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Abstract
Atlantic salmon aquaculture faces many challenges and addressing these concerns is
vital for improving industry growth and sustainability. Within the Tasmanian salmon
industry, there remains much potential for more efficient and environmentallyconscious production of high quality Atlantic salmon. Fat can be stored throughout
the body and, when stored excessively in the viscera, in the muscle, under the skin or
in other fat depots, can contribute to production waste during processing. Selective
breeding provides a valuable means to manage fat content and, consequently,
improve production efficiency.

The thesis aims to: (i) determine whether the deposition of fat in the viscera and belly
flap, red muscle and dorsal fat depots are under genetic control; and, if so, to explore
if these fat depots are genetically correlated with muscle fat and other production
traits; (ii) investigate the use of non-invasive and less destructive methods for
measuring muscle fat, and to compare the cost-effectiveness of these methods against
a reference method, in terms of genetic response per dollar spent; and (iii) explore
the possibility of testing animals early (at 24 months of age instead of 30 months) to
shorten the average generation interval.

Fat was measured using a number of methods: visible/near-infrared spectroscopy
(VNIRS) was used to measure muscle fat from homogenised Norwegian quality cuts
(NQC), on intact NQCs, through the skin of whole fish and through the wall of the
abdominal cavity; a Distell Fish Fatmeter was used to measure fat through the skin in
the NQC region and along the fillet of whole fish; image analysis was used to
estimate fat content in the dorsal fat depot, belly flap and red muscle of crosssectional cutlets; and subjective scoring of caecal fat was used to assess the amount
viii

of fat stored in the viscera. Variances and genetic correlations were estimated using
residual maximum likelihood methods, using animal models.

Fat stored in the muscle (measured by VNIRS on minced NQC), viscera, belly flap,
red muscle and dorsal fat depots, as well as fat variation along the fillet and NQC
region (measured by Distell meter), were all heritable (h2 = 0.11 – 0.57). The fat
components had limited genetic correlations with each other, and only muscle fats
measured in the NQC and in the viscera were genetically correlated with gutted
weight. Measures of muscle fat obtained using less destructive and non-invasive
methods were moderately heritable (h2 = 0.36 – 0.56). VNIRS measures through the
skin of whole fish and through the abdominal wall of gutted fish were strongly
genetically correlated with muscle fat, as measured with the reference method
(VNIRS on homogenised NQCs) (rg = 0.81 and 0.83, respectively). Although
measures made through the skin with the Distell meter showed weaker genetic
correlations with muscle fat (rg = 0.67 – 0.74), the device was more cost-effective
than the VNIRS methods. For biometric and flesh quality traits, genetic correlations
between measurements on fish of 24 and 30 months of age were moderately strong to
perfect (rg = 0.65 – 1.00).

The data presented in this thesis showed that, by employing various strategies,
Tasmanian Atlantic salmon can be produced more efficiently. The management of
fat levels in different depots can reduce production waste and processing labour,
while the use of non-destructive methods for testing muscle fat allows the carcass to
be recovered and sold commercially, rather than discarded. In addition, measures
obtained non-invasively or without growing fish to harvest size can reduce the
average generation interval and increase the rate of genetic gains.
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1.1 Aquaculture
Aquaculture is currently the fastest growing meat production sector in the world.
From 1980 to 2010, aquaculture production grew at an average rate of 8.8% per year
in terms of volume (FAO 2012d). As a relatively new food producing sector,
aquaculture offers a range of possibilities, from ensuring food security within
developing countries to producing premium products for markets within developed
countries.

Aquaculture has rapidly become an important source of seafood. Due to an
increasing population and increased annual per capita consumption of seafood
(9.9 kg in the 1960s to 18.6 kg in 2010; (FAO 2012d)), the world market for seafood
has increased rapidly in the past 50 years, with around 149 million tonnes produced
in 2010, from capture fisheries and aquaculture combined (FAO 2012d). In 2010, the
aquaculture sector accounted for 47% of total seafood production (FAO 2012d).

The growth of global aquaculture is driven by a number of factors and demand for
aquaculture products is expected to remain strong. Due to overfishing and
consequently tighter fishing restrictions, since the late 1980s, the volume of seafood
sourced from the wild has plateaued at around 90 million tonnes (FAO 2012b). Even
prior to this, capture fisheries had limited potential for growth. Not only has
aquaculture provided an alternative source of seafood since the 1980s, it has
immense potential to meet increasing demand for seafood. This is driven by a rapidly
increasing global population, with intense economic and social development, where
food security is a top priority and where seafood consumption rates are rising due to
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affordable access to food facilitated by globalisation and government investment, as
well as advancements in applied research.

Aquaculture, as a relatively new and promising meat food industry, is supported by a
considerable amount of exciting research on production systems, production
efficiency, sustainability and genetic stock. The production of one particular species,
the Atlantic salmon, has benefited greatly from scientific and technological advances
to become the most valuable finfish aquaculture industry globally.

1.2 Salmon aquaculture
Atlantic salmon (Salmo salar) have a complex life cycle, and the success of salmon
aquaculture depends on the producer’s ability to accommodate and take advantage of
this biological cycle. Wild salmon are native to the North Atlantic and are distributed
along the Atlantic coasts of Europe and North America (FAO 2012c). They are
anadromous fish, which migrate from the sea to rivers to spawn. Eggs are released
and fertilised in upstream gravel beds, hatching as yolk-sac alevins. The alevins live
off their yolk sacs until the mouth, digestive tract and excretory organs develop, at
which stage they begin to feed as fry. Juvenile salmon (parr) remain in freshwater for
2 to 5 years, feeding on insect larvae and small fish. The transition of juvenile fish
from freshwater to seawater requires smoltification – a series of morphological and
physiological changes from parr to smolt that allow for survival in salt water. This
change usually occurs in spring and is dependent on body size and body condition
(Laird and Stead 2002). Migration to sea is not necessary for survival; however,
salmon grow much faster in the marine environment due to increased feed
availability and an optimal seasonal temperature range. Fish can mature and return to
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freshwater after one winter at sea as grilse (1.5 kg to 3.5 kg) or remain at sea for two
or more sea winters, returning as large (4 kg +) fish. The proportion of fish that
mature as grilse or multi-seawinter fish is controlled by environmental and genetic
factors (Naevdal et al. 1975).

To mimic natural life events, Atlantic salmon production systems generally involve
two stages: a hatchery phase for rearing smolt in freshwater and a grow-out period in
sea cages. In Norway, advancements in sea cage technology in the 1960s have laid
the foundation for large-scale salmon production used globally today (Heen et al.
1993). The optimisation of growing conditions, in conjunction with improved genetic
stock and husbandry practices, allows the farmed salmon to reach market size of
4.5 kg in less than two-and-a-half years after hatching.

Atlantic salmon are very good candidates for aquaculture. All stages of their
lifecycle, from hatchery to sea, can be controlled and therefore optimised. Atlantic
salmon are also highly fecund, with females capable of releasing thousands of eggs
at a time. In addition, once transferred from freshwater to the marine environment,
Atlantic salmon can grow very quickly, increasing from around 200 g to 4.5 kg
during the 14 months that they are grown in sea cages.

World salmon aquaculture
Atlantic salmon are high-valued fish, but there are limitations to where they are
successfully farmed. Atlantic salmon require water that is clean, high in dissolved
oxygen and ideally 4 – 15 C (Monahan 1993). Hence, production is located mainly
within latitudes 40 - 70  in the Northern hemisphere (e.g. Norway, United Kingdom,
Canada, Faroe Islands, United States, Ireland) and 40 – 50  in the Southern
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hemisphere (e.g. Chile, Australia) (FAO 2004). Salmon cages tend to be located in
inshore or sheltered sites in order to minimise mechanical damage from wave motion
upon the pens, nets and moorings.

Atlantic salmon aquaculture has been growing rapidly since the 1980s. Although
growth in production volume slowed recently, in 2009, Atlantic salmon was the most
valuable finfish species cultured globally – worth US$6.4 billion. Including all
cultured seafood, Atlantic salmon was the second-most valuable cultured species
after the white leg shrimp (worth US$9.2 billion).

On the global scale, Australia is a comparatively small player in Atlantic salmon
aquaculture. Of the 1.4 million tonnes produced worldwide in 2009, Australia
produced 2% (30 kt), whereas 60% was produced by Norway and 16% was produced
by Chile (FAO 2012e). [In 2009, the Chilean industry suffered major losses in
production due to outbreaks of infectious salmon anaemia disease (Asche et al.
2010). Prior to this, in 2008, Chile’s share of world production was 27% and
Norway’s share was 51% (FAO 2012e).] In Australia, for 2009-10, the value of
production of salmonids (mostly Atlantic salmon but with a small proportion of
trout) was around US$325 million (AU$369 million) (ABARES 2011).

Tasmanian Atlantic salmon aquaculture
Despite its small land size and population, Tasmania contributes considerably to the
national value of total wild caught and aquaculture products. Tasmania is an island
state, located off the south-east coast of mainland Australia (Figure 1.1). Tasmania
has a total land area of 68 thousand square kilometres (0.9% of Australia) and a
population of 511 000 in 2011 (or 0.2% of Australian population) (Australian Bureau
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of Statistics 2008; 2011). In 2009-10, Tasmanian-produced salmon contributed 26%
to the gross value of total fisheries production (wild caught and aquaculture
combined) in Australia - the highest of all states and territories in the country
(ABARES 2011). In terms of aquaculture, Tasmanian salmon contributed 42% to the
value of production of all Australian aquaculture products in 2009-10 (ABARES
2011).

Source: Google Maps 2013.
Figure 1.1 Maps of Australia and its island state, Tasmania.
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Tasmania produces 97% of salmonids cultured in Australia. In 2009-10, the
Tasmanian salmonid industry (predominantly Atlantic salmon and some rainbow
trout, Oncorhynchus mykiss) was worth US$318 million (AU$362 million)
(ABARES 2011). In Australia, since 2008-09, the salmon industry grew by 13% in
value of production and overtook the rock lobster fishery to become the country’s
most valuable fisheries product in 2009-10 (ABARES 2011).

The current Tasmanian Atlantic salmon stock originated from Canada. Ova from the
Cobequid hatchery, River Philip, Nova Scotia, were imported to the government
hatchery in Gaden, New South Wales, on three occasions – in 1963, 1964 and 1965;
the Tasmanian Atlantic salmon stock was formed following three transfers of ova
from Gaden to Tasmania in 1984, 1985 and 1986 (Jungalwalla 1991a; Ward et al.
1994). There have been limited importations of salmon ova into Australia and into
Tasmania due to strict quarantine regulations. There are no feral populations of
Atlantic salmon in Tasmania. In the mid-1860s, attempts to populate the River
Plenty, in south east Tasmania, with salmon eggs from England were unsuccessful.
However, brown trout (Salmo trutta) introduced at the same time have flourished.
Attempted introductions of other salmonids were successful, in the cases of rainbow
trout and brook trout (Salvelinus fontinalis). To preserve the “disease free” status of
the emerging aquaculture industry, quarantine protocols were established to prevent
further importations of salmonids into the state.

The Salmon Enterprises of Tasmania Pty. Ltd. (SALTAS) was formed in 1985 to
develop Tasmania’s Atlantic salmon industry (DPIWE 2004). This was a joint
venture between the Tasmanian government, a Norwegian company (Noraqua) and
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several Australian companies. Initially, SALTAS produced smolt and operated a
grow-out site in Dover, in the state’s south east; however, in 1987, the grow-out
operation was privatised (DPIWE 2004). SALTAS currently operates two hatcheries:
Wayatinah hatchery (Figure 1.2) on the Derwent River and the nearby Florentine
hatchery. SALTAS held exclusive rights to operate a commercial salmon hatchery
for the first 10 years of the business. SALTAS was formed with the objectives of
establishing high quality broodstock, conducting industry research and training of
freshwater and marine production, and supporting the development of the
commercial industry.

Source: SALTAS Atlantic salmon selective breeding program.
Figure 1.2 Aerial shot of SALTAS hatchery at Wayatinah, Tasmania, Australia.

In Tasmania, Atlantic salmon production is typically vertically integrated, with
individual companies involved in hatchery operations, sea farming, value adding and
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marketing. Tassal Group and Huon Aquaculture Group are the largest contributors to
salmon production, while Petuna Aquaculture and Van Diemen Aquaculture are
smaller companies. In 1995, at the completion of the SALTAS 10-year moratorium
for monopoly production of smolt, Tassal Group Ltd., Huon Aquaculture Group Pty.
Ltd. and Petuna Group Pty. Ltd. established their own hatcheries in order to meet
increasing demand for salmon products. Juvenile fish are reared at freshwater
hatcheries in tanks and raceways for up to 12 months before they are transferred to
sea cages. To ensure year-round production, hatcheries manipulate day length by
using artificial lighting to trigger smoltification, which allows smolt to be transferred
to sea over an extended period between February and September. Fish are grown for
about 14 – 16 months in sea cages, mostly in the D’Entrecasteaux Channel and Huon
River (in the state’s south east; Figure 1.3 and Figure 1.4), but also in Macquarie
Harbour (in the state’s north). Fish are harvested at approximately 4 kg, prior to
sexual maturation. Value adding and marketing are very important components of
the production process. About half of salmon produced are sold chilled, and the
remainder undergo value adding. The majority of value-added products are coldsmoked and hot-smoked fillet portions, typically sold in Australian supermarkets, but
other products include frozen meals, canned salmon and smallgoods. About 90% of
Atlantic salmon produced is consumed domestically. Japan, Indonesia, Hong Kong
and Thailand are the largest importers of Tasmanian salmon (ABARES 2011).
Export products include whole salmon (chilled or frozen) and prepared and preserved
salmon (e.g. canned). Although Australia produces only 2% of world Atlantic
salmon, Tasmanian salmon are world-renowned for quality. The promotion of the
pristine waters of Tasmania, and the associated clean green image, is a key marketing
strategy for the Tasmanian salmon industry.
Chapter 1 – General introduction | 9

Huon River
D’Entrecasteaux Channel

Source: Google Maps 2013.
Figure 1.3 Approximate location of Huon River and D’Entrecasteaux Channel in south
east Tasmania.

Source: SALTAS Atlantic salmon selective breeding program.
Figure 1.4 Atlantic salmon sea cages in the Huon River, Tasmania, Australia.
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1.3 Industry challenges
The Tasmanian salmon industry faces many challenges in common with the global
salmon industry, and addressing these concerns is vital for improving industry
growth and sustainability. Within the Tasmanian salmon industry, there remains
much potential for more efficient and environmentally-conscious production of high
quality Atlantic salmon that continues to meet consumer expectations. Although the
industry faces many issues, only key challenges will be highlighted in this section.

Production challenges
Feed is the costliest single input in salmon aquaculture, accounting for 50 – 70% of
production costs (FAO 2010). In order to ensure optimal growth rates and minimal
feed waste, farms must invest in sophisticated feeding and monitoring systems.

Losses as a result of early maturation, disease and processing waste will also affect
profitability. Pre-harvest sexual maturation is highly undesirable in salmon
production, because it adversely affects growth rate dynamics within a cohort and
reduces meat quality (Aksnes et al. 1986; Kadri et al. 1996). Early maturation is
associated with effects on body weight and body fat content, and it is influenced by
water temperature, crowding, and feed content and intensity (Leclercq et al. 2010;
McClure et al. 2007; Shearer and Swanson 2000). Due to Tasmania’s latitude and
water temperatures, and possibly the strain of salmon available to the industry, fish
tend to be fast maturing and will naturally limit production scheduling and harvest
size. Therefore, the Tasmanian industry is unique in that it developed all-female and
triploid fish production from an early stage (Jungalwalla 1991b). By disrupting the
second meiotic division in female fish so that their ova contain two sets of
chromosomes, triploid fish can be produced by mating these female fish with males
Chapter 1 – General introduction | 11

with haploid sperm, resulting in offspring with three sets of chromosomes. Being
sterile, triploid fish are produced with the aim to reduce the adverse effects of sexual
maturation, which can be associated with lower yield at harvest and poorer meat
quality (Paaver et al. 2004). In addition, commercial fish that escape cannot form
populations in the wild. The industry uses all-female stock to, again, minimise the
adverse effects of sexual maturation on the final product.

