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A B S T R A C T   

The use of reproductively sterile triploid salmonids would enhance the environmental sustainability of the 
aquaculture industry by preventing genetic exchange between escapees and wild conspecifics. To this end, we 
assessed smoltification and early seawater performance (241 days) following a yearling production cycle (i.e. 
spring smolts) in diploid and triploid female Atlantic salmon (Salmo salar) × male brown trout (Salmo trutta) 
hybrids compared to purebred diploid and triploid salmon. During freshwater rearing (n = 180/group), hybrids 
demonstrated a degree of bimodality in body size, significantly (p < 0.05) more so in diploid than triploid hy
brids (11 and 37% in the lower mode, respectively) that was not seen in purebred salmon of either ploidy. This 
resulted in diploid hybrids being 66% smaller on average at sea transfer, whereas no hybridisation effect was 
seen in triploids, and both triploid groups were significantly heavier (16–43%) than diploid salmon. Irrespective 
of ploidy, lower mode hybrids grew poorly and showed low survival in seawater, suggesting they had failed to 
undergo smoltification. However, the upper mode diploid hybrids showed a similar Na+/K+-ATPase (NKA) 
enzyme activity surge during the spring as in diploid and triploid salmon, despite a higher ratio of the freshwater 
to seawater mRNA abundance of the NKA subunits (nkaα1a and nkaα1b) and a reduced plasma cortisol surge. At 
the end of the experimental period, both hybrids weighed significantly less than their salmon counterparts 
although the hybrid effect was again greater in diploids (71% smaller) than triploids (6% smaller). In addition, 
both triploid groups were on average heavier (15–22%) than diploid salmon. As such, both triploid Atlantic 
salmon and triploid hybrids can show enhanced growth performance from juveniles up to post-smolts compared 
to diploid salmon in an aquaculture setting.   

1. Introduction 

Due to artificial selection for on-farm performance and the subse
quent loss in suitability for a life in the wild, escapees from aquaculture 
threaten both the genetic integrity and survivorship of natural pop
ulations. The situation in Norway, which is the largest farmed Atlantic 
salmon (Salmo salar) producer in the world, is particularly worrisome as 
genetic introgression between domesticated escapees and wild in
dividuals has been found at levels up to 42% within natural river sys
tems, with the highest values generally being associated with the most 

intensively farmed areas (Karlsson et al., 2016). Therefore, there is an 
urgent need to prevent genetic exchange between domestic and wild 
populations to improve the industries sustainability. Although land- 
based systems could theoretically prevent escapees, up-front costs are 
typically higher (Liu et al., 2016) and it would require a significant 
amount of new infrastructure before the current net pen production 
levels could be reached. Alternatively, the production of sterile fish 
would allow for the continued use of current infrastructure whilst pre
venting genetic exchange between escapees and wild fish. 

Triploidy, the situation whereby an individual has three complete 
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chromosome sets, is relatively easy to induce in salmonids, is not 
considered a genetic modification, and results in functionally sterile 
salmonids (Piferrer et al., 2009). The technology to mass produce trip
loids has existed since the 1970’s, however, their farm performance has 
often been more inconsistent than the natural diploid state with greater 
frequencies of skeletal deformities and higher mortalities (e.g. McGea
chy et al., 1996; Fraser et al., 2013). This inconsistency is generally 
attributed to the physiological differences between the two ploidy, as 
triploids have lower temperature optima (Sambraus et al., 2017a, 2018) 
and altered nutritional requirements (e.g. phosphorus Fjelldal et al., 
2016 and histidine Taylor et al., 2015). Therefore, there has been a 
general reluctance by the industry to use triploids without further im
provements to their farm performance (Benfey, 2015), although they 
have been used for several decades in all-female stocks in Tasmania 
(Australia) to prevent the growth reduction that occurs with sexual 
maturation (Amoroso et al., 2016). 

An alternative approach to providing sterility in salmonids is pro
ducing interspecific hybrids. Of particular interest, crosses between the 
sympatric Atlantic salmon and brown trout (Salmo trutta) are commonly 
reported in the field (Verspoor, 1988) and their performance has occa
sionally been investigated with regards to their potential for heterosis or 
“hybrid vigour”. Such hybrids were found to have poor performance in 
culture, being 46% smaller than Atlantic salmon after 27 months in 
seawater (Refstie, 1983) and not to be 100% sterile (Wilkens et al., 
1993). Studies on returning migrants provide further anecdotal evidence 
that hybrids may have lower post-migration fitness than Atlantic salmon 
(Adams et al., 2014). Here, it would be interesting to determine whether 
this is due to the brown trout component. For example, post-migration, 
brown trout may frequently move between the marine and freshwater 
environment, whereas Atlantic salmon migrate far out to sea with con
stant high salinity and only return to spawn (Klemetsen et al., 2003). 
These differences in environmental range most likely explain why, 
compared to Atlantic salmon, brown trout show a reduced spring surge 
in indicators of smoltification, the process by which salmonids increase 
their hypo-osmoregulatory ability as a pre-adaption to life in seawater 
(Tanguy et al., 1994). Therefore, one may suspect the brown trout ge
netic component may make hybrids less suited to extended periods in 
full strength seawater compared to Atlantic salmon. 

