-

wmi === Journal of Applied Aquaculture
Aopid Aaculture J Pp q

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/wjaa20

Taylor & Francis

Taylor & Francis Group

A comparison of triploid and diploid Atlantic
salmon (Salmo salar) performance and welfare
under commercial farming conditions in Norway

Angelico Madaro, Sissel Kjgglum, Tom Hansen, Per Gunnar Fjelldal & Lars H.

Stien

To cite this article: Angelico Madaro, Sissel Kjgglum, Tom Hansen, Per Gunnar Fjelldal & Lars
H. Stien (2021): A comparison of triploid and diploid Atlantic salmon (Salmo salar) performance

and welfare under commercial farming conditions in Norway, Journal of Applied Aquaculture, DOI:

10.1080/10454438.2021.1916671

To link to this article: https://doi.org/10.1080/10454438.2021.1916671

8 © 2021 Institute of Marine Research.
Published with license by Taylor & Francis
Group, LLC.

@ Published online: 28 May 2021.

N
CA/ Submit your article to this journal

|||I| Article views: 986

A
& View related articles '

(&) View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=wjaa20


https://www.tandfonline.com/action/journalInformation?journalCode=wjaa20
https://www.tandfonline.com/loi/wjaa20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10454438.2021.1916671
https://doi.org/10.1080/10454438.2021.1916671
https://www.tandfonline.com/action/authorSubmission?journalCode=wjaa20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=wjaa20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10454438.2021.1916671
https://www.tandfonline.com/doi/mlt/10.1080/10454438.2021.1916671
http://crossmark.crossref.org/dialog/?doi=10.1080/10454438.2021.1916671&domain=pdf&date_stamp=2021-05-28
http://crossmark.crossref.org/dialog/?doi=10.1080/10454438.2021.1916671&domain=pdf&date_stamp=2021-05-28

JOURNAL OF APPLIED AQUACULTURE Ial)’ I&OF" &franas
https://doi.org/10.1080/10454438.2021.1916671 aylor&Francis broup
8 OPEN ACCESS W) Check for updates

A comparison of triploid and diploid Atlantic salmon (Salmo
salar) performance and welfare under commercial farming
conditions in Norway

Angelico Madaro (3, Sissel Kjaglum®, Tom Hansen?, Per Gunnar Fjelldal?,
and Lars H. Stien?

3nstitute of Marine Research (IMR), Matre Research Station, Matredal, Norway; PAquaGen AS,
Trondheim, Norway

ABSTRACT KEYWORDS

Avoiding genetic interactions between wild and farmed Atlantic Sterile fish; sea-cage culture;
salmon is regarded as one of the major requirements for commercial production;

a sustainable salmon aquaculture industry. For this reason, farm- growth metrics; production
ing functional sterile triploids has been suggested as a possible ~ evaluation

solution. However, knowledge about how triploids cope under

commercial conditions is lacking. In the present study, we com-

pared the performance of diploid and triploid Atlantic salmon

among four Norwegian aquaculture companies. Diploid and

triploid groups of the same genetic line were farmed in western,

mid, and northern Norway under commercial conditions from

seawater transfer until slaughter.Overall, triploid salmon exhib-

ited reduced survival, higher incidence of emaciated fish, and

scored, on average, a lower quality rating during primary pro-

cessing. The results highlight the need for further research on

how to improve the welfare and performance of triploid salmon

in commercial aquaculture operations.