In Tasmania, the treatment of amoebic gill disease (AGD) is a significant financial
burden for the industry. Prevalent among salmonids cultured in marine environments
(Bustos et al. 2011; Munday et al. 2001), the gill infection caused by marine
Neoparamoeba can lead to high rates of mortality (Steinum et al. 2008). The
management of AGD is very expensive and laborious - involving periodic
assessments of disease severity (Taylor et al. 2009b) and regular freshwater bathing
treatments performed during sea grow-out (Parsons et al. 2001).

Lastly, processing waste is another major challenge for the industry. All Tasmanian
salmon are processed - with approximately half sold as head on and gutted (HOG)
fish, while the other half are sold as value-added product. Large amounts of fat can
be stored in the viscera and, during gutting, represents production waste. Excess fat
stored in the viscera can be attributable, indirectly, to inefficient feed use – energy
preferentially stored as fat rather than protein. For value-added salmon, for example
smoked salmon or fresh fillet portions, fillets are trimmed of excess fat and may be
skinned. Trimming of excess fat in the belly flap or other fat depots reduces the yield
of saleable product and increases processing effort. During skinning, the loss of fats
stored beneath the skin also contributes to production waste. In addition, the disposal
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of production waste products also represents an environmental issue. There is a
continual need for efficient use of inputs, including water and energy, particularly for
an industry that is highly demanding of resources.

Environmental challenges
Of serious concern, to environmentalists, consumers and producers is the
sustainability of current feed sources. Fish meal and fish oil make up 40% of
commercial salmon pellet feed (Tacon and Metian 2008) and are sourced from small
pelagic fish such as anchovy, herring and sardines (Merino et al. 2010). There are
ethical implications for using 3 kg of wild fish (Naylor et al. 2000), which are
regularly consumed in many parts of the developing world, to produce 1 kg of
premium salmon to feed the developed world. Also, in terms of ecological
sustainability, with the rapidly increasing growth of the global salmon industry, fish
meal and fish oil are not sustainable inputs, and alternative sources must be
considered to ensure the industry remains competitive. Research into plant-based
substitutes, to reduce the proportion of fish meal and fish oil in the feed, has been
encouraging (Bendiksen et al. 2011; Bjerkeng et al. 1997; Elangovan and Shim 2000;
Johnsen et al. 2011; Refstie et al. 2001; Refstie and Tiekstra 2003; Stone et al. 2000).

The negative environmental impacts of salmon farming are highly contentious issues.
This is of particular concern in Tasmania where clean unpolluted water is a highly
respected and valued asset. In Australia, the Environment Protection and
Biodiversity Conservation Act 1999 provides a legal framework for farmers, and it
outlines requirements for sustainable management of aquaculture sites. In Tasmania,
aquaculture is further regulated under the Marine Farming Planning Act 1995. In
addition, there is a comprehensive range of acts, legislations and policies that
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regulate water quality, quarantine issues, disease control and the use of medication
and feed in aquaculture in Australia (FAO 2012a).

Consumer expectations
Meeting consumer expectations is an important aspect of salmon production. Not
only should a product be visually appealing and of high eating quality, it should also
align with the consumer’s perception of the product. This is particularly relevant for
salmon because it has a reputation for being a super-food: an excellent source of
“good fats”. Consumer preferences vary across markets, but can be influenced by
product attributes such as colour, appearance, fat content, firmness, odour, the
intensity of smoking, the level of salting in smoked products and food safety (Einen
and Skrede 1998; Haard 1992; Robb et al. 2002; Rødbotten et al. 2009; Séménou et
al. 2007).

Salmon is perceived as a highly nutritious food, especially due to its omega-3 (or n3) fatty acids content, and it is essential that this image is maintained. The health
benefits associated with the consumption of fatty fish is a major driver for the
increased demand in fish products. A vast range of health benefits associated with
fish consumption has been reviewed in the scientific literature (Australian Heart
Foundation 2008; Larsen et al. 2011; McManus et al. 2011; Sidhu 2003). Health
benefits include reduced risks of cardiovascular disease, diabetes, hypertension,
depression, obesity, inflammation and cancer; and improved prenatal and postnatal
development and brain development. The Australian Heart Foundation strongly
advocates the consumption of fatty fish - recommending 500 mg of marine sourced
omega-3 per day or 1000 mg for persons at high risk of coronary heart disease
(Australian Heart Foundation 2008). Although there are pressures to reduce the cost
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of salmon production, it is vital that the fatty acid profile and contents are not
adversely affected.

1.4 Fat distribution in Atlantic salmon and its genetic management
Pressures faced by producers come from many different angles, but ultimately the
broad solution is to improve production efficiency while maintaining product quality
- and the management of fat can help achieve this result. Atlantic salmon are very
good at storing fat throughout the body and, with an abundance of food in
aquaculture production, there is a tendency for excess energy to be stored as fat. The
management of fat deposition has the potential to address many of the key issues
described in the last section. Managing the storage of fat in depots that are inedible
and constitute processing waste can improve feed use and improve production
efficiency. Better production efficiency means that, although there will be increasing
pressure on producers to improve sustainability, fish can perform well given
restricted inputs. And importantly, there is a need to manage fat contents to ensure
that consumer expectations are met, in terms of health implications and other aspects
of product quality. The use of quantitative genetics, applied as selective breeding,
provides a valuable platform to manage fat deposition in salmon. Breeding from
animals that are genetically superior for traits of interest has the potential to improve
commercial profit, particularly where improvements through the use of non-genetic
approaches are not feasible or effective.

Lipids in salmon
Intensively farmed salmon fed high-energy diets are at risk of accumulating fat – not
only in the flesh but in other fat depots throughout the body. Studies have shown an
increase in fat deposition in the body of harvested fish with increased feed rate and
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dietary fat content (Bjerkeng and Berge 2000; Hillestad et al. 1998; Regost et al.
2001). Fats can be deposited in the skin, head, viscera, liver, white muscle, red
muscle, dorsal fat depot and belly flap fat depot, and around the spine (Aursand et al.
1994; Jobling et al. 2002; Nanton et al. 2007). From a dissection study of fish
weighing approximately 2.9 kg, Aursand et al. (1994) found that 57% of total body
lipids were deposited in edible components of the fish (white muscle, and belly flap,
red muscle and dorsal fat depots); the largest proportion of body fat is stored in the
white muscle (35% of total fat), and although the belly flap, red muscle and dorsal fat
depots make up smaller proportions of total body weight, lipid contents were more
concentrated in these regions (27 – 38% of wet weight) than in white muscle (10% of
wet weight). Depending on the fat depot, fat can be deposited in collagenous
connective tissue surrounding muscle bundles or around single muscle cells.

In salmon, the dominant class of lipids are triacylglycerols, which are highly
concentrated reserves of energy. Triacylglycerols are synthesised from excess dietary
fatty acids or fatty acids synthesised from excess protein or carbohydrates in the diet
(Pelley and Goljan 2011). In Atlantic salmon, the fatty acid compositions of different
fat depots are generally similar – with approximately 80% in the form of unsaturated
fats; roughly one third of these are polyunsaturated fatty acids (PUFAs), which
includes n-3 fatty acids (omega-3 fatty acids) (Aursand et al. 1994). n-3 fatty acids
can be sourced from plants in the form of α-linolenic acid (ALA) or from animals in
the form of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). ALA is
an essential fatty acid and can be converted by humans to the bioavailable DHA;
however, this conversion process is generally inefficient (Brenna et al. 2009; Plourde
and Cunnane 2007). Although plant-based omega-3 is not a good substitute for
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DHA, supplementation with ALA, which has been shown to lower the risk of
cardiovascular disease, is recommended by the Australian Heart Foundation, in
addition to the consumption of marine-based omega-3s (Australian Heart Foundation
2008). Salmon is a good source of healthier fats, but fat contents that are too high
overall can affect product quality as well as production efficiency.

Selective breeding
Selective breeding for fat characters provides opportunities to address challenges
faced by the salmon industry. Genetic variation between animals can be exploited to
breed animals for traits associated with improved production efficiency and meat
quality. The most attractive advantage of genetic selection is that accumulated
improvements are transferred, and enhanced, from one generation to the next. In
addition, traits of interest in aquaculture tend to be continuously varying traits that
are controlled by a large number of genes. Such traits benefit from selective breeding
because individual genes do not need to be identified in order to make genetic
changes.

While selective breeding has been practised relatively recently for Atlantic salmon, it
has been widely and successfully applied within agriculture to produce commodities
with desirable attributes. For example, in the pig industry, the thickness of back fat (a
proxy measure for muscle fat in the carcass) can be selected against to reduce the
deterioration of meat quality that can occur over time as a consequence of selection
for single trait selection for weight (Sonesson et al. 1998). The US dairy industry has
also benefited greatly, with average milk yield doubling from 1957 to 2010 – of
which half is attributed to genetic improvement (USDA 2012). Similarly, from 1974
to 1993, 41% of the increase in corn yield in Jilin Provence, China, was attributable
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to selective improvement of cultivars (Qiao et al. 1996); and, in Mexico from 1968 to
1990, 28% of the increase in wheat yield was attributable to selective improvement
(Bell et al. 1995).

Genetic variation of salmon fat
In Atlantic salmon, there is no doubt that fat content is an economically important
trait, but there is a lack of consensus about what the breeding objective should be.
Although it has been suggested that extremely high levels of muscle fat should be
avoided (Gjedrem 1997), there is no universal standard for ideal fat content, nor is
there information about its economic value. These challenges most likely reflect
differing preferences across markets. Most Atlantic salmon breeding programs do
include fat content in their breeding objectives (Gjedrem 2010; Quinton et al. 2005).
Norwegian breeding programs have speculated on the possibility of reducing fat
content (currently at 15 – 16% of the fillet) to lower production costs, but this has not
been implemented (Gjerde et al. 2008). Although breeding objectives for fat are not
always explicitly stated, it seems that, rather than modifying fat content in salmon as
an objective in its own right, most breeding programs aim to manage fat content,
which tends to increase if selection for increased growth rate is done in isolation.
This positive genetic association between muscle fat content and body weight has
been observed for various fish species including salmonids (Powell et al. 2008;
Quinton et al. 2005; Rye and Gjerde 1996; Saillant et al. 2009). Since improving
growth rate will continue to be an economically important objective, the
management of fat content is unavoidable and is important for maintaining product
quality and production efficiency.

Chapter 1 – General introduction | 18

The additive genetic component of an animal’s phenotype, known as its breeding
value, is almost always impossible to measure directly, but can be estimated using
measures of the candidate’s performance and/or measures of the performance of
relatives, often involving the use of more or less complex statistical models. Additive
genetic variance, estimated from genetic and phenotypic parameters, is a requirement
for breeding programs, as it consequently determines a population’s response to
selection (Falconer and Mackay 1996). For salmon breeding programs, data from
relatives are used to estimate a candidate’s breeding value for each trait in the
breeding goal. Linear mixed models, which include fixed effects and pedigree
information, are used to calculate best linear unbiased predictions (BLUPs) of
breeding values for each candidate. Genetic parameters, such as variance
components, covariances and genetic correlations, are typically generated using the
restricted maximum likelihood (REML) procedure (Gilmour et al. 2006).

Family selection (Falconer and Mackay 1996) is more commonly used in Atlantic
salmon selective breeding programs, because many selection traits cannot be
measured on potential candidates from the broodstock. Families are ranked and
selected based on their selection index: a weighted combination of their estimated
breeding value (EBV) for each trait in the breeding goal. Some breeding programs
may also supplement family selection with individual selection for traits with high
heritability and where measurements can be collected on breeding candidates, such
as weight at harvest age (Gjedrem 2000).

Genetic parameters for fat components in salmonids provide sound evidence that
genetic changes to the quantity of various fat depots and fat types are possible (Table
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1.1). In Atlantic salmon, the heritabilities of quantities and composition of fat depots
range from low to moderately high.
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Table 1.1 Reported heritabilities of fat-related traits in salmonids of commercial
harvest size. Abbreviations: h2 – narrow sense heritability; h2S – heritability based on sire
variance components; h2D – heritability based on dam variance components; SE – standard
error; NQC – Norwegian quality cut; VNIRS – visible/near infrared spectroscopy; CT –
computerised tomography; LC-PUFA – long chain polyunsaturated fatty acid.
Fat depot
Atlantic salmon
Muscle fat - total

Method

h2 (SE)

Reference

Gravimetric analysis on NQC

0.69 (0.14)

Leaver et al. (2011)

VNIRS of homogenised tissue from
behind the operculum
VNIRS of homogenised NQC

0.19 (0.08)

Quinton et al. (2005)

0.17 (0.03)

Vieira et al (2007)

h2S: 0.30 (0.09)
h2D: 0.38 (0.10)
0.28 (0.05)

Rye and Gjerde
(1996)
Powell et al. (2008)

Gas liquid chromatography;
percentage of total fatty acids in
NQC

0.77 (0.14)

Leaver et al. (2011)

Gas liquid chromatography; g per
100 g in NQC

0.34 (0.11)

Leaver et al. (2011)

Weight of dissected intestinal fat
Weight of dissected intestinal fat
adjusted by ungutted body weight

h2S: 0.22 (0.08)
h2D: 0.28 (0.09)
h2S: 0.27 (0.08)
h2D: 0.16 (0.08)

Rye and Gjerde
(1996)
Rye and Gjerde
(1996)

Subjective score of quantity of fat
on intestines on observed scale

h2S: 0.09 (0.05)
h2D: 0.23 (0.08)

Rye and Gjerde
(1996)

Average belly fat thickness

h2S: 0.27 (0.09)
h2D: 0.18 (0.08)
h2S: 0.07 (0.05)
h2D: 0.10 (0.07)

Rye and Gjerde
(1996)
Rye and Gjerde
(1996)

VNIRS of homogenised flesh from
cutlet anterior to dorsal fin

h2S: 0.47 (N/A)
h2D: 0.19 (N/A)

Gjerde and Schaeffer
(1989)

Dorsal fat depot

Image analysis of area of dorsal fat
depot as percentage of area of a
standard cutlet

0.42 (0.10)

Kause et al. (2008)

Red fat depot

Image analysis of area of red
muscle fat as percentage of area of
a standard cutlet

0.39 (0.11)

Kause et al. (2008)

Viscera

Subjective score of visceral fat on
underlying scale

h2S: 0.30 (N/A)
h2D: 0.40 (N/A)

CT of untrimmed fillet
Torry Fatmeter along length of
whole gutted fish
Muscle fat – LCPUFA

Viscera

Belly

Subjective score of belly fat
thickness and firmness on observed
scale
Rainbow trout
Muscle fat – total

Coho salmon
Muscle fat - total
Viscera

Gjerde and Schaeffer
(1989)

HPLC of muscle from cutlet
between pectoral and dorsal fins

0.17 (0.06)

Neira et al. (2004)

Weight of dissected intestinal fat

0.24 (0.06)
0.35 (0.06)
0.18 (0.06)
0.26 (0.05)

Neira et al. (2004)

Weight of dissected intestinal fat as
percentage of total visceral weight

Neira et al. (2004)
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Reported estimates of responses to selection within Atlantic salmon breeding
programs are very encouraging. Using single trait selection, growth rates can be
expected to increase by 13 - 14% per generation (Gjerde 1986). Fat percentage in the
muscle can increase 13% per generation, and the area of fat depot on a standard
cutlet can increase by 12% per generation, using single trait selection (Gjedrem
1997). Similarly, genetic gains have also been observed with multi-trait selection,
with desirable gains observed in genetically-improved Norwegian salmon in terms of
growth rate, feed utilisation and the incidence of early sexual maturation
simultaneously (Thodesen and Gjedrem 2006). Realised genetic gains observed over
one or two generations have agreed, generally, with predicted response to selection
(Friars et al. 1995; Gjerde 1986); however, information on realised gains over a large
number of generations is limited in the literature for Atlantic salmon. There remains
much potential for further genetic improvement in salmon aquaculture. As a recently
domesticated species, there is a great deal of genetic variation within Atlantic salmon
populations to exploit. In addition, salmon are highly fecund and many families can
be created – from which high selection intensities can theoretically be applied to
maximise response to selection.