Although diploid Atlantic salmon × brown trout hybrids appear 
unsuited for aquaculture, their performance can be improved by trip
loidisation. For example, we recently found triploid hybrids to be 
40–50% larger than diploid hybrids during freshwater rearing (Fraser 
et al., 2020) whereas triploid hybrids were found to be on average 33% 
larger than diploid salmon after 376 days in seawater, although there 
were no diploid hybrids or triploid salmon for comparison (Galbreath 
and Thorgaard, 1997). In addition to these growth improvements, 
triploidising hybrids provides further assurances of sterility (Galbreath 
and Thorgaard, 1995) and increase larval viability (Scheerer and 
Thorgaard, 1983). The reasons behind the ploidy effect on hybrid 
growth performance are unclear, but as the pressure-shock used to 
induce triploidy leads to a doubling of the maternal chromosome set 
(Piferrer et al., 2009), triploid Atlantic salmon female × brown trout 
male hybrids are genetically two thirds Atlantic salmon and one third 
brown trout, whereas diploid hybrids are equal parts salmon and trout. 
Therefore, triploid hybrids may share more characteristics with Atlantic 
salmon that are generally more suited to Norwegian farming conditions 
than brown trout (Gjedrem and Gunnes, 1978). 

In the current study, we assessed smoltification development (gill 
Na+/K+-ATPase enzyme activity, relevant mRNA abundance, and 
plasma cortisol) and seawater growth in diploid and triploid Atlantic 
salmon × brown trout hybrids to assess their potential for future farming 
purposes compared to Atlantic salmon counterparts. We used a cross 
between an Atlantic salmon female with a brown trout male as this cross 
is generally considered more viable than the reciprocal cross (Álvarez 
and Garcia-Vazquez, 2011). Our hypothesis is that diploid hybrids 
would show both reduced growth and a lower spring surge in 

smoltification markers compared to diploid salmon, but any hybrid
isation effect would be reduced in triploid hybrids as their DNA content 
is biased towards salmon. 

2. Material and methods 

2.1. Ethics 

The experimental work was conducted in accordance with the laws 
and regulations controlling experiments and procedures on live animals 
in Norway following the Norwegian Regulation on Animal Experimen
tation 1996. The experiment was approved by the Norwegian Food 
Safety Authority (FOTS #15240). 

2.2. Fish stock and rearing conditions 

The incubation and early life rearing of the fish stock was previously 
described in a multiyear class study (Fraser et al., 2020, see the 2017 
year class). In brief, on the 17th January 2017 (day 0) eggs from one 
domesticated Mowi strain Atlantic salmon were divided into two equal 
parts and fertilised with either sperm from one first generation offspring 
of wild (River Vosso, Norway) Atlantic salmon or one non-anadromous 
(lake Tunhovd, Eastern Norway) brown trout from a recently domesti
cated stock. After fertilisation, half the eggs from each cross were subject 
to a hydrostatic pressure shock of 655 bar for 6 min and 15 s (TRC-APV, 
Aqua Pressure Vessel, TRC Hydraulics inc., Dieppe, Canada) exactly 
37.5 mins after fertilisation at 8 ◦C to induce triploidy. Ploidy confir
mation (n = 48–50 from each group) was later achieved using blood cell 
diameter and reported in Fraser et al. (2020). In brief, triploids have 
larger cell volumes as they have a larger cell nuclei due to the increased 
amount of genetic material, yet they maintain the same nuclei to cell 
volume ratio as diploids (Benfey et al., 1984). The mean red blood cell 
diameter of triploids was approx. 18% larger than diploids, irrespective 
of hybridisation, with no overlap between individual mean values of 
putative diploids and triploids (min-max of individual means [μm, n =
92–1250 measured cells per individual: diploid salmon, 12.7–14.0; 
diploid hybrid 12.5–14.2; triploid salmon, 15.1–16.4; triploid hybrid, 
14.6–16.1). 