Introduction

One of the greatest challenges in the aquaculture of Atlantic salmon (Salmon
salar L.) is escape of domestic specimens (Fore and Thorvaldsen 2021). The
main concern is that hybridization of domesticated salmon with wild con-
specifics has the potential to alter the genetic integrity of wild populations,
reduce local adaptation, and negatively affect population fitness (Taranger
et al. 2015). The farming of sterile salmon has been proposed as a possible
solution to minimize the impacts on wild populations and thus a way to make
the salmon aquaculture industry more sustainable (Aarset et al. 2020; Benfey
2016). Although there exist several different sterilization techniques (Giiralp
et al. 2020), to date, the only commercially available method of producing
sterile salmon is to triploidise newly fertilized eggs (Golpour et al. 2016).
Triplodisation of salmon is normally induced by exposing newly fertilized
eggs to hydrostatic pressure, which causes retention of the second polar body
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(Benfey and Sutterlin 1984). This results in triploid eggs with two sets of
chromosomes from the female and one set from the male, rendering the
offspring sterile. Comparative studies have shown that triploid salmon have
a higher prevalence of ocular cataracts (Fraser et al. 2012; Olsvik et al. 2020;
Oppedal, Taranger, and Hansen 2003; Sambraus et al. 2017a), skeletal defor-
mities such as those of the lower-jaw (Amoroso et al. 2016; Benfey 2001;
Sadler, Pankhurst, and King 2001; Sutterlin, Holder, and Benfey 1987) and
vertebral compression or fusion (Fjelldal and Hansen 2010), compared to
diploids. However, triploid salmon production can be optimized by fulfilling
their triploid-specific requirements, including a lower thermal optimum
(Fraser et al. 2015; Sambraus et al. 2017b) and higher requirements for key
nutrients such as phosphorus (Fjelldal et al. 2016; Sambraus et al. 2020;
Smedley et al. 2016, 2018) and histidine (Taylor et al. 2015b)

The performance of triploid salmon has been monitored during full pro-
duction cycles in Scotland (Taylor et al. 2013) and Norway (Fraser et al. 2013).
However, these studies were performed under semi-commercial conditions
with small research sea cages, and there is no scientific evaluation of triploids
under commercial conditions. Therefore, the current study was designed with
the aim of documenting and comparing the welfare of triploid salmon in sea
cages at four different commercial farms.

Materials and methods
Fish and farms

The diploid and triploid eggs were produced by the same group of broodstock
in 2017 at AquaGen AS (Postboks 1240, Sluppen, 7462 Trondheim, Norway).
To ensure that the triploid and diploid groups at each farm had the same
genetic origin, sperm and eggs were mixed and, 37 min (300 degree-minutes)
post-fertilization, half of the eggs from each female were subjected to hydro-
static pressure of 655 bar for 5 min to induce sterile triploids (Benfey and
Sutterlin 1984).

The diploid and triploid eyed eggs were transferred to hatcheries near the
respective farms for hatching and growth in freshwater until smoltification.
Between April and June 2018, the smoltified salmon were transferred to the
respective farms for growth until slaughter. One group of diploid and one
group of triploid Atlantic salmon were transferred to sea cages at four different
commercial farms. Farm A was located in the southwestern part of Norway,
B and D in the middle, and farm C in the north.

The numbers of diploid and triploid salmon transferred into the sea cages of
each farm, the months of transfer, and the average weights of specimens are
shown in Table 1. The success rate of triploidisation for the salmon received by
Farms A, B, and C was verified by microsatellite analysis (Jacq 2020) and rate
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Table 1. Diploid and triploid Atlantic salmon transferred to four commercial sea-cage farms in
2018. Site ID, cage no., ploidy, month, smolt type, number of fish (/1000) and estimated average
weight (g) .

Site Cage Ploidy Month Type # fish (/1000) Avg. weight (g)
Farm A 2 2N April 1-year smolt 50.8 115
Farm A 1 3N April 1-year smolt 525 132
Farm B 10 2N June 1-year smolt 1335 67
Farm B 1 3N June 1-year smolt 94.9 55
Farm C 1 2N May 1-year smolt 160.0 90
Farm C 2 3N May 1-year smolt 172.7 90
Farm D 2 2N May 1-year smolt 153.4 83
Farm D 14 3N May 1-year smolt 104.5 80

Table 2. Triploidisation efficiency test for genetic analyses and blood cell size on four triploid
groups employed in each of the four farms.