1.5 Tasmanian Atlantic salmon selective breeding program
Following commencement of commercial production of Atlantic salmon in Tasmania
in 1984, there were concerns about low genetic diversity within the Tasmanian
salmon population. Due to the limited number of ova importations into Australia and
subsequently into Tasmania, a “no selection” approach was initially practised by the
industry to minimise inbreeding. There was some evidence that the population from
which Tasmanian salmon were sourced had experienced a bottleneck while
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domesticated at Gaden in New South Wales (Elliott and Reilly 2003). This probably
explains some loss of genetic diversity among Tasmanian salmon compared with
their Canadian ancestors (Reilly et al. 1999). However, later research showed that
there was sufficient genetic diversity and large enough effective population size
within the Tasmanian salmon population (Innes and Elliott 2006) to warrant the
development of a selective breeding program (SBP).

The SALTAS Tasmanian Atlantic salmon program began in 2004, in partnership
with the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
Food Futures Flagship. The CSIRO was integral to research and development of the
SBP until 2010 and now provides ongoing genetic support for the program. The
primary breeding objectives are improving growth rate and disease resistance against
amoebic gill disease, and reducing the incidence of early maturation. Secondary
objectives are maintaining carcass quality traits (flesh colour and fat).

The Tasmanian salmon selective breeding program involves a 3-year production
cycle (Figure 1.5). A new cycle is commenced each year – with three production
cycles operating concurrently. Due to biosecurity reasons, there are restrictions
against moving fish that have been in seawater back to freshwater hatcheries. As a
result, all potential breeding candidates must remain at freshwater hatcheries. Each
autumn, approximately 180 full-sib families are produced using a 2 x 2 factorial
mating design (Elliott and Kube 2009). With a 2 x 2 factorial mating design, each
female fish is mated with two male fish to create full- and half-sib families; similarly,
each male fish is mated with two female fish. Eggs are held in individual family trays
until the eyed stage of embryo development and, subsequently, equal numbers per
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family are moved to a common container for rearing in a common environment. The
resultant year class remains in freshwater and, at one year of age, each fish is tagged
with a passive integrated transponder (PIT) tag for individual identification. Fin
tissues are sampled at the same time for DNA genotyping to determine pedigree
information. For the 2007 year class, pedigree information was successfully assigned
for 99% of individuals (Elliott and Kube 2009). At 14 months of age, half of the year
class is transferred to sea cages where they are grown for 15 months – body weight
and the severity of amoebic gill disease are measured periodically during this time.
After the first summer at sea (approximately 22 months of age), overtly mature fish
are removed from the population. At 30 months of age, fish from the marine cohort
are harvested and their performances, in terms of selection criteria, are used to make
breeding decisions within the freshwater cohort. A new year-class is subsequently
spawned using the selected broodstock to continue the cycle. The generation interval
is currently three years.

Figure 1.5 Tasmanian Atlantic salmon selective breeding program year class
production cycle. The cohort is split at 14 months of age to form freshwater potential
broodstock and marine grow-out cohorts. Source: Elliott and Kube (2009).
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1.6 Aims of thesis
The inclusion of fat components in breeding goals is often complex for salmon. The
Tasmanian salmon selective breeding program aims to increase growth rates (reduce
time to harvest) as one of its two main breeding goals. As growth efficiency
improves, the intention is to maintain current levels of muscle fat, measured in the
“Norwegian quality cut” (NQC), which is a standard quality cutlet extracted from the
fillet between the posterior insertion of the dorsal fin and the vent (Norwegian
Standards Association 1994). The cautious approach reflects many uncertainties:
Which fat depots should be considered for selection? How do fat depots relate
genetically to each other and other traits in the breeding goal? Are there favourable
genetic relationships from which indirect selection can be exploited? What is the
most practical way to measure these fat depots? Are there methods to measure them
accurately, non-destructively and cost-effectively? Can muscle fat content at harvest
be predicted from measurements made prior? Is muscle fat a good selection criterion
for fats in other depots?

This thesis sets out to evaluate three strategies for improving the Tasmanian salmon
selective breeding program, which in turn will improve the efficiency of commercial
production.

The aims of this thesis are to:


Determine whether the deposition of fat in the muscle, viscera, belly flap and
dorsal depots are under genetic control, and if so to explore, using genetic
correlations between fat depots, whether fat characters will change together
or require independent selection. The results are presented in Chapter 2.
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Investigate the use of non-invasive and less destructive methods for
measuring muscle fat, and to compare the cost-effectiveness of these methods
(as % genetic gain per dollar spent) against the currently used destructive
reference method: visible/near-infrared spectroscopy of homogenised flesh
from a standard cutlet. The results are presented in Chapter 3.



Explore the possibility of testing animals early (at 24 months of age) to
shorten the average generation interval by 6 months – to 2 years and
6 months. The results are presented in Chapter 4.
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2.1 Abstract
Within aquaculture breeding programs, flesh fat levels are routinely measured on a
standard cutlet to ensure that carcass processing traits, and consumer acceptance of
the product, are not adversely affected through genetic selection. However, fat is not
confined to the muscle; fat deposition at other body locations affects yield and
processing return. In addition, fat levels within a standard cutlet may not reflect the
variation in fat levels within the fillet, or how fish differ in their pattern of muscle fat
variation. Genetic parameters were estimated for various fat depots from fish
harvested from the Tasmanian Atlantic salmon (Salmo salar) selective breeding
program (n = 994). These fat components were visceral fat, dorsal fat depot, belly
flap fat, red muscle, muscle fat in Norwegian quality cut (NQC), muscle fat within
the fillet, and muscle fat variation along the anteroposterior and dorsoventral
gradients of the fillet. Measurement methods included visible/near-infrared
reflectance spectroscopy, Distell Fish Fatmeter, image analysis and subjective
scoring. All fat components, including fat variation within the fillet, were heritable
(h2 = 0.11 – 0.57), implying that fish can be selected to produce more consistent
product quality and less processing waste. Fat components were not genetically
correlated with each other, and only muscle fat in the NQC and visceral fat were
correlated with gutted weight. Consequently, for reducing fat components that
contribute to waste (red muscle, belly flap fat and dorsal fat depot), indirect selection
with muscle fat or gutted weight will not be useful. To effectively manage fat, it is
recommended that breeding programs also incorporate muscle fat traits in their
selective breeding program. This may include measuring fat levels at different depots
to directly manage these fats and monitoring muscle fat variation within the fillet.
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Atlantic salmon breeders can use this information to make informed breeding
decisions, which will lower processing waste (and increase yield), improve flesh
quality and enhance product uniformity.

Keywords: Fat deposition; Genetic parameters; Atlantic salmon; Flesh quality; Fat
variation; Production efficiency; Processing waste
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2.2 Introduction
Fat measurements have been widely included in Atlantic salmon (Salmo salar)
breeding programs, but very few programs use this information to change fat content
in a particular direction. The breeding objectives of salmon breeding programs
usually include increasing growth rate and yield (or reducing waste) (Elliott and
Kube 2009; Gjedrem 2000; Quinton et al. 2005). This, however, tends to result in
fish that carry more muscle fat due to the positive genetic and phenotypic
correlations between fish weight and muscle fat (Powell et al. 2008; Quinton et al.
2005; Rye and Gjerde 1996; Vieira et al. 2007). It is important to manage muscle fat
because it affects flesh quality and consumer preference in relation to nutrition (e.g.
omega-3 fatty acids), colour, texture and flavour attributes (Robb et al. 2002;
Sigurgisladottir et al. 1997). In smoked products, fat content affects smoking losses
in terms of weight, oxidation of fats, and other nutrients (Einen and Skrede 1998;
Espe et al. 2001), in addition to colour, texture and flavour (Mørkøre et al. 2001).
Therefore, muscle fat content is usually included as a secondary trait in breeding
programs to control fat levels. This approach, although practical, is unlikely to
maximise economic value for two main reasons.
Firstly, in Atlantic salmon, fat is not confined to the muscle – it is stored at various
body locations. Large amounts of fat stored in the viscera, dorsal depot, belly flap
and red muscle contribute to reduced yield and production waste (Mørkøre et al.
2001; Rørå et al. 1998). As a result, selection for muscle fat alone will not
necessarily reduce waste fats lost through gutting or trimming. Furthermore,
selection for increased growth rate may have unintended consequences on fat
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distribution – fat in the muscle may be controlled, but may increase or decrease in
other body areas.

Secondly, fat levels vary within the muscle. Breeding programs typically measure the
average fat level in a standard sample, such as the Norwegian quality cut (NQC), or
in the fillet. However, this does not capture the variation in fat levels that exists
anteroposteriorly and/or dorsoventrally, or how fish may differ in their pattern of
muscle fat variation. Improvements in fillet fat uniformity are important for
producing consistent products that improve consumer perceptions.

It has been shown that selective breeding can make considerable changes to carcass
fat content. Some examples of industries that have benefited from improvements in
fat levels include Large White pigs (Sonesson et al. 1998), sheep and beef (Amer et
al. 2007). Although fewer examples exist in finfish species, Quillet et al. (2005) have
demonstrated the use of selective breeding to create lean and fat lines of rainbow
trout. Given the past genetic improvements observed, particularly in livestock
industries, there is no doubt that selective breeding can make positive changes for
finfish, by promoting muscle growth over adipose growth. However, estimates of
genetic parameters are firstly required to determine if muscle fat variation and fat
depots that represent processing waste will respond to selection and, if so, how
selection for them can affect other traits. This information is not currently available
for Atlantic salmon.

The aims of this paper were to: (i) determine if muscle fat levels, muscle fat
variation, and fat depots that constitute gutting waste (visceral fat), filleting waste
(belly flap and dorsal fats) and skinning waste (red muscle fat) are under genetic
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control; (ii) estimate the genetic relationships between these fat depots and biometric
traits (gutted weight, condition factor, gut loss percentage); (iii) assess whether
measurement of fat in the muscle (NQC and fillet) provides a simple correlated
measure of fat levels within other fat depots; and (iv) explore, using selection
scenarios, whether fat depots can be controlled while selecting for larger harvest size
in the Tasmanian Atlantic salmon population.

2.3 Materials and methods
The fish
The fishstock were sourced from the Salmon Enterprises of Tasmania Pty. Ltd.
(SALTAS) Atlantic salmon selective breeding program. The fish were progeny of
the founder population, a Tasmanian landrace which were imported from the
Australian mainland (New South Wales) in the 1980s and originally imported from
Nova Scotia, Canada in the 1960s (Jungalwalla 1991a; Ward et al. 1994). The
primary objectives of the breeding program are to increase harvest weight and
resistance to amoebic gill disease (AGD) (Elliott and Kube 2009; Taylor et al.
2009a). Muscle fat content is a secondary trait, and the goal is to maintain fat at
current levels.

In May 2006, a mixture of two-, three- and four-year-old broodstock were mated
using a 2 x 2 partial factorial mating design (Figure 2.1) to produce 136 full- and
half-sib families. Immediately prior to hatching, 500 eggs from each family were
transferred to a communal tank to ensure a common environment for freshwater
rearing through to the smolt stage. After one year in freshwater, fish were tagged
with passive integrated transponder (PIT) tags (Sokymat, Switzerland) for individual
identification. Caudal fin biopsies were extracted from all pre-smolts and all parents
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and sent to Landcatch Natural Selection (Scotland). Landcatch Natural Selection
extracted DNA from the biopsies, using a suite of 8 microsatellite markers, to assign
all individuals to putative families.

Dam

D1
D2
D3
D4
D5
D6

S1
X
X

S2
X
X

S3

Sire
S4

X
X

X
X

S5

S6

X
X

X
X

Figure 2.1 2 x 2 partial mating design used in the Tasmanian Atlantic salmon breeding
program to create full-sib and half-sib families.

Of all fish reared in the hatchery, the marine cohort (2615 fish, mean 173 g,
SD = 53 g) was transferred to a 800 m3 sea cage at Tassal Operations Pty. Ltd.,
Dover, Tasmania, in July 2007 and reared under comparatively commercial
conditions. The fish remaining in the hatchery represented the freshwater or breeding
cohort. In May 2008, 490 males and 185 females that had precociously matured (as
1 y+ aged individuals) were removed from the surviving population of 2053 fish. In
October 2008 (29 months post-fertilisation / 14 months at sea) the remaining fish
(n = 996) were starved for five days prior to harvest. The fish were slaughtered by
percussive stunning and bled by severing the ventral aorta (isthmus cut). Fish were
stored in commercial ice slurries for 24 hours before being assessed.

Data collection
A series of measurements were collected from the harvested fish (Table 2.1).
Biometric measurements included bled weight, gutted weight and fork length.
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During gutting, gonads were inspected and the sex of each fish was recorded. Gut
loss percentage and Fulton’s body condition factor (K) (Nash et al. 2006) were
calculated as described in Table 2.1, and gonadosomatic index (GSI) was calculated
as gonad weight as a percentage of bled weight (gutted weight did not include
gonads).
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Table 2.1 Description and summary statistics for biometric and fat measurements. NQC - Norwegian quality cut; VNIRS - visible/near-infrared
spectroscopy; “Distell” refers to the Distell Fish Fatmeter; SD - standard deviation.
Trait

Description

n

Mean

SD

Min - max

Weight of slaughtered fish after bleeding by severing ventral aorta

996

4.6

0.9

1.5 – 7.6

Weight of eviscerated fish (head on, gills in)

994

4.1

0.8

1.4 – 6.9

981

1.48

0.14

1.00 - 2.02

Biometric traits
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Bled weight (kg)
Gutted weight (kg)
-3

Condition factor (% gcm )

Bled weight ( g ) x 100
Length (cm ) 3

Waste traits
Gut loss (%)

Weight of viscera as a percentage of bled weight

982

9.9

1.1

5.5 - 13.3

Visceral fat (score)

Subjective score of visceral fat covering digestive tract; from 0 (no fat) to 4 (high
level)

994

3.0

0.7

1.0 – 4.0

Cutlet dorsal fat (%)

Dorsal fat area as percentage of cutlet area

991

3.2

0.3

2.0 - 4.4

Cutlet belly fat (%)

Belly flap fat area as percentage of cutlet area

975

3.3

0.6

1.4 - 5.6

Cutlet red muscle (%)

Red muscle fat area as percentage of cutlet area

947

4.4

0.5

2.7 - 6.3

NQC muscle fat (%)

Average fat percentage measured by visible near infrared spectroscopy (VNIRS) on
minced NQC

988

12.4

1.4

7.2 – 17.6

Fillet muscle fat (%)

Average of four Distell meter fat measurements along length of body

814

13.7

3.0

2.4 – 22.4

Fillet fat variation

Coefficient of variation of four Distell meter fat measurements along length of body

607

0.50

0.09

0.15 – 0.75

NQC fat variation

Coefficient of variation of four Distell meter fat measurements on thawed NQC

988

0.24

0.10

0.01 – 0.67

Muscle fat level

Fillet fat uniformity

Muscle fat uniformity was determined through a series of measurements using a
microwave energy meter (Distell Fish Fatmeter model 692, Distell, West Lothian,
Scotland). Fat measured with this device has correlated reasonably well with
chemical methods (Distell 2010; Saillant et al. 2009). Measurements were collected
through the skin at four positions along the length of whole freshly slaughtered fish
(above the midline) (Figure 2.2). The Norwegian quality cut (NQC) was removed
and frozen for subsequent Distell and spectroscopy measurements. Four Distell meter
measurements were obtained along the dorsoventral plane in each thawed NQC
through the skin (Figure 2.2) and avoiding the lower belly-flap region, which is
routinely trimmed off during NQC preparation (Norwegian Standards Association
1994). Fat variation along each axis (dorsoventral and anteroposterior) was defined
as the coefficient of variation (CV) of each set of four Distell meter readings:

CV =

standard deviation (4 Distell fat measures )
mean fat along axis
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(a)
B1

B2

B3

Cutlet

B4

NQC

Dorsal fat

(b)

(c)

N1
N2

Red
muscle fat

N3
N4

Belly flap fat

Figure 2.2 Locations of muscle fat sampling areas and cutlet fat depot areas. (a) lateral
view of fish showing dorsal anteroposterior sites (B1 to B4) sampled by Distell Fish
Fatmeter, and locations of imaging cutlet (anterior to dorsal fin) and Norwegian quality cut
(NQC; posterior to dorsal fin); (b) imaged cutlet:
= dorsal fat,
= red muscle fat,
= belly flap fat; (c) NQC showing dorsoventral sites (N1 to N4) sampled by Distell Fish
Fatmeter.