The resulting four groups, diploid salmon, triploid salmon, diploid 
hybrid, and triploid hybrid, were all reared under the conditions found 
in Fig. 1 that is typical for the production of yearling (i.e. 1+) smolts. 
Each group was incubated in a single tray before being moved to single 
fiberglass tanks at first feeding (1 × 1 × 0.43 m). At first feeding on day 
100, the number of fish was reduced to 800 per tank. Mortality between 
fertilisation and first feeding was 21, 28, 48, and 16% for the diploid 
salmon, triploid salmon, diploid hybrid, and triploid hybrid, respec
tively. On day 233, 180 fish per group were implanted with a passive 
integrated transponder (PIT tag, 2 × 12 mm RFID solutions, Stavanger), 
had their fork length and weight recorded, and were equally distributed 
between 3 tanks for common garden rearing (1 × 1 × 0.43 m, n = 60/ 
group/tank). On day 381, 72 fish from each group (n = 24/tank) were 
removed and equally distributed into an additional 6 tanks (1 × 1 ×
0.43 m, n = 48/tank with 12/group and 4/group/original tank) used to 
assess the development of smoltification. As there was a notable bimodal 
size distribution in the diploid and triploid hybrids on day 381, we 
selected larger hybrids (Fig. S1) to assess smolt development as the 
smaller size fraction (< 13–14 cm) still had parr markings and were 
considered unlikely to undergo smoltification. Subsequent analysis 
demonstrated diploid hybrids below 13.2 and triploid hybrids below 
14.5 cm showed minimal growth from February onwards (Fig. S1) as 
expected if the fish are unlikely to smoltify. The fish selected for smol
tification analysis remained on freshwater throughout. Those fish not 
used to assess smoltification were maintained in their original three 
tanks (n = 120/tank with 30/group) in order to assess early seawater 
growth and survival. Subsequently, the water inflow to the tank was 
changed to full strength seawater over a 5 day period beginning on day 
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484 (20 ppt on day 484, 28 ppt on day 486, and 35 ppt on day 489). 
These fish remained on 35 ppt up until the end of the reported period 
(day 724) after 241 days in seawater. On day 602, all three tanks of fish 
were transferred into one common garden large (6 m ø). Throughout, 
fish that appeared moribund were removed from the study and 
considered to have died. 

2.3. Sampling procedures 

All fish were anaesthetised in buffered 100 mg/L MS222 (Finquel®) 
on days 233, 316, and 401 and measured for PIT number, body weight 
(to 1 g), and fork length (to 0.1 cm). Those fish used to assess seawater 
growth were also anaesthetised and measured on days 483, 602, and 
724. The condition factor (CF) was calculated as CF = weight [g]/ 
length3 [cm] × 100. Specific growth rate (SGR, % day− 1) was calculated 
as (eq − 1)100 where q = [In(W2) − In(W1)] (t2 − t1)− 1 and W2 and W1 
are average body weight (g) at times t1 and t2, respectively. 

On day 316, 16 fish tank− 1 (n = 12 group− 1, n = 4 group− 1 tank− 1) 
were removed from the study for use in another project. On days 421, 
434, 450, 464, 479, and 491, all the fish within one of the six tanks used 
to assess smoltification were heavily sedated in buffered 300 mg/L 
Finquel® by turning off the inflow water and adding a stock solution of 
buffered Finquel® directly into the tank. Following one minute of 
sedation, the fish were quickly netted out of the tank and blood was 
collected from the caudal vein into heparinised syringes. Due to high 
human resources, blood was collected from all 48 fish within 5 mins of 
the original tank disturbance. Part of the blood sample was used to 
determine haematocrit via microhematocrit centrifugation whereas the 
remaining blood was centrifuged (16,000 g for 2 mins at 4 ◦C) and the 
plasma collected and stored on dry ice before being transferred to the 
− 80 ◦C freezer. For all fish blood sampled, the second gill arch on the left 
side of the fish was also collected into ice-cold 1 mL SEI buffer (250 mM 
sucrose, 10 mM EDTA and 50 mM imidazole, pH 7.3) and frozen on dry 
ice, while gill filaments from the front right arch were collected and 
immediately frozen on dry ice before being stored at − 80 ◦C. The sex of 
each fish was assessed by visual examination of the gonads. 

2.4. Plasma analyses 

Plasma samples were analysed for plasma ions (sodium, chloride, 
potassium, and calcium), pH, lactate, and glucose using a Radiometer 
ABL90 flex plus according to the manufacturers protocol (Bergman 
Diagnostika, Norway). Plasma cortisol was assessed using an ELISA as 
described in the kit protocol (RE 52061, IBL). 