Site Strain N. eggs N. tested Method % triploid
Farm A AquaGen 419,964 50 microsatellites 100
Farm B AquaGen 200,000 80 microsatellites 100
Farm C AquaGen 450,000 80 microsatellites 100
Farm D AquaGen 208,335 40 blood smears 100

for the Farm D was tested by measuring the red blood cell size from blood
smears (Benfey, Sutterlin, and Thompson 1984; Sumpter, Dye, and Benfey
1986). The success rate was 100% for all specimens (Table 2). Salmon were
reared for standard commercial production. The diploid and triploid salmon
were fed a standard commercial feed (Appendix 1). Information about the
significant handling operations during the seawater phase is included in
Appendices 2 and 3

Sampling procedure

Samples were collected in tandem with the obligatory weekly salmon lice
(Lepeophtheirus salmonis) counts. Norwegian salmon farmers are required to
count lice on 10 to 20 representative fish from each cage every week or
every second week, depending on the time of year (Ministry of Trade
Industry and Fisheries 2012; Stien et al. 2020). The farmers had slightly
different solutions on how to obtain the best representative sample. In short,
the fish were fasted for 24 h, attracted close to the surface with feed, and netted
out. On farm A, the fish were simply dipnetted. Farm B used a net held by
a steel-frame cylindric basket (~@2 m and 1.5 deep) that was placed to first
sink in the cage and then pulled to the surface by a hydraulic crane when fish
again started to school after the disturbance. Farms C and D used a6 m x 6 m
seine, with a rope in each corner, which was hauled against the wall of the net
pen to capture fish for sampling. The fish were then anaesthetized (15-20 ml
100 L-1 Benzoak vet, EuroPharma, Leknes, Norway) in a tailored-lice counting
tank (Tellekar, MarinHelse AS, Norway). For each sedated fish, the number of
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salmon lice, the weight, and the fork length were recorded, then the welfare
status was scored.

Welfare scoring of sampled fish

Scoring of individual fish according to the FISHWELL morphological welfare
indicator (WI) scoring scheme (Noble et al. 2018) was performed either by the
fish farmer or by a scientist from the current project. The FISHWELL scheme
employs standardized scoring of W1 levels from 0 to 3, and is a simplification of
the Salmon Welfare Index Model (Pettersen et al. 2014; Stien et al. 2013). The
scoring standards were provided to the farmers along with photo examples of
each WI level from the FISHELL-handbook (see Appendix 4). The WIs were:
emaciation level, skin bleeding, scale loss, eye bleeding/damage, eye protrusion,
opercula deformity, snout damage, vertebral deformity, fin status, upper and
lower jaw deformity, cataract, and sea lice infestation. The score for each
category was set according to the level of evidence of damage/defect/symptom:
(i) score 0, no evidence; (ii) score 1, minor/suspected evidence; (iii) score 2,
severe evidence; and (iv) score 3, extreme evidence (see Appendix 4). After the
welfare assessment, the fish were allowed to recover from the anesthesia and
swim freely back into the cage via a pipe from the lice counting tank.

Production and slaughter data

At each farm, the fish farmers reported water temperature, monthly mortality
(Appendix 5), and estimated growth rate. At the end of the productionthe
slaughter data was reported by commercial slaughterhouses where the fish
were processed. These data included the total number of salmon harvested, the
average specimen weight, and the percent of farmed fish ranked as high
(“Superior”), moderate (“Ordinary”) and low (“Production”) quality. The
number of fish reported at the start and at the end of the production period
was used to calculate the total percent mortality in each sea cage (Table 4). Fish
weight at seawater transfer and at slaughter and time spent in the sea cage were
used to calculate the daily specific growth rate as described by Lugert et al.
(2016):

Daily SGR = [(In final body weight — In initial body weight)/days]x100

In addition, accumulated mortality for the first 15 months, based on the
reported monthly mortalities, was calculated to obtain a standardized measure
of mortality, independent of production length.

Health reports

At each farm, fish farmers reported all disease outbreaks identified by fish
health services. However, the veterinary reports are not enclosed in the
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manuscript, as farmers requested document confidentiality. Health informa-
tion from the reports, important to describe group performances is contex-
tualized here with the results, side by side with mortality data.