Muscle fat levels of NQCs were measured using visible/near-infrared reflectance
spectroscopy (VNIRS) on minced samples. These NQCs had been removed from the
fish after Distell Fatmeter measurements, stored frozen for 30 - 40 days and thawed
over 24 hours at 4 C. The NQCs were skinned, and trimmed of belly flap and dorsal
depot fats, prior to mincing in a Breville Kitchen Wizz Compact. VNIRS was
performed with a LabSpec 5000 (350 – 2500 nm), fitted with a high intensity contact
probe with a spot size of 10 mm diameter (ASD Inc., Boulder, CO, USA).
Absorption spectra were converted into fat percentages using a calibration model
previously developed using wet chemistry data and associated spectral data of
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minced NQCs, from approximately 191 fish sampled on 6 occasions from 2007 to
2009 (R2 = 0.95; standard error of cross validation = 0.58) (Brown et al. 2010).
(Note: NQC muscle fat measurement included a combination of white and red
muscles.)

Visceral fat content was measured subjectively by a single operator using a 5-point
categorical scale (0 to 4). Pyloric caecae with no visible fat were scored “0”, and
caecae entirely covered with fat were scored “4” (Morris et al. 2003). A sample of
five guts from each visceral fat score were collected and stored for fat extraction in
the laboratory (only two guts of score “1” were available). The viscera were
homogenised and fat components were extracted using the
chloroform/methanol/water fat extraction method (Bligh and Dyer 1959).

Red muscle, dorsal depot and belly flap fat contents were measured using image
analysis. Cutlets (2 cm thick) were cut from the carcass at the position immediately
before the anterior insertion of the dorsal fin (Figure 1). Cutlets were scanned using a
flatbed scanner (Canon LiDE 100) (Rønsholdt et al. 2000), at a resolution of 300 dpi.
Using Photoshop CS4, each fat depot was manually outlined and filled with a
different colour (Figure 1). NI Vision was used to automatically calculate the area of
each fat depot and the area of the entire cutlet. Fat depot areas were converted to
percentages of the cutlet area.

Statistical methods
Variances and genetic correlations from multivariate models were estimated using
residual maximum likelihood methods in the ASReml (Version 2) statistical package
(Gilmour et al. 2006). Standard errors for all genetic parameters were routinely
estimated by ASReml. The number of animals included in the statistical analyses was
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994 (774 females; 220 males). Animal models were used to estimate genetic
parameters. Two multivariate analyses were performed using starting values obtained
from univariate analyses. The first multivariate analysis included the following traits:
gutted weight, body condition factor, gut loss percentage, visceral fat score, average
fat in the fillet, average fat in the NQC, dorsal fat depot area percentage, belly flap
fat area percentage, red muscle area percentage, fat variation in the fillet and fat
variation in the NQC. The second multivariate analysis included fat content
measured with the Distell meter at individual positions along the body length and
vertically down the NQC (8 positions in total). The statistical model used was:
Yijklm =  + si + gj + al + dm + eijklm

where Yijklm is the vector of observed values for each fat component or biometric
trait;  is the overall mean; si is the fixed effect of sex and gj is the covariate,
gonadosomatic index (GSI); al is the random additive genetic effect for an
individual; dm is the dominance (or non-additive genetic) effect estimated as sire x
dam interaction; and eijklm is the random residual effect for each record. Including
gutted weight as an additional covariate did not have a substantive effect on genetic
parameters and it was not included in the model.
Heritability (h2), in the narrow sense, was estimated as:

Chapter 2 – Genetic variation of fat deposition in Atlantic salmon | 39

where

is the additive genetic variance,

is the family variance and

is the

residual variance. Heritability and genetic correlations were estimated by ASReml
from multivariate analyses.

The heritability of the categorical visceral fat score (on the observed scale) was
transformed onto an underlying continuous scale. This provides a more accurate
estimate of heritability in a normal distribution. This involves inflating the
heritability estimate, as estimated on the observed scale, by a correction factor. The
correction factor is calculated using: (1) information from the observed frequency
distribution of visceral fat scores, to obtain threshold values or cut points
(probabilities of belonging to each visceral fat category); and (2) the corresponding
values of these threshold values from a standard normal density function. Equation
11 in Gianola (1979) was used to estimate the heritability of visceral fat on an
underlying normal distribution.

To approximately quantify the relationship between visceral fat score and visceral fat
content, a non-linear regression analysis was used to estimate the percentage of fat in
the viscera, from subjective visceral fat scores. The response variable was visceral fat
percentage, as determined from chemical fat extractions on a subsample of viscera,
and the explanatory variable was the visceral fat score of these subsamples. An
exponential model was fitted in Genstat (VSN International 2011).

Selection scenarios
The genetic improvements for each trait under different selection scenarios were
predicted using estimated breeding values (EBVs) for each individual. The EBVs for
each trait were obtained from ASReml output, zero centred and expressed in genetic
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standard deviation units. The EBVs were weighted according to the hypothetical
economic weights in Table 2.5. Based on these selection indices, the top 50 males
and top 50 females were selected. The number of animals per family was restricted to
a maximum of five (to prevent family over-representation), resulting in 39 families
selected. The mean EBVs from selected fish were converted to real units and
expressed as a percentage of gain per generation. Four selection scenarios were
explored. Scenario 1 represents selection for gutted weight alone, without reference
to carcass quality. Scenario 2 represents a breeding objective that aims to increase
gutted weight, but maintains muscle fat at present levels. In this simple scenario, this
was done by placing a negative economic weighting on muscle fat. Scenario 3
represents a breeding objective to increase gutted weight and decrease waste, and this
was done by placing a negative weighting on gut loss percentage. Scenario 4
represents a breeding objective to increase gutted weight and decrease fat levels in
other waste fat components, by a placing a negative weighting to each waste
component. Scenario 5 explores a breeding objective to increase gutted weight,
manage muscle fat and improve the uniformity of muscle fat within the fillet.

2.4 Results
Biometric traits
Gutted weight and condition factor were moderately to highly heritable (Table 2.2)
and were significantly affected by sex, gonadosomatic index (GSI) and sexual
maturation (all p < 0.05). Male fish were heavier than females (two sample t-test
with males 4.2 kg, SE = 0.03 vs. females 4.1 kg, SE = 0.05; df = 991, t value = 2.23,
p = 0.03), but female fish were better conditioned (1.50, SE = 0.01 vs. 1.44,
SE = 0.01; df = 979, t value = 5.2, p < 0.01). Despite the lack of overt external signs
of maturation, the onset of maturation was evident in 75% of females (based on
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threshold GSI of 0.64%) and 50% of males (threshold GSI > 0.29%) (Kadri et al.
1997). Fish with higher GSI and fish that were mature were heavier and better
conditioned than immature fish and fish with a lower GSI. Thus, GSI was included
as a covariate in the statistical models to account for this source of variation.

Table 2.2 Heritabilities and variance components for biometric traits and fat traits.
Standard errors shown in parentheses. NQC – Norwegian quality cut.
Trait

Additive
genetic variance

Family
variance

Residual
variance

Heritability
h2

Biometric traits
Gutted weight

0.25 (0.05)

0.00(0.00)

0.31 (0.03)

0.44 (0.08)

Condition factor

0.01 (0.00)

0.00 (0.00)

0.01 (0.00)

0.38 (0.07)

Gut loss (%)

0.42 (0.11)

0.01 (0.03)

0.58 (0.07)

0.42 (0.09)

Visceral fat*

0.11 (0.03)

0.00 (0.00)

0.35 (0.03)

0.23 (0.06)

Cutlet dorsal fat area (%)

0.02 (0.01)

0.00 (0.00)

0.09 (0.01)

0.20 (0.07)

Cutlet belly fat area (%)

0.06 (0.03)

0.00 (0.01)

0.32 (0.02)

0.17 (0.08)

Cutlet red muscle area (%)

0.04 (0.02)

0.00 (0.01)

0.21 (0.02)

0.18 (0.08)

Muscle fat in NQC (%)

0.82 (0.22)

0.04 (0.06)

1.08 (0.14)

0.42 (0.10)

Muscle fat in fillet (%)

4.82 (1.32)

0.73 (0.46)

3.12 (0.73)

0.57 (0.13)

Fillet fat variation

0.28 (0.08)

0.00 (0.00)

0.54 (0.06)

0.34 (0.10)

NQC fat variation

0.03 (0.00)

0.05 (0.01)

1.02 (0.16)

0.02 (0.06)

Waste traits

Muscle fat level

Fillet fat uniformity

*

2

On observed scale. On underlying scale, h = 0.29.
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Table 2.3 Genetic correlations between biometric and fat traits. Standard errors are shown in parentheses. Values in bold are significantly different
from zero (p < 0.05). NQC – Norwegian quality cut.

Gutted
weight

Condition
factor

Gut loss
(%)

Visceral
fat

Cutlet dorsal fat Cutlet belly flap
(%)
fat (%)

Cutlet red
muscle (%)

NQC muscle fat Fillet muscle fat
(%)
(%)
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Condition
factor

0.51 (0.11)

Gut loss (%)

-0.30 (0.14)

-0.06 (0.15)

Visceral fat

-0.34 (0.16)

0.28 (0.16)

0.68 (0.13)

Cutlet dorsal
fat (%)

-0.12 (0.17)

-0.24 (0.18)

0.14 (0.18)

-0.17 (0.19)

Cutlet belly
flap fat (%)

0.09 (0.18)

0.15 (0.19)

-0.14 (0.18)

0.01 (0.20)

0.41 (0.21)

Cutlet red
muscle (%)

0.16 (0.18)

-0.09 (0.19)

-0.03 (0.18)

-0.06 (0.21)

0.51 (0.22)

0.08 (0.23)

NQC muscle
fat (%)

0.46 (0.12)

0.40 (0.14)

-0.29 (0.15)

0.01 (0.19)

-0.23 (0.18)

-0.13 (0.20)

0.35 (0.19)

Fillet muscle
fat (%)

0.04 (0.14)

0.15 (0.14)

-0.20 (0.14)

-0.08 (0.16)

0.04 (0.17)

0.12 (0.20)

0.42 (0.17)

0.62 (0.10)

Fillet fat
variation

0.23 (0.06)

-0.63 (0.13)

-0.07 (0.18)

-0.13 (0.19)

0.23 (0.20)

0.21 (0.21)

-0.04 (0.22)

-0.48 (0.15)

0.00 (0.14)

Processing waste
Traits that constitute processing waste (gut loss percentage, and fat in the visceral,
belly flap, dorsal fat and red muscle depots) were moderately heritable (h2 = 0.17 –
0.23; Table 2.2). These traits were not significantly affected by sex, GSI or level of
maturation (p > 0.05). From the cutlet images, dorsal and belly flap fat depots
occupied 3.2% and 3.3% of the cutlet area, respectively, while red muscle occupied a
larger area of the cutlet (4.4%). Fat percentages of the viscera for a subset of fish
were determined analytically (five fish per visceral fat score except for Score 1,
where only two samples were available). From a nonlinear regression analysis, the
relationship between visceral fat score and fat percentage of the gut was:

(

)

with R2 = 0.92 (Figure 2.3). Gut loss averaged 9.9% of bled weight (SD = 1.1%) - of
which a considerable proportion was visceral fat (43.6% by weight, calculated from
an average visceral score of 3).
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Figure 2.3 Relationship between subjective visceral fat score and visceral fat
percentage (by weight). Fat percentage, by weight, was determined by fat extraction using
chloroform/methanol solvent. The nonlinear relationship between fat percentage and fat
score, based on a simple exponential regression model, was
R2 = 0.92.

-

(

)

;

Generally, waste fat components were genetically distinct traits, as evidenced by the
low genetic correlations between them (Table 2.3). The exceptions were the
moderate relationships between dorsal fat and belly flap cutlet areas (rg = 0.41), and
dorsal fat and red muscle areas (rg = 0.51). The genetic correlations between gutted
weight and waste traits were either low or not significantly different from zero. The
moderately strong genetic correlation between visceral fat and gut loss percentage
(rg = 0.68) implies that they are somewhat similar genetic traits.

Muscle fat levels
Muscle fat is under strong genetic determination (Table 2.2). Fillet muscle fat,
measured as the average of four Distell meter readings, was highly heritable
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(h2 = 0.57). Fat level of minced NQCs, measured using VNIRS, was also highly
heritable (h2 = 0.42). Average fillet fat (13.7%) measured by Distell meter was
higher than fat measured in the NQC, regardless of whether measures in the NQC
were collected using VNIRS (12.4%) or Distell meter (10.8%; not in tables). The
genetic relationship between average fat in the fillet and NQC was not perfect, but
was positive and moderately strong (rg = 0.62). Fat content in the NQC had a
moderate genetic correlation with gutted weight (rg = 0.46), whereas fat in the fillet
was not correlated with gutted weight.

Muscle fat variation
Within the fillet, individual Distell meter measurements showed that muscle fat
levels varied anteroposteriorly and dorsoventrally (Table 2.4). Heritabilities of
individual measurements across the fillet ranged from 0.41 to 0.63 and, for NQC
measurements, this was 0.30 to 0.41 (Table 2.4). Along the anteroposterior axis, the
range of fat level was high within fish – fat at the head was approximately three
times the level of fat below the adipose fin. Within the NQC, fat levels were highest
at the extreme dorsal and ventral ends and lowest towards the midline. Muscle fat
contents in different parts of the fillet were moderate- to strongly related (rg = 0.64 –
1.00; see Table S3.1 in supplementary material at the end of the chapter). Measures
close together were more strongly related than those further apart – both along the
fillet and vertically within the NQC. Fat content measured at the same position with
both Distell meter (position B3 on fresh fish) and VNIRS (position NQC2 on
frozen/thawed fish) were strongly correlated (rg = 0.97 ± 0.04; not shown in tables).

The coefficient of variation (CV) of Distell measures along the dorsoventral (NQC
region) and anteroposterior (whole fillet length) axes were used as a measure of fat
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variation within the fillet. Fat variation in the whole fillet had a moderate genetic
component (h2 = 0.34), whereas fat variation within the NQC was not heritable
(Table 2.4). The variability of fat levels across the fillet had low to moderate genetic
correlations with NQC fat (rg = -0.48), gutted weight (rg = 0.23) and condition factor
(rg = -0.63), but had no genetic relationship with average fillet fat, calculated as the
average of four individual Distell meter readings.