2.5. Gill Na+/K+− ATPase activity 

Gill NKA enzyme activity was measured according to McCormick 
(1993). In brief, gill filaments were thawed, homogenised in 100 μL of 
SEI buffer plus 25 μL of SEID buffer (SEI buffer plus 0.1% deoxycholic 
acid (Calbiochem)) and centrifuged at 4 ◦C, at 5000 g, for 60 s. and 
analysed using a kinetic assay mixture that utilizes the hydrolysis of 
ATP, which is enzymatically coupled to the conversion of NADH to 
NAD+ by pyruvate kinase and lactic acid dehydrogenase with or 
without the addition the specific NKA inhibitor ouabain. Subsequently, 
duplicates of 10 μL of supernatant were mixed with 200 μL of the assay 
medium without inhibitor whereas another set of duplicates were mixed 
with assay buffer containing the NKA inhibitor (0.5 mM ouabain (Sigma 
Aldrich)). Kinetic assay readings were carried out at 340 nm for 10 min 
(reading every 10 s) at 25 ◦C in a spectrophotometer (Tecan Spark, 
Bergman Diagnostika). Total protein concentration was determined 
using a BCA Protein Assay Kit (Thermo Fisher Scientific Pierce™, Nor
way), with each sample of supernatant run in triplicate. NKA enzyme 
activity was determined as the ouabain sensitive fraction of the ATP 
hydrolysis and expressed as μmol ADP mg protein− 1 h− 1. 

2.6. Gill mRNA abundance 

RNA isolation was carried out on frozen gill tissue (20–25 mg) from 8 
random samples group− 1 day− 1 on days 434, 450, 464, 479, and 491. 
Initially, the tissue was homogenised in RLT Plus buffer (Qiagen) using 
ceramic spheres (Bertin Technologies BERT03961–1-103) and the Pre
cellys 24 tissue homogenizer (Bertin Technologies) at 5000 rpm for 15 s. 
Total RNA (tRNA) was then isolated using the Qiagen RNA kit in the QIA 
symphony SP automatic system. tRNA concentration and purity were 
measured using a NanoDrop One/OneC Microvolume UV–Vis Spectro
photometer (Thermo Fisher Scientific) with purity confirmed to be 
above 1.9 and 2 for the 260/280 nm and 260/230 ratios. RNA integrity 
of 24 samples (6 from each group) was assessed using an RNA 6000 
Nano LabChip kit using the Agilent 2100 Bioanalyzer (Agilent Tech
nologies). All samples had a RIN value of >7.5. Complementary DNA 
was reversely transcribed using 1.5 μg of total RNA using oligo (dT20) 
primer and the Superscript III kit (Fisher Scientific) using a Micro
labSTARlet Liquid Handling Workstation (Hamilton Robotics). 

Real-time polymerase chain reaction (RT-PCR) was used to deter
mined gene transcription of nkaα1a and nkaα1b (see Nilsen et al., 2007 
for primer sequences). RT-PCR was carried out in a CFX-96 Real-Time 
PCR detection system platform (Bio-Rad) using the following PCR con
ditions: 3 min at 95 ◦C, 34 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C with 
a standard melting curve at the end (10 s at 95 ◦C, 5 s at 65–95 ◦C with 
increments of 0.5 ◦C, and 5 s at 95 ◦C). 

For each assay, duplicate two-fold cDNA dilution series from pooled 

Fig. 1. Environmental conditions and sampling times throughout the experiment. Daylength in the facility is based on civil twilight (60◦ N).  
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samples (1:5–1:160) were used to determine both amplification effi
ciencies for each oligo pair and optimal dilution for cDNA template. 
Samples were run in 10 μL duplicates using 6.25 μL iTaq Universal SYBR 
Green Supermix (Bio-Rad), 0.25 μL of each primer, and 2.5 μL of diluted 
cDNA (dilution 1:50). Each plate included a non-template control as well 
as a common sample used for the intercalibration of assays among 
plates. The relative transcription levels of the genes were normalized 
following the efficiency corrected method (Pfaffl et al., 2004) using ef1α 
as an endogenous reference gene (see Olsvik et al., 2005 for primer 
sequence). 

2.7. Statistics 

Mortality was assessed using a cox proportional hazards model. 
Here, data on the time the individual was within the experiment in days 
(continuous), group (4 levels; diploid salmon, diploid hybrid, triploid 
salmon, triploid hybrid), and the outcome at the time of leaving the 
study (dead/alive) were included. Notably, the majority of the hybrid 
mortalities were in seawater and mostly in those fish that were < 15 cm 
in body length at seawater transfer (see results). As this is similar to 
historic reports of a size threshold for smoltification in cultured salmo
nids (e.g. Thorpe, 1977), we assigned fish of <15 cm at sea transfer (day 
483) as being parr, and ran a separate model on those considered smolts 
(i.e. > 15 cm) only. Significance was assigned at p < 0.05. 