Statistical analyses

Comparison of diploid and triploid WI-scores, first 15-month accumulated
mortality, total mortality, production loss, and production quality grade at slaugh-
ter were tested using a paired t-test, with the significance level set at 5%. For farm
B, the W1 scoring data from the last three sampling episodes were excluded from
the statistical analyses because only one group was available (the farmers could not
sample both groups) for each sampling point, making the comparison impossible.
Percentage data were arcsine transformed (sin”'T1[0.001 x pl) before being sub-
mitted to t-tests, as recommended by Crawley (2013).

Results
Descripton of production at farm A

Diploid (average weight 115 g) and triploid (average weight 132 g) smolts were
transferred to sea cages in April 2018. Water temperature at 5 m quickly rose
from 7°C in April to above 18°C during the summer 2018, with a slow decline
during the autumn months to nearly 5°C in the winter before increasing again
in April 2019 (Figure 1A). Groups of both ploidy showed a similar pattern in
reported monthly mortality, but with generally higher levels in triploids than in
diploids (Figure 2a and Appendix 4). There were four periods with peaks in
mortality: (1) July-September 2018, (2) January 2019, (3) March and April 2019,
and (4) July and August 2019. Plausible reasons for this mortality include high
water temperature during the summer months and the presence of sluggish fish,
typically referred to by farmers as “loser fish”, which are characterized by
stunted growth and listless floating at the surface. In May 2018, both ploidy
groups were deloused with Ectoban (Appendix 2), and there were several
delousing operations in early winter 2019. Warm water treatment for delousing
was performed four times for diploids (January (32°C), March (32°C), May (30°
C), August (34°C)), and three times for triploids (January (32°C), March (32°C),
July (34°C)). Farm A did not allow access to veterinary reports, but informed us
that pancreatic disease (PD) and cardiomyopathy syndrome (CMS) were
detected in May 2019. All fish were slaughtered in August 2019.

Descripton of production at farm B

Diploid (average weight 67 g) and triploid (average weight 55 g) smolts were
transferred to sea cages in June 2018. Temperatures never exceeded 16°C, but
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fell below 4°C in the winter period (Figure 1b). After transfer, sluggish
moribund “loser fish” without appetite occupied much of the surface layer in
both sea cages, and the mortality in the first month was 3.5% in diploids and
2.5% in triploids (Figure 2b). Whether this is related to incomplete smoltifica-
tion is unclear. After the first month, mortality was low in both groups. The
only exception was in August 2019, when triploids exhibited elevated mortal-
ity (1.4%), possibly related to lice infestation and Hydrolicer de-lousing treat-
ment (Appendix2, Figure 2). Farm B did not allow access to veterinary reports;
however, the veterinarian informed us that on 25 January 2018, a bacterial
wound infection by Tenacibaculum sp. and Moritella viscosa was identified in
diploids. Triploids were harvested in October 2019, while diploids were
harvested in November 2019.

Descripton of production at farm C

Diploid (90 g) and triploid (90 g) smolts were transferred to sea cages in
May 2018. The temperature quickly rose from about 4°C in May to above 14°C
in August, and then decreased to about 4°C during the following winter,
before rising again in May (Figure 1c). The mortality rate during the first
month was 1.6% in diploids and 0.84% in triploids (Figure 2c). This mortality
was probably related to mechanical damage during transfer. Thereafter, mor-
tality was low in both the ploidy groups. There was a small increase in
mortality in December 2018 and January 2019 in both ploidy (Figure 2c),
which was suspected to be related to cardiovascular and skeletal muscle
inflammation (HSMB), particularly in the diploids. In August 2019, the last
month before slaughter, the triploids showed higher mortality (0.91%). This
may have been due to delousing operations (Hydrolicer in July 2019 and
Alphamax in August 2019; Appendix 2), and/or to possible mechanical
damage caused when for logistic reasons, the triploid fish were split into two
equal halves and transferred to two new sea cages during the same month
(August 2019; Appendix 3). Diploids were transferred to a new sea cage at the
same time. The veterinarian reported that triploids exhibited a higher occur-
rence of emaciated loser fish (and moribund fish in the surface layer of the sea
cage, and/or of fish displaying aberrant behavior, i.e. random swimming).
Triploids were slaughtered in August and September 2019, while diploids
were slaughtered in September 2019.