Table 2.4 Summary statistics, heritabilities and variance components for muscle fat
measured with Distell Fish Fatmeter, at four positions anteroposteriorly along the fillet
(B1-B4) and four positions dorsoventrally in Norwegian quality cut (NQC) (N1-N4). SD
– standard deviation.
Position

n

Mean fat
%

SD

Min - max

Additive
genetic
variance

Family
variance

Residual
variance

Heritability

h2
Fillet length
B1

604

18.2

4.4

2.8 – 29.3

11.88 (2.90)

0.40 (0.38)

6.67 (1.67)

0.63 (0.12)

B2

605

19.8

4.3

3.5 – 30.8

10.94 (2.29)

0.00 (0.00)

6.96 (1.47)

0.61 (0.10)

B3

603

9.5

2.8

1.8 – 20.0

2.96 (0.73)

0.00 (0.00)

4.32 (0.56)

0.41 (0.09)

B4

604

6.4

1.7

1.6 – 12.8

1.32 (0.30)

0.00 (0.00)

1.20 (0.29)

0.50 (0.09)

N1

987

12.6

4.1

4.8 – 27.4

4.89 (1.19)

0.00 (0.00)

11.39 (0.89)

0.30 (0.07)

N2

986

8.3

1.9

2.6 – 17.0

1.53 (0.44)

0.13 (0.14)

2.41 (0.29)

0.38 (0.10)

N3

987

9.4

2.6

2.8 – 20.7

2.63 (0.56)

0.00 (0.00)

4.25 (0.41)

0.38 (0.07)

N4

994

12.2

3.8

2.3 – 24.7

6.46 (1.37)

0.00 (0.00)

9.37 (0.96)

0.41 (0.07)

NQC

Selection scenarios
Selection scenarios demonstrate the potential for genetic change. This occurs through
both targeted selection and indirect selection through correlated responses. Genetic
gains from hypothetical selection scenarios show that the genetic parameters
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estimated in this paper may be used to make practical breeding decisions (Table 2.5).
Scenario 1 shows that selection for gutted weight alone will indirectly increase fat
levels in the NQC. To control this, selection against fat in the NQC will keep it
constant, but this produces limited changes in visceral fat, dorsal fat, belly flap fat
and red muscle responses (Scenario 2). Visceral fat can be lowered by selecting
against gut loss percentage due to the moderate genetic correlation between them
(Selection 3). However, other waste fats require direct selection to effect desirable
genetic changes (Scenario 4). Despite the unfavourable genetic relationship between
fat variation within the fillet and fat levels in the NQC, improvements to fat variation
can still be made while maintaining NQC fat at current levels (Scenario 5). Selection
for condition factor will also reduce fat variation in the fillet.

Table 2.5 Selection scenarios for managing fat including hypothetical economic weights
and predicted percentage of genetic gain per generation. NQC – Norwegian quality cut.

Trait

1

2

3

4

5

Improve growth
Select for weight

Manage fat
Select for weight
& against NQC fat

Reduce waste
Select for weight
& against gut loss

Reduce other waste
Select for weight
& against waste
depots

Reduce variation
while managing
NQC fat & select
for condition factor

Weight

Weight

Weight

Weight

% gain

% gain

% gain

% gain

Weight

% gain

Gutted
weight

2

19.5

2

17.9

2

18.3

2

12.3

2

15.5

Condition
factor

0

4.0

0

3.1

0

4.1

0

2.5

1

6.6

Gut loss (%)

0

-3.2

0

-2.5

-1

-6.1

0

-3.6

0

-1.3

NQC muscle
fat (%)

0

3.5

-1

-0.3

0

4.6

0

3.5

-2

0.0

Visceral fat

0

-9.9

0

-8.9

0

-10.8

0

-7.5

0

-2.7

Cutlet dorsal
fat (%)

0

-0.9

0

-0.6

0

-1.3

-1

-4.9

0

-1.6

Cutlet belly
flap fat (%)

0

0.4

0

1.5

0

1.0

-1

-6.0

0

0.8

Cutlet red
muscle (%)

0

0.9

0

-0.2

0

0.6

-1

-2.3

0

-1.7

Fillet fat
variation

0

-4.2

0

-2.3

0

-4.0

0

-5.4

-1

-8.3
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2.5 Discussion
All biometric traits and fat deposits, with the exception of muscle fat variation in the
Norwegian quality cut (NQC), were under genetic control and have the potential to
respond to selection. This provides the opportunity to breed animals for less waste
components, optimal muscle fat levels and improved uniformity of fat levels in the
fillet.

Minimising processing waste
Some fat depots contribute to processing waste because they are lost through gutting
(visceral fat) or fillet trimming (dorsal, belly flap and red muscle fat depots). Red
muscle areas are trimmed from fillets prior to processing because they affect
spoilage, odour and the uniformity of colour in the final product (Séménou et al.
2007; Sohn et al. 2005). Waste fats have been measured on rainbow trout (Stien et al.
2006) and Atlantic salmon (Aursand et al. 1994; Bjerkeng et al. 1997), and genetic
parameters for them have been estimated for rainbow trout (Kause et al. 2008; Tobin
et al. 2006) and sea bass (Saillant et al. 2009). Genetic parameters for Atlantic
salmon from this study generally agree with previous work. All waste components
were heritable, and there are opportunities to reduce processing waste through
selective breeding.

Dorsal, belly flap and red muscle fat depots represent a loss in fillet yield and should
be managed. These fat areas were genetically independent of other fat components
and biometric traits. Improvements will, therefore, require direct selection (Table
2.5; Scenario 4). Breeding programs may employ an automated image analysis
system for measuring these fats quickly and routinely (Kause et al. 2008;
Sigurgisladottir et al. 1997; Stien et al. 2007; Stien et al. 2006). Aursand et al. (1994)
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have shown that while lipid content in dorsal, belly flap and red muscle fat areas are
similar (27 – 28% by weight), their proportions in the whole body vary (7.6% belly
flap, 4.6% red muscle and 0.6% dorsal fat). Consequently, these traits would require
appropriate weightings in selection indices to achieve desirable changes to absolute
body fat levels.

Visceral fat accounted for approximately 45% of gut weight and, hence, a large
amount of energy, in the form of fat, was wasted. However, fat in the viscera is not a
practical trait to measure, nor does it have a strong correlated response with gutted
weight. The simplest approach for reducing fat levels in the viscera is to select
against gut loss percentage, because the two traits are strongly genetically correlated.
This has been the conclusion for similar work in rainbow trout (Gjerde and Schaeffer
1989; Kause et al. 2002). With this selection approach, after one generation, visceral
fat score can be lowered to 2.7 (42% fat in gut by weight) and gut loss percentage
reduced from 9.9 to 9.8% (Table 2.5; Scenario 3). Further investigation is required to
understand the physiological trade-offs between reduced visceral fat (as represented
by gut loss percentage) and metabolism of feed.

Managing muscle fat levels
Muscle fat level, although commonly measured, is a difficult trait to manage because
there are no agreed consumer preferences or requirements for different products. For
most breeding programs, there is a general objective to avoid fat levels exceeding
18% in the fillet (Gjedrem 1997). In this cohort, mean muscle fat in the fillet (13.7%)
and NQC (12.4%) were below this upper threshold and are comparable to fat levels
from other fish populations (Folkestad et al. 2008; Powell et al. 2008; Vieira et al.
2007). A genetic basis for fat depots in different parts of the body is also consistent
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with findings in livestock industries (Hermesch et al. 2000; Le Bihan-Duval et al.
1999; Zerehdaran et al. 2004).

Muscle fat contents measured in the fillet and NQC were highly heritable, but were
not the same genetic trait. Fillet fat may respond to selection faster than NQC fat
because fillet fat is under stronger genetic control. Due to differences in the muscle
region sampled, it is reasonable for fat levels in the NQC and the entire fillet to be
controlled by somewhat different genes. Fat measurements in the fillet included high
fat regions at the anterior end of the fish and only included epaxial muscle. In
contrast, fat measures in the NQC included both epaxial and hypaxial muscle
regions, in a leaner portion of the fillet. Measurement method (VNIRS vs. Distell
meter) is unlikely to account for genetic differences between fillet and NQC muscle
fat levels, because measurements from each device at the same sampling location had
a perfect genetic correlation. If the breeding objective is to control fillet fat, selection
based on NQC fat will not be exact. The implications for managing muscle fat using
different measurement methods are the focus of Chapter 3.

The positive genetic relationship between muscle fat and fish size has implications
for breeders wishing to maximise harvest size while avoiding extreme fat levels. In
this study, this genetic trend was observed for fat measured in the NQC, but not for
fat measured in the whole fillet. The lack of genetic relationship between average fat
in the fillet and gutted weight, which is similar to findings in rainbow trout (Kause et
al. 2002) and cultured sea bass (Saillant et al. 2009), was unlike other work where
low to moderate positive correlations existed in Atlantic salmon (Powell et al. 2008)
and common carp (Kocour et al. 2007). This may be due to differences between
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species or populations, the accuracy of Distell meter measurements or the general
difficulty in reliably estimating genetic correlations. Our breeding objective is to
maintain muscle fat at current levels while increasing fish size (Elliott and Kube
2009), and this can be done by selecting against muscle fat, as measured in the NQC.
Without controlling for fat, selection for weight can lead to a 3.5 percentage gain in
muscle fat in one generation (12.4% to 12.8%). Applying a negative weighting to fat
in the NQC, of a magnitude one half of that used for gutted weight, is necessary to
avoid increases in muscle fat when selecting for weight (Table 2.5; Scenario 2). This
selection strategy reduces gains in gutted weight from 19.5% to 17.9% per
generation. Slower gains in animal growth are likely to be economically significant
in the short term, but this approach is necessary to avoid increases in muscle fat over
the next few generations.

Muscle fat measures had no or limited genetic correlations with waste fat depots,
regardless of whether measures were collected from the NQC or the fillet. The lack
of genetic correlation between intramuscular fat and other fat depots, such as
abdominal and subcutaneous fats, are also evident in Duroc pigs (Suzuki et al. 2009),
broiler chickens (Zerehdaran et al. 2004), quail (Lotfi et al. 2011) and other livestock
(Kempster 1981). As a result, when simulating various forms of selection for muscle
fat in this study, there were no correlated responses in visceral, dorsal depot and
belly flap fats, and only a small reduction in red muscle fat (Table 2.5; Scenario 2).
Selection based on muscle fat alone will not be effective in reducing fats lost as
gutting or trimming waste.

Chapter 3 – Genetic comparison between measures of muscle fat| 52

Minimising muscle fat variation
The variation of muscle fat within the fillet defines the appearance and processing
characteristics of the product. This variation is natural and linked to the physiological
function of the animal, but may be more noticeable due to the impact of high energy
formulated feeds. The fish from this study were harvested in spring, following one
sea winter, when a large proportion were starting to mature and when muscle fat
levels would normally peak (Kadri et al. 1996). At this point, fat variation in the fillet
is expected to be relatively low, before fat is mobilised from the muscle at the later
stages of maturation from summer to autumn (Aksnes et al. 1986). Despite this, the
range of fat values, from an average of 6.4% at the posterior end of the fillet
(position B4) to 19.8% at the anterior end (position B2), is large and unlikely to be
optimal. Individual measurements and mean fat levels across positions could be
misleading unless consistent sampling positions are used in all animals. Since
approximately half of Tasmanian salmon are sold as value-added product (fresh,
frozen and smoked portions and fillets), it is important to ensure that fat levels in the
fillet are uniform to minimise processing waste and meet product specifications.
Rather than using fat measurements at individual positions along a fillet, the
coefficient of variation of fat levels can be a more practical selection trait for
improving fillet fat uniformity. Not only is it desirable to minimise fat variation
within the fillet, it is equally important to ensure it does not worsen as a result of
indirect selection while selecting for other economically important traits. The
positive genetic correlation between gutted weight and the level of fat variation in the
fillet (rg = 0.23) imply a tendency for fish with higher fat variation in the fillet to be
selected together with heavier fish. Therefore, the inclusion of a measure of fat
variation should be considered for the management of fat levels in Atlantic salmon.
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Dorsoventral fat variation, measured within the NQC, provides less opportunity for
breeding improvements. Across the four measurement positions, the average fat
range was small – 8.3 to 12.6% - and the coefficient of variation for fat levels within
the NQC was low compared to the variation in the whole fillet. In addition, fat
variation in the NQC was not heritable so there are genetic limitations to improving
the uniformity of fat levels in the NQC alone.

2.6 Conclusion
Fat storage in different regions of the Atlantic salmon body are genetically
independent traits. These fat components, as well as fat variation along the length of
the fillet, are all heritable and selection can make, what we expect to be,
economically significant changes. Although it is desirable to use rapid and economic
measures of correlated traits for breeding decisions, it is evident from this study that
various fat components cannot be managed indirectly by controlling muscle fat
alone. Improvements to fats contributing to processing waste (visceral, dorsal depot,
belly flap and red muscle fats) and the uniformity of muscle fat in the fillet are best
achieved using direct selection, due to the generally weak genetic correlations they
have with muscle fat. However, it is noted that expert estimates of economic weights
for these fat components are required first before this information is used in
commercial breeding programs. In addition, selection for particular fat traits need to
be conducted together with other primary traits, to avoid unintended changes that
may occur over time, due to the genetic correlations between fat traits and other
biometric traits e.g. selection for improved fillet fat variation would tend to lower
condition factor (rg = -0.63; Table 2.3). Lastly, further research is required to
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understand the potential impact on metabolic performance and feed efficiency,
resulting from breeding fish for altered fat deposition.

This paper provides the genetic background for breeders to: (i) adjust fat component
levels to suit consumer or market preferences; (ii) produce fish that grow faster
without depositing large amounts of fat; and (iii) produce fish with less processing
waste and with a stronger emphasis towards environmental sustainability for the
industry.
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2.8 Supplementary material
Table S2.1 Genetic correlations between fat measured using a Distell Fish Fatmeter at
different body positions. B1-B4 represent anteroposterior measurement positions; N1-N4
represent dorsoventral measures in the region of the Norwegian quality cut. See Figure 2.2
for measurement positions. Standard errors are shown in parentheses.
Position

B1

B2

B3

B4

N1

N2

B2

0.91 (0.04)

B3

0.83 (0.07)

0.84 (0.07)

B4

0.75 (0.08)

0.78 (0.07)

1.00 (0.00)

N1

0.64 (0.11)

0.68 (0.10)

0.78 (0.09)

0.91 (0.12)

N2

0.80 (0.10)

0.82 (0.09)

1.00 (0.00)

1.00 (0.03)

0.95 (0.07)

N3

0.79 (0.08)

0.82 (0.07)

0.97 (0.04)

0.97 (0.04)

0.86 (0.08)

0.99 (0.03)

N4

0.71 (0.09)

0.78 (0.08)

0.96 (0.08)

0.95 (0.07)

0.81 (0.08)

0.97 (0.09)

N3

1.00 (0.00)

Chapter 3 – Genetic comparison between measures of muscle fat| 55

3 Chapter 3 – Genetic comparison between measures of muscle fat
SECTION PAGE

Preview:

Chapter 3 – Genetic comparison between measures of muscle fat| 56

3.1 Introduction
Decisions made within breeding programs require a balance between various factors
including biology, logistics and costs. The optimal combination depends on the
breeding objective for a particular trait. Most Atlantic salmon breeding programs do
not select to directionally change muscle fat levels, but instead aim for an
intermediate, if poorly defined, optimum due to uncertainties about ideal levels and
economic value. However, the inclusion of muscle fat in selection indices is
necessary because selection for harvest weight, an economically-important trait,
tends to select also for animals with higher muscle fat (Powell et al. 2008; Vieira et
al. 2007). The minimum breeding objective, therefore, should be to avoid changes in
muscle fat levels when selecting for other economically-important traits.

Many methods are available for measuring muscle fat in fish, and they vary in
accuracy, practicality and cost. Dissection methods and chemical extractions of fat
have been used in salmon (Aksnes et al. 1986; Aursand et al. 1994; Bjerkeng et al.
1997), but, although chemical methods can be highly accurate and precise, these
methods are labour-intensive, slow and lethal. Near-infrared spectroscopy (NIRS)
allows simultaneous quantification of multiple chemical components and has been
used non-invasively on live or intact fish with reasonable accuracy (Downey 1996;
Folkestad et al. 2008; Isaksson et al. 1995; Lee et al. 1992; Solberg et al. 2003).
When spectroscopy spectra include wavelengths in the visible region, as well as the
near-infrared region, this is referred to as visible/near-infrared spectroscopy
(VNIRS). VNIRS units are available in portable models, which can be taken into the
field. However, accuracy and precision are dependent on calibration models,
developed from chemically-derived fat, for converting absorption spectra to
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predictions of fat percentages. Calibration models have been developed to predict fat
percentages from spectra collected on minced Norwegian quality cuts (NQCs), on
the flesh surface of intact NQCs, through the skin of whole fish and through the wall
of the abdominal cavity of gutted fish (Brown et al. 2012). The Distell Fish Fatmeter,
a compact and relatively inexpensive hand-held device, is a commercial product
commonly used by industry. It is supplied with pre-programmed calibration models,
is simple to use and instantly displays fat predictions. The device measures water
content from the amount of microwave energy that is diverted from a microstrip,
when the strip is placed on the skin. This is converted to a fat prediction based on the
assumption that fat has an inverse relationship with water content. The Distell meter
has demonstrated moderate accuracy compared with chemical methods (Distell 2010;
Saillant et al. 2009; Vogt et al. 2002). Other methods that can be used to measure
muscle fat in salmon include x-ray computerised tomography (Bjerkeng et al. 1997;
Nanton et al. 2007) and image analysis (Borderías et al. 1999; Stien et al. 2007).