To assess growth we first compared each time point separately as an 
all-inclusive longitudinal model to compare ploidy, hybridisation, and 
any interaction, over time based on repeated measures (individual fish) 
was difficult to achieve due to bimodal body size distributions and size 
related mortalities (see results) within some groups leading to poor 
model fit. Therefore, we used the non-parametric Kruskal-Wallis test to 
assess group differences in length, weight, and body condition within 
each time point separately and used the Dunn’s test with a Bonferroni 
correction for multiple comparisons as a post-hoc to compare groups (4 
levels; diploid salmon, diploid hybrid, triploid salmon, triploid hybrid). 
We used two approaches, initially we modelled body size based on all 
individuals measured at a given timepoint, whereas in a second analysis 
we assessed body size at all time points in only those fish that survived 
until the end of the study (i.e. without those fish that failed to undergo 
the parr-smolt transformation). 

Based on our hypothesis, we expected the following results with 
regards to smoltification markers; diploid salmon = triploid salmon >
triploid hybrid > diploid hybrid. To test our hypothesis, where possible 
we employed general additive models (GAMs) and compared three 
models; the first model allowed the response to vary over time depen
dent on group (4 levels, diploid salmon, diploid hybrid, triploid salmon, 
triploid hybrid), the second model allowed the response to vary over 
time dependent on ploidy (2 levels, diploid, triploid) and hybridisation 
(2 levels, salmon, hybrid), whereas the third model allowed the response 
to vary over time, but to be consistent across all groups. The three 
models were compared using the GCV score, with the model with the 
lowest score being considered to have the most appropriate data fit. 
Post-hoc tests were done using lsmeans within the “emmeans” library. 
Model diagnostics of the residuals were carried out following exami
nation of standardised vs fitted residuals, histograms, and/or q-q plots. 
Where normality could not be achieved (i.e. potassium and pH), we used 
the non-parametric Kruskal-Wallis test to look for general group (4 
levels), ploidy (2 levels), and hybridisation effects (2 levels) within the 
entire dataset, with Dunn’s test as a post-hoc. Following this, we used 
the same approach, but within each time point separately. Some end
points were natural log or tukey transformed to ensure normality of the 
model residuals (see R script for details). 

Fish used in the physiology study that had a fork length of <13.2 cm 
in February 2018 (n = 5 diploid hybrids, 1 from days 421, 434, and 464, 
and two from day 479) were excluded as they were considered likely to 
remain as parr and not undergo the parr-smolt transformation (see 
above, Fig. S1). In addition, for some endpoints (1 for nkaα1a and 

nkaα1b (the same sample for each) and 5 for plasma sodium and 2 for 
chloride (one of which was the same sample)) we checked models with 
and without outliers (based on a zscore of ±3.0) in order to achieve 
normality of the model residuals, with the exception of plasma sodium 
whereby to achieve normality in the residuals we used a cut-off of ±2.5 
for the zscore (see R script for details). 

3. Results 

3.1. Mortality 

By the end of the experiment, both diploid and triploid hybrids had 
significantly higher accumulated mortality than diploid salmon 
(Fig. 2A). Mortalities were generally low in freshwater (< 8% in all 
groups), but the diploid hybrids still had significantly lower survival 
than diploid salmon during this period (Fig. 2A). The majority of the 
hybrid mortalities were in seawater and then mostly in fish <15 cm in 
body length at seawater transfer (Fig. 2B). Nevertheless, a separate 
model on fish considered to be smolts at sea transfer (i.e. only those >15 
cm) still found significantly lower survival in diploid hybrids compared 
to diploid salmon, even when accounting for body length at sea transfer, 
but there was no difference in survival between triploid hybrids and 
diploid salmon (Fig. 2C). 

3.2. Growth 

Regarding hybridisation, salmon where always significantly heavier 
than hybrids in diploids, but the opposite was generally true in triploids 
except for days 233 and 483 when there was no hybridisation effect and 
the final timepoint when salmon were significantly heavier than hybrids 
(Fig. 3). In addition, triploid salmon were generally longer than diploid 
salmon throughout, although this difference was not significant at all 
timepoints. For body condition, hybrids had either equal or greater 
values than salmon in freshwater, but had significantly lower values at 
the end of the study, irrespective of ploidy (Fig. S2). 

Due to size dependent mortality in seawater, we also assessed models 
that compared only those fish that survived until the final timepoint (i.e. 
mainly the upper mode hybrids vs diploid and triploid salmon). Subse
quently, we found that the diploid hybrids that survived until the end of 
the study were equal in body weight as diploid salmon up until sea 
transfer, but still showed lower growth in seawater (Fig. S3). 

3.3. Frequency of lower mode (parr) vs upper mode (smolt) fish on day 
401 

Based on body length data and survival in seawater, we approxi
mated that diploid hybrids of <13.2 cm and triploid hybrids of <14.5 cm 
on day 401 were mostly likely to have remained as parr (see Fig. S1). 
This represented 11 and 37% of the diploid and triploid hybrid pop
ulations on day 401, respectively, i.e. a significant difference between 
ploidy (G-test, p < 0.001). 