Descripton of production at farm D

Diploid (average weight 83 g) and triploid (average weight 80 g) smolts were
transferred to sea cages in May 2018. This farm had a relatively stable
temperature throughout the production (Figure 1), with a peak temperature
of about 14°C, but a relatively long period below 6°C during the winter (Figure
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1d). Compared to the diploids, which exhibited low mortality throughout the
production period in sea cages, the triploid group had three periods with
elevated mortality: (1) July (2.1%) and August (1.6%) 2018, (2)
November 2018 (2.0%), and (3) July 2019 (1,5%) (Figure 2c). The first period
was attributed by the veterinarian to liver changes compatible with the effect of
a toxic algae (not specified) bloom, skeletal and eye deformity (micro-
phthalmy), and the presence of loser fish. The second period may have been
related to a warm water delousing treatment (Appendix 2), followed by
transfer to a new sea cage. In fact, the veterinarian reported several fish with
physical damage during this period. Deaths during the third triploid mortality
period may also be related to sea lice since elevated lice levels in triploids
required a mechanical delousing treatment and transfer to a new sea cage
(Appendix 2). Diploids did not require delousing treatment during produc-
tion. Diploids were slaughtered in mid-July 2019, and triploids were slaugh-
tered in late August 2019.

Triploid vs. Diploid (analysis of farm B,C,D)

Farm A was excluded in the following ploidy comparison because of the
generally high mortality rate in the farm caused by fish infection with PD
and CMS, which compromised possible ploidy effects.

Productions ended between 429 and 558 days after sea transfer (Table 4).
The differences in mortality after 15 months between groups at farms B, C, and
D were not significant (p = .09, Table 4). For the whole production period, the
total mortality was higher in triploids than in diploids on farms B and D, and
equal between ploidy groups in farm C (Table 4).

In each ploidy and farm group, total fish loss for the entire production
period was calculated based on the reported number of smolts transferred and
the number of fish harvested. Total fish loss was higher in triploids than in
diploids on all farms (p = .02, Table 4).

At slaughter, diploids on all farms exhibited a significantly higher (p = .03)
occurrence of fish with a “superior” quality grade (Table 4). Regarding
“ordinary” and “production” quality grades, there was no systematic difference
between diploid and triploid groups (Table 4).

There were few observations and data points on individual fish weights
recorded by fish farmers but based on available data, the average body weight
of diploids was higher than that of triploids at almost all sampling points
(Figure 3). The daily specific growth rates (SGRs) were similar between
ploidys on farms C and D, while it was slightly higher for triploids than
for diploids on farm B, possibly owing to the smaller size of triploids
compared to diploids when transferred to the sea cages (Table 4). There
was no significant difference in SGR between diploids and triploids across
farms (p = .26).
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Figure 3. Body weights for the triploid (dark) and diploid salmon (white) measured at sampling at
the four respective farms a, b, c and d.

The welfare scoring showed that the sampled triploid groups were more
severely affected by emaciation (p = .013) than the diploid group (Table 3).
Furthermore, the sampling revealed that the triploid groups had a significantly
higher incidence of fish with scores >2 (thus severe) for at least one WI
(p = .02, Table 3).

Discussion

The present study aimed to compare production results from four aquaculture
companies raising triploid and diploid Atlantic salmon from the same genetic
line, all farmed under standard commercial conditions. Overall, triploid sal-
mon exhibited lower performance and welfare than diploid.