There are several standard sampling methods for measuring fat in salmon. The
Tasmanian Atlantic salmon breeding program uses the Norwegian quality cut (NQC)
(Norwegian Standards Association 1994), which has also been used within other
programs and studies (Folkestad et al. 2008; Norris and Cunningham 2004; Solberg
et al. 2003). This sample is the portion of a fillet from the posterior insertion of the
dorsal fin to the anterior insertion of the anal fin.

The criteria used for evaluating methods of measuring muscle fat, in the context of
genetic selection, is different to criteria considered for quantification purposes. A
method that does not perfectly estimate the phenotypic value of muscle fat is not
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necessarily unsuitable. For application in a breeding program, a method must have
the potential to detect significant genetic variation in the selection trait. A measure’s
potential to elicit favourable genetic responses in muscle fat depends on genetic
parameters, such as genetic variance, heritability and genetic correlation with the
objective trait. Once it is established that a particular method can be used effectively,
costs relating to equipment, maintenance, measurement, labour, time and logistics
should be explored. Financial resources are always finite so designers of breeding
programs may want to choose a method that is consistent with their budget, or
allocate their funds more efficiently by choosing a method that produces a stronger
genetic response per dollar spent. Some methods may also possess additional indirect
advantages. For example, non-destructive methods allow the carcass to be recovered
and sold commercially, and non-invasive methods enable fat measurements on
potential breeding candidates thus improving EBV accuracy and rates of genetic
response. It is of particular interest to explore if the benefits from within-family
selection using non-lethal measures would outweigh disadvantages associated with
the loss of accuracy and precision of fat measurements.

This paper presents a cost-effectiveness analysis of six fat measurement methods.
The methods were VNIRS on homogenised NQCs, VNIRS on intact NQC flesh,
VNIRS through the skin, VNIRS through the belly cavity wall and Distell Fatmeter
measures through the skin along the anteroposterior and dorsoventral axes. One of
these, VNIRS on homogenised NQCs, was considered a reference method and the
others were compared to this. The objectives were to: (1) estimate the response in
muscle fat when animals are selected based on performance data obtained from
alternative methods of measuring muscle fat; (2) estimate the relative annual cost for
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each method; and (3) compare the relative cost-effectiveness of each method in terms
of genetic change in muscle fat per dollar spent.

3.2 Materials and methods
The fish
The fishstock were sourced from the Salmon Enterprises of Tasmania Pty. Ltd.
(SALTAS) Atlantic salmon selective breeding program. The fish were progeny of
the founder population, a Tasmanian landrace which were imported from the
Australian mainland (New South Wales) in 1984 and originally from Nova Scotia,
Canada (Ward et al. 1994). The primary objectives of the breeding program are to
increase harvest weight and resistance to amoebic gill disease (AGD) (Elliott and
Kube 2009; Taylor et al. 2009b). Muscle fat content is a secondary trait and the goal
is to maintain fat at current levels.

This study was conducted on fish from two year classes: the 2006 and 2008 year
classes. In May 2006 and 2008, a mixture of two-, three- and four-year-old
broodstock were mated using a 2 x 2 partial factorial mating design to produce 309
full-sib and half-sib families with genetic links between year classes. For each year
class, immediately prior to hatching, 500 eggs from each family were transferred to a
communal tank to ensure a common environment for freshwater rearing through to
the smolt stage. After one year in freshwater, fish were tagged with passive
integrated transponder (PIT) tags (Sokymat, Switzerland) for individual
identification. Caudal fin biopsies were extracted from all pre-smolts and all parents
and sent to Landcatch Natural Selection (Scotland). Landcatch Natural Selection
extracted DNA from the biopsies, using a suite of 8 microsatellite markers, to assign
all individuals to putative families.
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The marine cohort, consisting of animals that would be reared in the marine
environment in order to collect performance information related to the breeding
goals, was transferred to an 800 m3 sea cage at Tassal Operations Pty. Ltd., Dover, in
July 2007 and 2009 respectively, and reared under comparatively commercial
conditions. After 9 months at sea, fish that had precociously matured (as 1 y + aged
individuals) were culled. In October 2008 and 2010 (29 months post fertilisation / 14
months at sea), the remaining fish were starved for five days prior to harvest. The
fish were slaughtered by percussive stunning and bled by severing the ventral aorta
(isthmus cut). Fish (n = 1104 for 2006 year class; n = 909 for 2008 year class) were
stored in commercial ice slurries for 24 hours before being assessed. Sex was
recorded after inspecting the gonads after gutting, and gutted weights were recorded.
Muscle fat was measured using a Distell Fish Fatmeter and visible/near-infrared
spectroscopy (VNIRS).

Distell Fish Fatmeter measurements
A microwave energy meter (Distell Fish Fatmeter model 692, Distell, West Lothian,
Scotland) was used for obtaining non-destructive measurements on fish from the
2006 year class. Measurements were obtained through the skin at four positions
along the length of whole freshly slaughtered fish (above the midline) (Figure 3.1).
After extracting the Norwegian quality cut (NQC), subsequent Distell meter readings
were collected from the skin side of the NQC, at four positions along the
dorsoventral plane (Figure 3.1), avoiding the lower belly flap region, which is
routinely trimmed off during NQC preparation (Norwegian Standards Association
1994). The average of each set of Distell meter readings (fillet and NQC) was
calculated.
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NQC skin side
N1
N2
B1

B2

B3

B4

N3
N4

Figure 3.1 Sampling locations for measurements of fat using the Distell Fish Fatmeter.
Measurements were obtained along the body (green) and on the skin side of the Norwegian
quality cut (NQC) region (blue).

Visible/near infrared spectroscopy (VNIRS) measurements
Muscle fat was measured using visible/near-infrared spectroscopy (VNIRS). The
portable spectrometer used was an Analytical Spectral Device Labspec 5000, fitted
with a high-intensity contact probe with a spot size of 10 mm diameter. Spectra were
captured in four ways. Firstly, spectra were captured through the skin at a position
1 cm above the midline and 1 cm after the posterior end of the dorsal fin (Figure 3.2).
Spectra were also captured by placing the VNIRS probe against the wall of the
abdominal cavity, at a position 1 cm below the midline and in line with the posterior
end of the dorsal fin. After extracting the left NQC and trimming excess fat in the
dorsal and belly fat depots, spectra were captured on the flesh surface of the NQC.
Spectra were collected at six positions (2 positions above and 4 positions below the
midline; Figure 3.2), which were averaged for each fish. Lastly, for the reference fat
measurement, the NQC was skinned and homogenised in a Breville Kitchen Wizz
Compact. Two subsamples per fish were spread into wells (4 cm diameter; 1.5 cm
deep) of a silicon tray. Spectra were collected by placing the probe on the surface of
each sample, and the spectra were averaged. For animals from both the 2006 and
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2008 year classes, fat was measured on minced NQCs and on the flesh side of intact
NQCs. Measures through the skin were collected from the 2006 cohort only, while
measures through the belly cavity wall were obtained from the 2008 cohort only.

Fat percentages were predicted from VNIRS spectra using calibration models
developed by Brown et al. (2012). Briefly, this was done using regression and partial
least squares, and validated using full cross-validation on samples included in the
model as well as against an independent sample. These calibration models were
developed for the SALTAS Atlantic salmon breeding program, and they are
currently used to support breeding decisions regarding flesh quality (e.g. muscle fat,
astaxanthin content). Different models were developed to estimate fat percentage
from spectra captured from minced NQC samples, from intact flesh of NQCs,
through the skin and through the wall of the abdominal cavity. The coefficients of
determination, R2, were 0.94 (minced samples), 0.87 (intact NQC), 0.76 (through the
skin) and 0.47 (belly cavity wall) (Brown et al. 2012).

NQC flesh side

Figure 3.2 Sampling locations for measurements of fat with visible/near-infrared
spectroscopy. Measurements were obtained through the skin at a position 1 cm behind the
dorsal fin and 1 cm above the midline (pink), through the belly cavity at a position 1 cm
above the midline and in line with the posterior end of the dorsal fin (yellow), and on the
flesh side of the left Norwegian quality cut (NQC) at six positions (purple).
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Statistical methods
Variances, covariances and genetic correlations were estimated using residual
maximum likelihood methods in the ASReml (Version 2) statistical package
(Gilmour et al. 2006). Standard errors for all genetic parameters were routinely
calculated by ASReml. The number of animals included in statistical analyses was
2013 (1405 females; 595 males). Animal models were used to estimate genetic
parameters for each fat measurement method. A multivariate analysis was performed
using starting values from univariate analyses. The statistical model used was:
Yijklm =  + si + cj + wk + al + fm + eijklm
where Yijklm is the vector of observed values for each fat method;  is the overall
mean; si and cj are the fixed effects of sex and cohort respectively; wj is the
covariate gutted weight; al is the random additive genetic effect for an individual; fm
is the family (or dominance) effect estimated as sire x dam interaction; and eijklm is
the random residual effect for each record. Due to the positive genetic correlation
between muscle fat and gutted weight (Powell et al. 2008; Vieira et al. 2007),
animals that are heavier tend to have higher levels of muscle fat and gutted weight
was, therefore, fitted as a covariate in order to estimate the genetic effects after
adjusting for the effect of gutted weight.
Heritability (h2), in the narrow sense, was calculated as:
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where

is the additive genetic variance,

is the family variance and

is the

residual variance.

Selection scenarios
Relative genetic responses in muscle fat using each measurement method were
simulated using genetic and phenotypic parameter estimates. Selection scenarios
represented genetic changes in muscle fat for each method compared against the
VNIRS mince method, which was assumed to be the most accurate. The breeding
goal was to improve weight and maintain fat levels. Therefore, the selection strategy
involved applying selection pressure against fat, and selection simulations assumed
simultaneous selection for gutted weight. Applying some selection pressure against
muscle fat is common in commercial breeding programs to avoid inadvertent
selection for higher muscle fat when selecting for increased harvest weight.
Simulations were carried out for measurements on the 2006 year class only, which
had the best representation of different measures on the same individuals.

Estimated breeding values (EBVs) based on each fat measurement method were
calculated in one of two ways, depending on whether measurements could
potentially be collected from breeding candidates (for non-lethal measures), or if
only sibling information would be available (for lethal measures). For each of these
situations, it was assumed that a measure for harvest weight would always be done.
In situations where fat measures are collected non-lethally, individual EBVs,
estimated by ASReml from bivariate analyses with gutted weight, are appropriate
because these animals can be used for breeding. However, in situations where it is
not possible to measure fat on potential breeding candidates, and lethal
measurements are collected from their siblings instead, EBVs for breeding
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candidates need to be estimated from the family EBVs for fat (from ASReml output)
as well as the correlated response due to the inclusion of a harvest weight measure
(Falconer and Mackay 1996; Chapter 19; Equation 19.5a):

(

where

)

is the EBV for fat calculated where direct measures are only

made on the siblings and not the breeding candidates;

and

are the EBVs of an individual’s parents;

is the

within-family EBV for weight, calculated as:

;

is the genetic standard deviation for the fat measure;
standard deviation for weight; and

is the genetic

is the genetic correlation between weight and

the fat measure. EBVs for weight are included in the EBV calculation for fat
because, assuming that weight is selected simultaneously with muscle fat, correlated
responses in fat levels would be expected due to the positive genetic correlation
between muscle fat and harvest weight. Genetic standard deviations and the genetic
correlations were as calculated from the ASReml analyses. The use of correlated
responses due to individual weight measures provides an advantage where genetic
correlations exist between weight and fat measures, which allow some individual
information to flow through. It can be shown that these calculations match exactly
the EBV calculated by ASReml when EBVs are calculated for siblings (for which
there is no measure) and include a correlated response from a second variate.
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Genetic responses in muscle fat, as measured using VNIRS on minced samples
(reference method), were estimated for situations where EBVs were derived from
alternative fat measures. For each simulation, animals were ranked according to
EBVs derived from a particular novel fat measure, taking into account whether
individual or sibling selection would be appropriate for the measurement method.
The top 100 animals were selected, with the number of animals per family restricted
to a maximum of five (to prevent family over-representation). From the selected
animals, the mean EBVs for muscle fat was calculated, converted to real units and
expressed as a percentage of genetic change per generation, percentage change per
year and the relative genetic change compared against the reference method. The
generation interval was assumed to be three years. Also included, for comparison
with responses from sibling selection, were genetic responses from hypothetical
scenarios where individual selection would be used to select fish based on EBVs
calculated from the lethal VNIRS measures (on minced samples and NQC).

Cost analysis
The aim of the cost analysis was to compare the relative costs between alternative
methods for measuring fat. Indicative costs were used and only included equipment,
equipment maintenance and sampling costs. Effective product lives for the VNIRS
unit and Distell Fatmeter were assumed to be 10 years each. The per annum cost of
the VNIRS unit and Distell Fish Fatmeter were expressed in Australian dollars
(AUD), and were based on prices and exchange rates as of 19/04/2011
(AUD1.00 = USD1.05; www.xe.com). The Distell meter was supplied with preprogrammed calibration models, and it was assumed that calibration models for the
VNIRS unit were available. Maintenance was the annual cost of servicing by the
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supplier, excluding postage. Samples were assumed to be prepared from fish that
have been slaughtered and gutted. Sample preparation involved all processes prior to
taking the measurement, such as extracting the NQC or wiping mucous from the
skin. The cost of sample preparation and measurement times was quantified as
$AUD40 per hour worked, and this was based on one person collecting
measurements on approximately 1000 fish per year.

Cost-effectiveness was calculated for each measurement method. The cost
component consisted of the indicative cost associated with each method per year, as
previously described. Effectiveness was estimated from selection scenarios as the
genetic response in muscle fat (the objective trait) per year when fat is selected based
on EBVs derived from each alternative method of measuring fat.