3.4. Smoltification indicators 

Significant effects of time on all parameters and ploidy × hybrid 
interactions on the NKA enzyme activity, subunit expression, and 
plasma cortisol were observed. As expected during the parr-smolt 
transformation, we observed a significant decrease in the NKA subunit 
ratio, an increase in plasma cortisol, an increase in gill enzyme activity, 
and a decrease in body condition over time beginning from days 450, 
450, 464, and 479, respectively. For the ploidy × hybrid interactions, in 
support of our hypothesis, the diploid hybrids had a significantly higher 
NKA subunit ratio (Fig. 4A) and nkaα1a expression (Fig. 4B) on day 434, 
but this effect disappeared with time. In contrast, triploid salmon had 
higher nkaα1b values than hybrids on day 421, but by day 491 diploid 
salmon had a higher expression than all other groups (Fig. 4C). There 
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was only a tendency for diploid hybrids to have lower gill NKA enzyme 
activity than diploid salmon (P = 0.06) whereas the triploid hybrid did 
have significantly higher activity than the triploid salmon and the 
diploid hybrid (Fig. 4D). Plasma cortisol generally increased throughout 
smoltification, but was significantly lower in the diploid hybrids on days 
450, 464, and 491 compared to all other groups (Fig. 4E). For body 
condition, there was no ploidy × hybrid interaction, but triploids had 
significantly lower values than diploids and hybrids had significantly 
higher values than salmon (Fig. 4F). 

3.5. General physiology during smoltification 

Plasma sodium, chloride, potassium, and calcium showed transient 
trends over the smoltification period (Fig. 5A–D, respectively), but only 
plasma potassium showed a significant group effect with triploid hy
brids having significantly lower values than all other groups irrespective 
of time. In addition, hybrids, independent of ploidy and time, had 
significantly higher plasma chloride than purebred salmon. 

Haematocrit, and plasma glucose and lactate (Fig. 6A–C, respec
tively) showed transient trends during smoltification, with ploidy ×
hybrid interactions in haematocrit and glucose. For haematocrit, trip
loids had lower values than diploids in both salmon and hybrids, but 
hybrids only had significantly lower values than salmon in triploids 
independent of time. For glucose, triploid salmon had significantly 
lower values than all other groups, with no hybridisation effect in dip
loids. In lactate, hybrids had significantly lower values than salmon 
irrespective of ploidy with the difference increasing over smoltification. 
Plasma pH showed no notable time trends, or any effect of ploidy, 
hybridisation, or group (Fig. 6D). 

4. Discussion 

We assessed growth and smoltification in diploid and triploid 
Atlantic salmon × brown trout hybrids. We found support for our hy
pothesis that hybrids would perform comparatively better as triploids 
than diploids, although some of the advantages of triploid hybrids were 
greater than expected based on the idea that performance is solely 
related to the genetic contribution of the parental species alone. 

Work in the freshwater life stages of salmonids has demonstrated 
bimodal size distributions in year-class cohorts of Atlantic salmon and to 
a lesser extent in brown trout (Tanguy et al., 1994). In salmon, lower 
mode individuals prolong their stay in freshwater for another season 
whereas those in the upper mode undergo the parr-smolt transformation 
and migrate to sea (Thorpe, 1977). The cut-off in body size for Atlantic 
salmon varies somewhat between studies but is generally regarded to be 
around 15 cm in wild fish (Hutchings and Jones, 1998). However, 
salmon parr from the lower mode can survive for many days at salinities 
of ≥30% ppt, albeit growth is at best transiently disturbed and the risk of 
mortality is high (Duston, 1994). In brown trout, quicker growing in
dividuals migrate whereas the slower growers become residents (Jons
son, 1985). The mean smolt size of wild trout populations in Norway 
ranges from 11 to 23 cm with the smallest individuals being around 7 cm 
(L’Abée-Lund et al., 1989). However, as with salmon parr, resident trout 
can survive for extended periods in seawater (Tanguy et al., 1994). We 
found the diploid and triploid hybrids to show bimodal size distribution 
at our earliest time point and this continued up to sea transfer. 
Furthermore, most of the lower size mode became moribund within 4 
(diploid) and 8 (triploid) months of being exposed to seawater, sug
gesting they had not undergone the parr-smolt transformation. There 
was no bimodal distribution in the diploid and triploid salmon, which 
was expected based on modern rearing practices. Therefore, our hybrids 
generally had a lower scope for growth in freshwater compared to 
Atlantic salmon, as seen in some studies on Atlantic salmon x brown 
trout hybrids (Refstie and Gjedrem, 1975; Bakke et al., 1999; Fraser 
et al., 2020), but not all (Galbreath and Thorgaard, 1994; Oke et al., 
2009; Fraser et al., 2020). However, as triploid hybrids had a higher 
frequency of smolts, a larger size threshold for smoltification, and the 
suspected parr lasted longer in seawater, it appears the inclusion of the 
paternal and/or brown trout genome drove this hybridisation effect of 
bimodality. 

