to sea water in spring affects the general performance of S1 S. salar
and leads to reduced growth, lower K and lower whole body fat levels (Mørkøre &
Rørvik, 2001; Alne et al., 2011). Fat reserves and K in salmonids are often closely
related (Herbinger & Friars, 1991; Alne et al., 2011) and K may thus be an indicator
of muscle-fat content as seen in this study.

In an ecological perspective, much knowledge has accumulated concerning factors
affecting general growth and survival of wild S. salar in the marine phase (Wind-
sor et al., 2012). Less is known, however, about the factors affecting specifically the
females during the time at sea. The sex specific effects of altered muscle-fat accumula-
tion demonstrated in this study during time of spring, may therefore partly explain the
variable male–female ratios seen in returning S. salar to their native rivers (Fjallstein,
1989; Guðjónsson et al., 1995).

In conclusion, sex-specific differences in the level of muscle fat occurred in S. salar
when TTA was fed during the first and second spring in the sea. The effect was greater
when the TTA was administered during the first spring. The relationship between
fat accumulation and sexual maturation in S. salar males and females may be better

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2085–2097

 10958649, 2016, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfb.13113 by Faroe R

esearch Inform
ation Service, W

iley O
nline L

ibrary on [07/07/2026]. 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



E F F E C T S O F T TA O N I M M AT U R E S . S A L A R 2095

understood from experiments in which TTA is used as an experimental feed additive.
The results demonstrate the importance of considering both sex and season when
studying fat dynamics and reproduction biology in S. salar.

The project was supported by grants from the Research Council of Norway. The authors appre-
ciate the excellent technical assistance provided by the personnel at the Nofima Marine research
station at Ekkilsøy, Norway.
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