Although the sampled triploid fish were generally smaller than the sampled
diploids, there were no statistically significant differences in SGR. This is in
contrast to earlier studies showing that triploid growth rates in seawater are
typically lower than those of diploids (Fjelldal and Hansen 2010; Fraser et al.
2014, 2013; Leclercq et al. 2011; Taylor et al. 2014, 2015a, 2013). However, it is
well established that smaller fish have a higher SGR than larger fish; thus, the
smaller size at the start may explain some of this difference. This size effect was
further amplified by two farms slaughtering the triploid groups earlier than the
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Table 3. Comparison of the percentage distribution of FISHWELL welfare score for diploid and
triploid groups sampled from the beginning of the production up to slaughter. Percentage of fish
with WI=2 for each category.*Farm A not included in statistical test due to the severe disease
outbreak at this farm. Percentage of not emaciated fish with at least one other W scored as severe
(WI=2) is also calculated.

Farm Farm A Farm B Farm C Farm D Tests
Ploidy D T D T D T D T t-test (p < 0.05)
Emaciation 1333 3240 195 955 505 1598 3.09 994 <0.01*
Skin bleeding 12.08 10.00 3.41 364 505 3.65 123 217 0.45
Wounds 417 660 000 136 367 411 0.93 1.24 0.15
Scale loss 27.08 3600 829 1545 1468 1416 864 10.56 0.16
Fins status 15.63 2540 17.07 2091 20.18 1826 1142 1211 0.32
Cataracts 646 820 2537 1727 1697 2374 957 093 0.76
Eyes bleeding damage 938 1520 146 227 183 091 0.93 1.86 0.36
Outstanding eyes 188 260 049 136 046 046 123 062 0.42
Opercula damage def 375 1640 293 409 183 41 216 155 0.21
Gills status 708 21.00 000 318 1055 868 031 0.93 0.21
Nose injury deformity 1771 860 049 591 550 685 494 217 0.31
Spine deformity 0.6 060 098 136 092 137 031 4.97 0.15
Lower jaw def 042 240 049 0.00 000 4Mm 093 1025 0.16
Upper jaw def 042 080 000 136 000 000 000 1.24 0.09
Not emaciated, but severe 5470 66.27 5455 57.14 5266 57.07 3333 39.10 0.02*

Table 4. Data report production harvest follow slaughter. “Weight at end” refers to weight after
fish have been slaughtered. *Farm A not included in statistical test owing to the severe disease
outbreak at this farm. P; = t-test. Daily SGR = daily specific growth rate.
Farm A Farm B Farm C Farm D Test
T-test
Diploid  Triploid Diploid Triploid Diploid Triploid Diploid Triploid P < .05

Transferred (n.x1000) 50.86 52.48 133.46 94.94 159.79 17272 15346 104.46
Slaughtered (n.x1000)  28.06 30.54 120.90 80.20 155.85 152,57 146.26 88.40
Production loss (%) 44.82 41.82 9.41 15.52 2.47 11.66 470 15.38 0.02

Mortality (%) 19.34 27.66 5.37 9.32 6.53 7.8 2.7 10.98 0.09
(first 15 months)

Mortality (%) 23.77 31.77 6.06 9.77 7.96 7.92 2.70 11.57 0.12
Total

Days in the sea 484 495 523 465 558 492 429 434

Weight at start (kg) 0.11 0.13 0.07 0.05 0.09 0.09 0.08 0.08

Weight at end (kg) 5.05 4.29 5.17 3.90 6.10 4,74 4.69 492

Daily SGR? 0.34 0.31 0.36 0.41 0.33 0.35 0.4 0.41 0.26

Production (%) 11.44 6.86 1.01 5.30 2.60 0.21 3.89 16.37 0.26

Ordinary (%) 1.92 2.68 3.95 8.10 0.00 6.03 0.00 0.00 0.13

Superior (%) 86.64 90.46 93.53 86.00 97.40 93.7 95.96 83.28 0.03

diploids. It is, therefore, not possible to make strong conclusions about the
differences in growth between the diploid and triploid groups in the present
study.