We found some support for our hypothesis that hybridisation would 
reduce the magnitude of smoltification as the diploid hybrid had a 
significantly higher NKA mRNA abundance ratio and lower plasma 
cortisol surge than all other groups, and a significantly lower NKA 
enzyme activity than triploid hybrids. This complies with the premise 
that domestic (Tanguy et al., 1994) and wild (Urke et al., 2010, 2013) 

Fig. 2. Mortality assessment in diploid and triploid Atlantic salmon and Atlantic salmon × brown trout hybrids. (A) Survival models with confidence intervals for all 
fish throughout the experiment (overall) and during freshwater only (the shaded area). (B) Histogram of mortality in seawater related to size at sea transfer. (C) 
Mortality in seawater discounting fish that were < 15 cm at sea transfer. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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anadromous brown trout show a reduced spring gill NKA enzyme ac
tivity surge compared to Atlantic salmon. However, although diploid 
hybrids did have the lowest gill NKA enzyme activity values, the dif
ference with diploid salmon was not significant as was also found in wild 
populations (Urke et al., 2010, 2013). In addition, in contrast to our 
findings, Urke et al. (2013) failed to detect any effect of hybridisation on 
NKA mRNA abundance in wild diploid salmon and hybrids. This could 
be due to study design, as Urke et al. (2013) used a single sample time at 
presumed peak smolt in freshwater compared to our multiple time 
points. Notably, in diploids, we found hybrid differences in nkaα1a to be 
much greater earlier in smoltification compared to levels closer to peak 
smolt, whereas the opposite occurred for nkaα1b. In addition, we used a 
landlocked brown trout population to produce our hybrids, unlike the 
anadromous population in Urke et al. (2013). This may complicate 
comparisons, as even though landlocked trout can still show a spring 
surge in NKA enzyme activity (Pirhonen and Forsman, 1998) we had no 
purebred fish to confirm this. Finally, mRNA abundance is not always 
highly correlated with protein levels during smoltification (Christensen 
et al., 2018), but how this relates to strain is unknown. 

To date, relatively little data exists on the parr-smolt transformation 

in triploid salmonids. Previously, Taylor et al. (2012) found triploid 
0+ salmon smolts smoltified earlier than diploid counterparts based on 
body colouration, with others providing similar anecdotal findings 
(Leclerqc et al., 2011; Smedley et al., 2016). In contrast, triploidy has 
not been found to effect gill NKA enzyme activity in 0+ (Taylor et al., 
2012) or 1+ Atlantic salmon smolts (Taylor et al., 2012; Sambraus et al., 
2017b) although mortalities and plasma osmolality was higher in trip
loids compared to diploids when transferred to seawater at 16 vs 10 ◦C 
(Sambraus et al., 2017b). In other salmonids, although no major ploidy 
effect on saltwater adaptation or IGF-1 was found in non-anadromous 
rainbow trout (Oncorhynchus mykiss) (Taylor et al., 2007), diploid chi
nook salmon (Oncorhynchus tshawytscha) smolts did have higher gill 
NKA enzyme activity compared to triploids (Shrimpton et al., 2007, 
2011), although mRNA abundance of nkaα1a and nkaα1b did not differ 
(Shrimpton et al., 2007) and IGF-1 was either equal (Shrimpton et al., 
2007) or lower (Shrimpton et al., 2011) in triploids. We observed no 
ploidy effect on NKA enzyme activity or mRNA abundance in salmon, 
although lower glucose and haematocrit values in triploids would sug
gest some underlying physiological differences during the smoltification 
period. Therefore, it appears likely that ploidy effects are dependent on 

Fig. 3. Body mass over time (in days) in diploid and triploid Atlantic salmon and Atlantic salmon × brown trout hybrids. Statistical results are from Kruskal-Wallis 
tests within day and different subscript letters indicate significant effects of group within day (post-hoc Dunn’s test, p < 0.05). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Smoltification related endpoints in diploid and triploid Atlantic salmon and Atlantic salmon × brown trout hybrids. Data and statistics are from GAM models. 
Different lowercase letters indicate significant effects (maximum to minimum group means) within timepoint, except for D where they explain a group effect in
dependent of time (post hoc, least square means ±95% CI, p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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species and/or the environmental conditions used to induce 
smoltification. 