3.3 Results
Phenotypic parameters
Muscle fat as measured using visible/near-infrared spectroscopy (VNIRS) on intact
Norwegian quality cuts (NQCs) was the best single predictor of muscle fat measured
using the reference method (Table 3.1). This method had a moderately high
phenotypic correlation with the reference method and explained 43.5% (R2 = 0.662)
of the phenotypic variation in reference fat - approximately 1.5 – 2 times higher than
for the other methods. The other methods showed similar moderate phenotypic
correlations with the reference method (rp = 0.48 – 0.53), indicating that higher
values in the novel measures were, somewhat, associated with higher values in
muscle fat. Phenotypic parameters are not the focus of this paper.
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Table 3.1 Descriptive statistics for fat measurement methods. CV – coefficient of
variation; VNIRS – visible/near-infrared spectroscopy; and “Distell” refers to the Distell
Fish Fatmeter.
Method

Year class

n

Mean fat

CV

Min - max

(%)
12.5

(%)
5.7 - 17.6

Phenotypic
correlation
with reference
rp
N/A

VNIRS mince
(reference)

2006, 2008

1995

(%)
11.9

VNIRS NQC

2006, 2008

1767

13.1

14.2

6.2 - 19.5

0.66

VNIRS belly
cavity

2008

765

11.5

14.2

8.0 – 13.9

0.53

VNIRS skin

2006

1103

10.8

19.9

3.4 - 19.4

0.48

Distell NQC

2006

1103

10.8

26.7

1.7 - 23.3

0.51

Distell fillet

2006

904

13.7

22.5

1.7 - 22.4

0.52

Genetic parameters
Measurements from all alternative methods were moderately heritable (h2 = 0.36 –
0.56) (Table 3.2). They also had moderate to strong genetic correlations with the
reference method (rg = 0.67 – 0.88). Fat predicted from the VNIRS measures on the
NQC showed the strongest genetic relationship with reference muscle fat (rg = 0.88).
This was followed by VNIRS measures through the belly cavity wall and measures
through the skin. Lower genetic correlations were observed between reference fat
and fat measured using the Distell meter (rg = 0.74 on NQC; rg = 0.67 along whole
body).
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Table 3.2 Variance components and genetic parameters for alternative methods for
measuring muscle fat. Standard errors are shown in parentheses; VNIRS – visible/nearinfrared spectroscopy; NQC – Norwegian quality cut; and “Distell” refers to the Distell Fish
Fatmeter.
Method

Additive
genetic
variance

Family
variance

Residual
variance

Heritability

h2

Genetic
correlation
with
reference
rg

VNIRS mince
(reference)

0.76 (0.11)

0.00 (0.00)

0.85 (0.07)

0.47 (0.11)

N/A

VNIRS NQC

0.70 (0.11)

0.00 (0.00)

1.01 (0.08)

0.41 (0.11)

0.88 (0.04)

VNIRS belly cavity

0.22 (0.06)

0.02 (0.00)

0.37 (0.04)

0.36 (0.06)

0.83 (0.09)

VNIRS skin

1.38 (0.36)

0.12 (0.11)

2.21 (0.23)

0.38 (0.09)

0.81 (0.08)

Distell NQC

3.83 (0.71)

0.00 (0.00)

3.73 (0.46)

0.51 (0.07)

0.74 (0.07)

Distell fillet

4.82 (1.30)

0.52 (0.29)

3.25 (0.28)

0.56 (0.03)

0.67 (0.09)

Selection simulations demonstrated that all alternative fat measures can, to varying
extents, effect genetic changes in the objective trait (Table 3.3). The maximum
genetic response was defined as the response achievable when the objective trait is
selected directly, i.e. using the reference method, VNIRS on minced NQCs.
Simulations for VNIRS measures on minced and intact NQCs assumed that measures
are done on siblings, because these measures are lethal. For these methods, gains
based on sibling selection, although lower than hypothetical gains achievable if the
measures were non-lethal, were relatively high compared with genetic gains based on
other measurement methods. Interestingly, the measures applied to siblings yielded
better responses compared with non-lethal measures applied to individuals through
the skin (VNIRS through the skin, Distell meter on NQC and Distell meter along
fillet length). Sibling selection using measures from VNIRS on NQC flesh can elicit
85% of the maximum genetic response. Improvements to the objective trait would be
slower when selecting animals based on VNIRS measures through the skin, Distell
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meter measures on the NQC and Distell meter measures along the body (63%, 61%
and 55% of maximum response, respectively).

Table 3.3 Response to selection and relative cost-effectiveness for each fat measure
obtained from the 2006 year class. Genetic responses in muscle fat (measured by
visible/near-infrared spectroscopy on minced samples) when estimated breeding values
derived from each fat measure were used for selecting animals. Cost-effectiveness is the
ratio of genetic response in muscle fat to measurement cost. Breeding objective was to
change muscle fat alone (in either direction). Ref – reference; VNIRS – visible/near-infrared
spectroscopy; NQC – Norwegian quality cut; “Distell” refers to Distell Fish Fatmeter; gen –
generation; N/A – not applicable.
Method

Response in muscle fat

Relative to maximum (%)

Per gen
(%)

Per year
(%)

Response
in ref fat

Annual
cost

Costeffectiveness

VNIRS minced NQC (ref)
(sibling selection)

6.7

2.2

100

100

23

VNIRS minced NQC
(hypothetical individual
selection)

7.9

2.6

N/A

N/A

N/A

VNIRS on NQC flesh
(sibling selection)

5.7

1.9

85

78

26

VNIRS on NQC flesh
(hypothetical individual
selection)

6.0

2.0

N/A

N/A

N/A

VNIRS through skin
(individual selection)

4.2

1.4

63

76

19

Distell on NQC
(individual selection)

4.1

1.4

61

14

100

Distell on fillet length
(individual selection)

3.7

1.2

55

15

90

Cost
The purpose of the cost analysis was to assess the relative costs between methods
involving the VNIRS and the Distell Fish Fatmeter. The relative annual costs of
using the Distell meter was considerably lower than the costs of VNIRS methods
(Table 3.4). This is attributable largely to capital costs - the cost of the VNIRS
machine used in this study was approximately nine times as high as the cost of the
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Distell meter. VNIRS measurements on intact NQCs, through the belly cavity wall
and through the skin each cost about 76 - 78% of the cost of the reference method.
The difference in cost between the reference method and alternative VNIRS methods
reflects the longer sample preparation time required for measurements on
homogenised samples. The cost of using the Distell meter was 14 - 15% the cost of
the reference method.

Generally, Distell meter measurements were more cost-effective than VNIRS
measurements (Table 3.3). Cost-effectiveness was defined as the potential genetic
response in muscle fat per dollar spent. Selection based on Distell meter
measurements in the NQC region was the most cost-effective, followed by Distell
meter measurements along the fillet. VNIRS methods were costly relative to the
genetic responses they can generate. Distell measures on the NQC were
approximately four times as cost-effective as VNIRS measures on minced and intact
NQCs. VNIRS measures collected through the skin was the least cost-effective – for
the same amount spent, this method elicited a genetic response one fifth the response
from Distell measures through the skin of NQCs.

Table 3.4 Indicative costs associated with fat measurement methods. Annual equipment
cost assumed an effective equipment life of 10 years. Refer to text for other assumptions.
VNIRS – visible/near-infrared spectroscopy; NQC – Norwegian quality cut.
Cost types

Annual equipment cost
Maintenance cost
Sampling cost
Total cost
Relative cost (%)

VNIRS
mince
6120
1500
2560
10180
100

Measurement cost (AUD per annum)
VNIRS
VNIRS
Distell
NQC
skin
NQC
6120
6120
680
1500
1500
640
300
110
150
7920
7730
1470
78
76
14

Distell
fillet
680
640
170
1490
15
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3.4 Discussion
Genetic parameters
Although the evaluation of less destructive and non-invasive methods have been
reported in the literature, this paper considers each method’s merit in terms of
genetic response and relative measurement cost. The estimated variance components
and heritabilities for the novel fat measures provide good evidence that it would be a
feasible option to use these measures for genetic selection. This was demonstrated
despite phenotypic correlations with the objective trait that were insufficiently high
to be considered suitable for precise estimates of individual samples, as would be
required for routine quality control assessments. Genetic parameters were generally
consistent with estimates from near-infrared spectroscopy methods in Atlantic
salmon (Quinton et al. 2005; Vieira et al. 2007), rainbow trout (Gjerde and Schaeffer
1989), lamb (Lorentzen and Vangen 2012) and pigs (Fernández et al. 2003), as well
as Distell fat meter measures in Atlantic salmon (Powell et al. 2008) and beef mince
(Kent et al. 1993).

Genetic relationships between measures from the novel methods and the reference
method were not perfect – which is expected due to differences in the anatomical
regions sampled. For the reference method, the sample included white muscle and
red muscle fats, and some fats from the dorsal and belly fat depots (although most
were trimmed out). Homogenisation of the Norwegian quality cut (NQC) ensured
that subsamples were representative of the NQC region. Lack of representativeness
among measurements from the novel methods may account for their imperfect
genetic correlations with measurements from the reference method. Sampling sites
for the alternative methods were discrete, limited (e.g. one VNIRS sampling site for
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fat measured through the skin and belly cavity wall) and, for average Distell
measurements across the body and for VNIRS measures through the belly wall, were
partly outside the NQC region. Muscle fat in the NQC region has shown low or no
genetic correlations with fat depots in other regions of the body (Chapter 2; Gjerde
and Schaeffer 1989), and this may contribute to the imperfect genetic correlations
observed. In addition, there are other factors that affect measurements made through
the skin, such as interference from the scales and water content in the skin that may
mask genetic variation in muscle fat.

Genetic responses
Measurements from all novel methods demonstrated the potential to produce indirect
responses in muscle fat, but to varying extents. It appears that the greater accuracy of
VNIRS measures on minced and intact NQCs, combined with their strong genetic
correlations with weight, make them better selection measures, despite being applied
on siblings and not individuals. VNIRS measures on the flesh of NQCs were highly
effective in terms of eliciting response to selection for fat, compared with
measurements through the skin. Genetic response was not estimated for measures
through the belly cavity wall because measures were not available on fish from the
2006 year class; however, based on the strong correlation between these measures
and reference fat, it is likely that reasonable genetic response would be achieved with
this method. The estimates of genetic response were adjusted for the effect of gutted
weight because gutted weight is an important selection trait. Without including
gutted weight in the selection scenarios, the rate of improvement in gutted weight
would be expected to decline when selecting for reduced muscle fat, due to the
positive genetic correlation that exists between the two traits, and this would be
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undesirable. Although the selection scenarios assumed selection for weight, in
practice, other economically-important traits would be included in selection indices,
and this may alter expected responses for muscle fat or other objective traits. The
relative genetic responses for each measure were expected based on the genetic
correlations reported. The observed genetic responses may also reflect genetic
correlations between each fat measure and body weight. From Chapter 2, the genetic
correlation between body weight and muscle fat, measured with VNIRS on NQC
flesh, was moderately strong (rg = 0.46); Distell measures along the body length,
however, was not genetically correlated with body weight. Despite the high
heritabilities associated with measures through the skin, it appears that these
measures’ low genetic correlations with the objective trait and body weight make
them less accurate methods for eliciting genetic gains in muscle fat. However, noninvasive measures provide the opportunity to shorten the generation interval, by
allowing the collection of performance data on potential breeding candidates, without
the need to wait for sentinel fish to be reared and tested at sea. Gains from noninvasive methods may be improved if genetic correlations between fat measures on
animals of different ages (animals tested at the usual time or earlier than this), as well
as correlations between measures collected from fish reared in marine and freshwater
environments, are strong. The former is explored in the next chapter.

Measurement costs
The cost of fat measurements using VNIRS were approximately five to seven times
as expensive as measurements obtained using the Distell Fish Fatmeter. The VNIRS
unit used in this study was more sophisticated than required for the purpose of
performance testing. The purchase of a base model can reduce equipment costs –
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although, it is not clear how this would affect genetic responses in muscle fat.
Regardless of whether or not a less expensive model is used, a VNIRS unit remains
much more costly to purchase than a Distell meter. Furthermore, VNIRS requires the
development of calibrations models, which can be a costly process. However, the use
of VNIRS can provide a cost saving within breeding programs because it can be used
to quantify multiple chemical components simultaneously – for example, measuring
fat and colour at the same time. In addition, in practice, a VNIRS unit would be used
for multiple purposes, not only for the salmon breeding program, and its cost would
be split across these purposes.

Cost-effectiveness
The methods assessed varied in terms of their potential to effect high rates of genetic
response and in terms of the costs associated with their use – the most suitable
method for measuring fat is entirely dependent on the priorities of individual
breeding programs. If the priority is to maximise the rate of genetic gain, VNIRS
measures on the NQC or through the belly wall cavity are good alternatives to
VNIRS measures on homogenised samples. Scans through the belly cavity may be
advantageous over scans on the NQC, because it eliminates the need to cut into the
fillet. Fish would only require gutting – which occurs routinely during commercial
processing – and can be sold commercially after they are tested. For most breeding
programs, muscle fat would be a secondary objective trait and financial investments
would be prioritised for primary objective traits. As a result, a method that is not too
costly is preferable. Distell measurements – either along the body length or in the
NQC region – are suitable options within this context. Although some genetic gain
would be forfeited, these methods would be reasonably effective in producing
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genetic changes in reference muscle fat (55 – 61% of genetic change expected under
direct selection); these methods are also cost-effective – eliciting the most genetic
change in muscle fat per dollar spent. In addition to this, the Distell meter can be
used non-invasively, which is a highly desirable attribute. Firstly, there would be less
sample preparation involved, allowing measurements to be collected relatively
quickly. Secondly, the device can potentially be used on breeding candidates.
Performance data collected from potential broodstock can improve the accuracy of
EBVs for muscle fat. However, if broodstock are maintained in a biosecure
freshwater system, further investigations are firstly required to determine the
genotype by environment interaction for muscle fat measured in freshwater and
brackish water. In the Tasmanian salmon breeding program, VNIRS measures
through the skin have been tested on live anaesthetised fish and, from a practical
standpoint, the measure is a feasible option. And encouragingly, in other food
industries, such as beef, pork and lamb, near infrared spectroscopy has been shown
to accurately and reliably predict muscle fat, as well as a range of other sensory
properties such as colour, marbling and flavour (Prieto et al. 2009); similarly, electric
impedance methods, similar to the Distell fat meter, have been used to accurately
predict fat content in livestock carcasses and meat product (Damez and Clerjon
2008). However, in terms of inducing genetic change in muscle fat in Tasmania
Atlantic salmon, fat measures based on the current VNIRS skin calibration model is
not a good option – primarily because the high measurement cost associated with the
method is not justified by the genetic response it can generate in muscle fat.
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3.5 Conclusion
Through the use of genetic information, we found that all of the five novel methods
explored have potential to effect genetic changes in muscle fat. However, the
magnitude of this genetic response varies between methods, and there are also
differences in their costs. It is up to individual breeding programs to decide which
method is most suitable for their purposes. Factors requiring consideration are how
much genetic improvement breeding programs are willing to forego in favour of
more efficient and convenient measures, and how much they are willing to spend on
these measurements.
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4.1 Introduction
Although performance testing is a key aspect of good selective breeding programs,
the process can be expensive, laborious and inefficient. Due to biosecurity reasons,
most Atlantic salmon breeding programs are designed to restrict the movement of
fish, and potential diseases, from marine environments to hatcheries. As a result,
objective traits are measured on a sentinel cohort grown at sea, and the acquired
performance information are used to calculate estimated breeding values (EBVs) for
their siblings in the freshwater broodstock cohort. Even if breeding candidates could
be tested at sea, this may not be appropriate for some traits, such as fat, colour,
texture or gut loss percentage, where measurements are generally destructive. It is
highly desirable to reduce the grow-out time for obtaining performance data because
it is very costly to grow fish to commercial harvest size.

Within the Tasmanian Atlantic salmon breeding program, there is an opportunity to
reduce the average generation interval and, correspondingly, increase the annual rate
of genetic improvement. Presently, performance data are collected when sentinel fish
are harvested in October, but spawning does not occur until May the following year.
Hence, broodstock are at least 3 years of age before they are potentially selected for
breeding. Testing fish in April, 6 months earlier than the usual time, would allow
broodstock to be selected at 2 years of age. Within the Tasmanian selective breeding
program, preliminary trials for spawning 2-year-old fish have shown good results for
males; however, egg quality was found to be poor for 2-year-old females (Kube
2011; pers. comm.). Consequently, early selection would be used for selecting males
at 2 years of age and females at 3 years of age, which would reduce the average
generation interval from 3 years to 2.5 years. Early selection, in this context, refers to
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selection earlier than the usual harvest age for Tasmanian Atlantic salmon (at 24
months vs. 30 months of age), as opposed to selection at the fingerling stage.