Recording mortality and precise quantities of fish in commercial sea cages is
notoriously difficult (Aunsmo, Skjerve, and Midtlyng 2013; Ellis et al. 2012).
The mortality analysis is, therefore, strengthened by both the 15 month
accumulated mortality (calculated as total counted dead divided by number
of fish put into the cage) and the percentage of production loss (calculated by
the difference between what was transferred in the sea cage at the start of



JOURNAL OF APPLIED AQUACULTURE (&) 11

production and what was reported at slaughter), both pointing toward higher
mortality in triploids. Most of the triploid monthly mortality seems to be
correlated with delousing treatments, possibly indicating a lower resistance to
handling and severe stressors, a theory suggested in other studies (Benfey
1999; Cotter et al. 2002). On farm A, the combination of lice infestation,
delousing treatments, and PD and CMS outbreaks were assumed responsible
for high mortality in both groups.

The incidence of emaciated fish was significantly higher in the sampled
triploid groups than in the sampled diploid groups. During early sampling,
these growth-stunted fish, also known as loser fish, displayed aberrant beha-
viors and low or null appetite, and were, therefore, characterized by a lean
body (Vindas et al. 2016). It is thought that these loser fish are those poorly
adapted to seawater, but salmon can also become stunted as a result of injury
and disease (Noble et al. 2018). This is in line with the present observations, as
both the sampled diploid and the sampled triploid groups exhibited high
incidence of poor WI-scores. However, emaciation was the only WTI attribute
that exhibited a pattern of significant difference between the two groups. Sick
and emaciated fish typically swim close to the surface, and may be easier to
catch than other fish, potentially skewing samples. After accounting for this,
the triploid groups still had a higher incidence of poor WI scores than the
diploid groups. This, combined with the increased mortality, suggests that the
triploid groups did exhibit overall lower welfare than the diploid groups. The
present finding of more loser fish among triploids compared to diploids is in
line with that of Fraser et al. (2013), who followed diploid and triploid salmon
to slaughter and reported a high incidence of loser fish among discharged
triploids during primary processing. In diploid Atlantic salmon, reduced
hypo-osmoregulatory ability during transfer to seawater creates loser fish,
but these individuals survive up to harvest size, often retaining normal growth
rates and condition factors after a period in seawater (unpublished personal
results). Recently, Glover et al. (2020) reported that triploid salmon display
chromosomal aberrations. If the triploid loser fish phenomenon is related to
osmoregulatory dysfunction, infections and/or genetic aberrations need to be
further investigated to fully understand the suitability of triploid salmon in
commercial aquaculture

Conclusion

The results of this study highlight important aspects of the production and
welfare of triploid fish farmed under commercial conditions on four farms
along the Norwegian coast. Working within commercial facilities made it
impossible to standardize rearing conditions across companies. This was
mainly linked to differences in the geographical positions, local physical (e.g.
weather, temperature) and biological conditions (e.g. lice infestation/
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delousing treatments and disease) and feeding practices. In addition, within
companies/sites, the farmers in some cases adopted different strategies for
each cage, for example, timing of delousing or slaughter. However, since we
followed several productions, the present results are representative of a strong
indicator of triploid performance under commercial production. We found
that the attempt to use triploid fish in order to increase environmental
sustainability of the Atlantic salmon aquaculture industry is challenged by
several factors: For a welfare perspective, the frequency of fish displaying
moderate/severe welfare indicators and the current mortality rates is still too
high. In addition, from an economic perspective, the higher loss in triploids
results in lower income for the fish farmers, who may be unwilling to accept
this in their production.

For the first time, triploid induction has been successfully conducted on
a large scale, suggesting the possibility of wider use of sterile fish in commer-
cial aquaculture. Moreover, success of triploidisation on this scale has not been
recorded in commercial egg production. Further research is required in order
to improve triploid performance and welfare, particularly during production
in sea cages. Future studies should focus on optimization of husbandry con-
ditions with the aim of making triploid farming more feasible for fish farmers.
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