In contrast to the expected, we found triploid hybrids to have a 
greater smoltification surge than triploid salmon. Unexpected effects of 
hybridisation have been reported to occur before in crossings of diploid 
anadromous (steelhead) female × non-anadromous (rainbow trout) 
male, in that hybrids reached peak smolt earlier than purebred steelhead 
trout (McLeese et al., 1994). In addition, pre-smolt Atlantic salmon x 
arctic char (Salvelinus alpinus) hybrids outperformed both purebreds in a 
salinity challenge (Sutterlin et al., 1977). In contrast, salmonid hybrids 
produced from species with notable differences in seawater tolerance 
have been found to have the expected intermediate values in smoltifi
cation parameters (Boeuf and Harache, 1984; Foote et al., 1992). 
Regarding triploid hybrids, triploidisation of a female non-anadromous 
strain brook charr (Salvelinus fontinalis) × male anadromous strain arctic 
char had no effect on seawater acclimation (Dumas et al., 1995). In 
contrast, triploid female chum salmon (Oncorhynchus keta) × male chi
nook salmon hybrids resembled chum salmon, in that they could be 
transferred to seawater immediately after first feeding in contrast to 
chinook salmon that require several months to a year before being able 
to tolerate seawater, but no diploid hybrids or triploid purebreds were 
included in the comparison (Seeb et al., 1993). Therefore, current evi
dence suggests hybridisation, triploidy, and/or their combination, can 

alter the timing of smoltification in unexpected ways, and should be 
researched thoroughly to ensure optimisation of production protocols. 

Seawater growth and survival was comparatively poorer in diploid, 
compared to triploid, hybrids, as expected based on the relative 
contribution of brown trout DNA. Previously, Refstie (1983) also found a 
20% reduction in seawater survival in diploid Atlantic salmon × brown 
trout hybrids compared to diploid Atlantic salmon whereas triploid 
hybrids had equal survival to diploid salmon (Galbreath and Thorgaard, 
1997). However, as NKA enzyme activity in the diploid hybrids was 
comparable to diploid salmon, and to values recorded in smolts from 
other studies (Urke et al., 2013), a lack of seawater readiness at sea 
transfer appears unlikely to explain the long-term reduction in growth 
and survival. In addition, the triploid hybrid had higher NKA enzyme 
activity than the triploid salmon, yet still showed reduced long-term 
growth compared to triploid salmon. However, irrespective of ploidy, 
hybrids did show some morphological and physiological differences 
during smoltification with a higher body condition and plasma chloride 
values, but lower plasma lactate and potassium (triploid hybrids only). 
The difference in plasma chloride is particularly interesting given its 
relevance to hypo-osmoregulatory ability. Therefore, future studies 
should assess basal physiology throughout the life cycle to gain further 
insights into comparative physiology and environmental optima. 
Nevertheless, we can only conclude that either our use of 35 ppt 

Fig. 5. Plasma ions in diploid and triploid Atlantic salmon and Atlantic salmon × brown trout hybrids. Data and statistics are from GAM models and include least 
square ± 95% CI for each time point with the exception of potassium for which the statistics are from a Kruskal-Wallis test and data are medians ± the 25 and 75% 
quartiles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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favoured the performance of Atlantic salmon over hybrids, or that hy
brids simply show impaired growth in larger fish. 

Triploid salmon show inconsistent farm performance compared to 
diploids in seawater with reports of equal (O’Flynn et al., 1997; Smedley 
et al., 2016), better (O’Flynn et al., 1997; Oppedal et al., 2003) or poorer 
growth (Cotter et al., 2002; Taylor et al., 2013; Fraser et al., 2013). 
Indeed, a recent industrial project in Norway that utilised data from 
commercial trials in Northern Norway concluded triploid salmon should 
not be used as autumn (i.e. 0+) smolts due to wound and ulcer devel
opment, especially during the first winter, and generally higher 
vulnerability to parasite, virus, and bacterial infections compared to 
diploids (Stien et al., 2019). To date, the exact reasons behind the 
inconsistent seawater performance is unknown, but are generally sus
pected of being related to ploidy differences in environmental optima 
such as temperature (Sambraus et al., 2018), nutritional requirements 
(Taylor et al., 2015; Fjelldal et al., 2016), and/or inadequate timing of 
sea transfer due to differences in smoltification physiology (Taylor et al., 
2012). Here, we report that when produced as 1+ smolts and grown 
indoors at 35 ppt with a natural photoperiod at 8.8 ◦C on “diploid” feed, 
triploid salmon performed favourably compared to diploid salmon. 
Therefore, with the rise of recirculating aquaculture systems that move 
the salmon production on-land, triploids may provide growth benefits 
over traditional diploid salmon if environmental conditions are 

maintained within their optimum range. 
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