Genetic relationships between the same traits in fish at different ages have been
reported in the literature for traits such as weight and condition factor, but not in the
context of early selection. In Atlantic salmon, Gjerde et al. (1994) reported high
genetic correlations for weight measured at 32 months post hatching (16 months at
sea) and 28 months (12 months at sea) (rg = 0.87  0.11). High genetic correlations
have also been reported for Atlantic salmon weight at 36 months and 24 months post
hatching (0.74  0.01) (Powell et al. 2008). In gilthead seabream, genetic
correlations between weight at harvest (17 months post hatching) and weight
measured at 11 months was 0.94  0.04, and for condition factor measured at those
same ages, the genetic correlation was 0.98  0.01 (Navarro et al. 2009). Within
each example, heritabitilies for weight and condition factor were fairly consistent
across earlier and later measurements. The genetic correlations reported in the
literature provide encouragement for early selection of biometric traits, but genetic
correlations for flesh quality traits, such as fat levels and colour, are limited and it is
not clear whether early selection for these traits would be useful. There is a need to
explore genetic relationships for a range of both biometric and flesh quality traits, all
measured at the same time, early and at usual harvest time. This information would
be helpful for establishing the genetic effectiveness of early selection for a range of
economically-important traits within Atlantic salmon breeding programs.

In this paper, we explored the implications of early selection (when fish were 24
months old) on genetic improvements in objective traits (measured at 30 months).
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The traits of interest were bled and gutted weights, gut loss percentage, condition
factor, muscle fat levels and muscle astaxanthin levels. Astaxanthin is an oxidant
carotenoid or pigment that is found naturally in crustaceans, but is manufactured for
commercial use as a colour additive in fish feed. Astaxanthin is used to replicate, in
farmed fish, the reddish-pink flesh colour of wild Atlantic salmon. For each trait,
genetic correlations were estimated between measurements on fish of 24 and 30
months of age. Genetic responses from early selection were compared to genetic
gains expected using direct selection.

4.2 Materials and methods
The fish
The fishstock was sourced from the Salmon Enterprises of Tasmania Pty. Ltd.
(SALTAS) Atlantic salmon selective breeding program. The fish were progeny of
the founder population, a Tasmanian landrace which were imported from the
Australian mainland (New South Wales) in 1984 and originally from Nova Scotia,
Canada (Ward et al. 1994). The primary objectives of the breeding program are to
increase harvest weight and resistance to amoebic gill disease (AGD) (Elliott and
Kube 2009; Taylor et al. 2009b). Muscle fat content is a secondary trait and the goal
is to maintain fat at current levels.

In May 2008, a mixture of two-, three- and four-year-old broodstock were mated
using a 2 x 2 partial factorial mating design to produce 173 full-sib and half-sib
families. Immediately prior to hatching, 500 eggs from each family were transferred
to a communal tank to ensure a common environment for freshwater rearing through
to the smolt stage. After one year in freshwater, fish were tagged with passive
integrated transponder (PIT) tags (Sokymat, Switzerland) for individual
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identification. Caudal fin biopsies were extracted from all pre-smolts and all parents
and sent to Landcatch Natural Selection (Scotland). Landcatch Natural Selection
extracted DNA from the biopsies, using a suite of 8 microsatellite markers, to assign
all individuals to putative families.
Smolt were transferred to two 800 m3 sea cage at Tassal Operations Pty. Ltd., Dover,
in July 2009, and reared under comparatively commercial conditions. After nine
months at sea, fish that had precociously matured (as 1 y+ maturation) were culled.
The fish were harvested on two separate occasions: at 24 months of age (April 2010;
n = 1227) and 30 months of age (October 2010; n = 1611). Fish were starved for five
days prior to harvest, slaughtered by percussive stunning and bled by severing the
ventral aorta (isthmus cut). Fish were stored in commercial ice slurries for 24 hours
before being assessed.

Data collection
Sex was recorded by inspecting the gonads during gutting and gutted weights were
recorded. Muscle fat and astaxanthin levels of the Norwegian quality cut (NQC)
were measured using visible/near-infrared reflectance spectroscopy (VNIRS). For
animals at 30 months of age, these measures were collected on a sample of the
harvested fish, due to resource restrictions. VNIRS was performed with a LabSpec
5000 (350 – 2500 nm), fitted with a high intensity contact probe (ASD Inc., Boulder,
CO, USA). Scans were obtained at six sites on the flesh side of fresh NQCs (Figure
4.1), and the spectra for each sample were averaged. Muscle fat percentage and
astaxanthin concentration were predicted from absorption spectra using calibration
models previously developed (Brown et al. 2012). These models incorporated wet
chemistry data and associated VNIRS spectra from NQCs sampled during 11 harvest
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events at commercial farms between August 2007 and October 2010. The fat
calibration model consisted of 437 samples (coefficient of determination, R2 = 0.87;
standard error of cross-validation, SECV = 0.99) and the astaxanthin model included
352 samples (R2 = 0.91; SECV = 0.61). Family representation ranged from 2 to 42
fish per family across the two cohorts of fish.

NQC flesh side

Figure 4.1 Visible/near-infrared spectroscopy scanning sites for fat and astaxanthin
measurements on Norwegian quality cut (NQC).

Statistical methods
Variances, covariances and genetic correlations were estimated using residual
maximum likelihood methods in the ASReml statistical package (Gilmour et al.
2006). Standard errors for all genetic parameters were routinely calculated by
ASReml. The number of animals included in statistical analyses was 2838 (1648
females; 1110 males; 80 uncertain sex). Outlier values (SD  4.5) were removed
and animal models were used to estimate genetic parameters for each trait. A
multivariate analysis was performed using starting values from univariate analyses.
The statistical model used was:
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Yijklm =  + si + ( wj) + ck + al + fm + eijklm
where Yijklm is the vector of observed values for a trait;  is the overall mean; si is the
fixed effect of sex, wj is the covariate gutted weight (only fitted for flesh quality
models) and ck is the fixed effect of cohort; al is the random additive genetic effect
for an individual; fm is the family (or dominance) effect estimated as sire x dam
interaction; and eijklm is the random residual effect for each record.
Heritability (h2), in the narrow sense, was calculated as:

where

is the additive genetic variance,

is the family variance and

is the

residual variance.

Selection scenarios
Selection scenarios were used to explore the effectiveness of using early performance
data to effect genetic changes in the objective traits (traits measured at usual harvest
time). Each scenario assumes the trait of interest is selected in isolation. The
objectives for each respective scenario were to increase bled weight, increase gutted
weight, reduce gut loss percentage, improve condition factor, lower muscle fat and
increase astaxanthin levels. Scenario 1 represents a reference situation where
selection decisions are made using performance data at usual harvest age and
assumes an average generation interval of 3 years. Scenario 2 represents a situation
where performance information measured early, at 24 months, is used to indirectly
change harvest traits (at 30 months). This scenario assumes an average generation
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interval of 2.5 years, because early measures will allow males to be selected at 2
years of age, as previously described. Estimated breeding values (EBVs) for each
trait were obtained from ASReml output and ranked; the top 100 animals were
selected.

4.3 Results
All biometric and carcass traits were significantly higher at 30 months than at 24
months of age (p < 0.01) (Table 4.1; Table 4.2). From April 2010 to October 2010,
the fish more than doubled in bled weight (2.0 to 4.5 kg). Sex did not have a
statistically significant effect on bled or gutted weights or on muscle fat percentage.
However, compared with male fish, females were better conditioned, had higher gut
loss percentages and had higher astaxanthin contents (all p < 0.01) (Table 4.2). Sex
was therefore fitted as a fixed effect in subsequent statistical models for predicting
genetic parameters. Heavier fish tended to have higher muscle fat and astaxanthin
contents (both p < 0.01) (Table 4.2) and this was adjusted for by including gutted
weight as a covariate in the statistical models used for estimating genetic parameters
for muscle fat and astaxanthin.

Table 4.1 Descriptive statistics for biometric and flesh quality traits measured on fish
aged 24 and 30 months. CV – coefficient of variation.
Bled weight

Age (m)
n

(kg)
24
30

Gutted
weight
(kg)
24
30

Gut loss
(%)
24

30

Condition
factor
(% gcm-3)
24
30

Fat
(%)
24

Astaxanthin

30

(mgkg-1)
24
30

1227

1603

1227

1611

1224

1599

1226

1591

1223

894

1184

900

2.0

4.5

1.8

4.0

10.3

10.8

1.3

1.4

8.6

11.7

7.6

8.6

20.5

20.4

20.8

20.5

9.1

10.8

8.5

9.8

15.3

11.5

11.5

11.5

Min

0.8

0.8

0.7

0.7

8.1

6.2

0.9

0.9

4.0

6.2

4.5

5.5

Max

3.3

8.0

3.0

7.2

14.0

15.2

1.7

1.9

13.2

15.9

10.5

11.7

Mean
CV (%)
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Table 4.2 Summary of effects of age, sex and gutted weight on biometric and flesh
quality traits. For weight traits, gut loss percentage and condition factor, a generalised
linear model was fitted with age and sex as explanatory variables; for fat percentage and
astaxanthin concentration, gutted weight was additionally included as an explanatory. SE standard error.
Trait

Estimate

SE

t value

p

Effect of age for 30 months compared with 24 months
Bled weight (kg)
2.55
0.03
Gutted weight (kg)
2.26
0.03
Gut loss (%)
0.49
0.04
-3
Condition factor (% gcm )
0.15
0.00
Fat (%)
0.76
0.12
Astaxanthin (mgkg-1)
0.21
0.09

89.5
88.5
11.8
30.6
6.6
2.4

<0.01
<0.01
<0.01
<0.01
<0.01
0.02

Effect of sex for females compared with males
Bled weight (kg)
-0.02
Gutted weight (kg)
-0.03
Gut loss (%)
0.25
Condition factor (% gcm-3)
0.03
Fat (%)
-0.02
Astaxanthin (mgkg-1)
0.11

0.03
0.03
0.04
0.00
0.05
0.04

-0.7
-1.0
6.0
5.1
-0.4
2.7

0.50
0.32
<0.01
<0.01
0.66
0.01

Effect of 1kg increase in gutted weight
Fat (%)
1.00
Astaxanthin (mgkg-1)
0.36

0.04
0.03

22.6
10.9

<0.01
<0.01

All traits measured early, at 24 months, were heritable and their genetic correlations
with respective traits measured at the usual harvest age of 30 months ranged from
moderately high to perfect (Table 4.3). Overall, for each trait, heritability estimates
were very consistent between age groups. Perfect or very high genetic correlations
were observed between age groups for bled weight, gutted weight, astaxanthin
content in the muscle and gut loss percentage (Table 4.3). For these traits, EBVs
based on early measurements can elicit the same magnitude of genetic change
expected using EBVs based on later measurements (Table 4.4). For condition factor
and muscle fat, genetic correlations between age groups were not close to 1.
However, they were moderately strong, and early measurements could be used to
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achieve a reasonable degree of genetic change (Table 4.4). Of the traits examined,
with the exception of muscle fat, there can be substantial improvement in the rate of
genetic change when animals are selected at 24 months of age, compared with
selection at 30 months. This improvement is not evident for muscle fat and this is
likely to be due to the lower genetic correlation between measures at 24 and 30
months (rg = 0.65), compared with the genetic correlations for the other traits
(rg = 0.76 to 1.00; Table 4.3).

Table 4.3 Genetic parameters estimated from animals aged 24 and 30 months. Standard
errors are shown in parentheses.
Trait

Age

Additive
genetic
variance

Family
variance

Residual
variance

Heritability

Genetic
correlation
between ages

(months)

2a

2f

2e

h2

rg

24

0.04 (0.01)

0.01 (0.00)

0.11 (0.01)

0.27 (0.07)

30

0.23 (0.06)

0.01 (0.02)

0.6 (0.04)

0.27 (0.06)

24

0.04 (0.01)

0.01 (0.00)

0.09 (0.01)

0.27 (0.07)

30

0.18 (0.05)

0.01 (0.02)

0.48 (0.03)

0.27 (0.06)

Gut loss
percentage

24

0.25 (0.05)

0.00 (0.00)

0.61 (0.04)

0.29 (0.06)

30

0.37 (0.09)

0.03 (0.03)

0.79 (0.06)

0.31 (0.07)

Condition factor

24

0.46 (0.11)

0.01 (0.04)

0.67 (0.07)

0.40 (0.09)

30

0.66 (0.12)

0.00 (0.00)

1.25 (0.09)

0.35 (0.05)

24

0.38 (0.07)

0.00 (0.00)

0.65 (0.06)

0.37 (0.06)

30

0.47 (0.1)

0.00 (0.00)

0.84 (0.08)

0.36 (0.07)

24

0.49 (0.07)

0.00 (0.00)

0.20 (0.04)

0.71 (0.07)

Biometric traits
Bled weight

1.00 (0.00)
Gutted weight

1.00 (0.00)

0.94 (0.10)

0.76 (0.10)
Quality traits
Muscle fat

0.65 (0.11)
Muscle
astaxanthin

0.97 (0.03)
30

0.52 (0.08)

0.00 (0.00)

0.19 (0.05)

0.73 (0.08)
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Table 4.4 Selection scenarios to demonstrate the effectiveness of early selection. Each
scenario assumes single-trait selection. Annual rates of genetic response based on average
generation interval of 3 years for direct selection and 2.5 years for indirect selection.
Rate of genetic response (% per year)

Ratio of genetic response

Direct selection
at 30 months

Indirect selection
at 24 months

Indirect selection relative to
direct selection (%)

Bled weight

5.4

6.5

120

Gutted weight

5.4

6.5

120

Gut loss percentage

-2.6

-3.1

119

Condition factor

3.1

3.3

108

Muscle fat

-2.9

-2.6

91

Muscle astaxanthin

5.2

6.2

121

4.4 Discussion
The genetic parameters provide good evidence that early selection of Atlantic salmon
is a feasible option for genetically managing harvest traits. Each measure on the
younger cohort demonstrated good genetic variation from which to select animals.
Heritabilities between age groups were very consistent between fish of different
ages, and this was particularly so for weight, where heritabilities were identical,
although the variance components were very different. This is an artefact of the fact
that fish are considerably larger at 30 months and there is a dependency of the
variance on the mean. For the traits weight, gut loss percentage and astaxanthin
levels in the muscle, there is no reason to grow fish for an additional six months
when early selection, which shortens the average generation interval, can improve
the rate of genetic change currently expected. For condition factor, where an
imperfect genetic correlation was estimated (rg = 0.76), early selection remains a
good alternative because it improves the rate of genetic response per year. Genetic
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correlations for weight agree with estimates reported for Atlantic salmon of similar
ages (Gjerde et al. 1994). In addition, moderate to high genetic correlations between
weight measures on animals at different ages have been reported in rainbow trout (Su
et al. 2002), prawns (Coman et al. 2010), and cattle (Devitt and Wilton 2001).

Muscle fat is the only trait that did not show an increase in the rate of genetic gain
per year with early selection. There is an appreciable gap between the expected
genetic response at 30 months and the response attainable with early selection. With
the aim, in practice, to maintain fat levels while selecting for harvest weight, this
inefficiency has implications for harvest weight. Because selection for body weight
tends to select for animals with higher levels of muscle fat, inefficient selection
against muscle fat can lead to an increase in fat levels over time – or alternatively, a
decline in the rate of genetic gain for harvest weight to combat this trend.

It is not clear why the genetic relationship for muscle fat for the two age groups is
low relative to the other traits. It is possible that, although fat measurements across
the two cohorts are mostly controlled by similar genes, somewhat different genes are
responsible for fat deposition in fish aged 24 and 30 months. Fish 30 months of age
are likely to store larger amounts of fat and the pattern of fat storage within each fat
depot (i.e. white muscle, red muscle, dorsal and belly depots) may be different to fat
storage at 24 months of age. For example, fat may be stored at higher concentrations
in white muscle for older fish compared with younger fish; in addition, fat content
may be higher in red muscle for younger fish and lower for older fish (Kiessling et
al. 1991). The difference in fat distribution among fish of different ages, and the low
genetic correlations that white muscle fat has with other fat depots, as measured
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using image analysis on a standard cutlet (Chapter 2; Gjerde et al. 1989), may
explain the imperfect genetic correlation between total muscle fat levels measured at
24 months and 30 months of age.

The key advantage for using early selection is the potential increase in the rate of
genetic response per year. Because 2-year-old males can be used for breeding in the
Tasmanian salmon breeding program, selection can be made one year earlier than
usual; females would be selected at three years of age, resulting in an average
generation interval of 2.5 years. For harvest weight, gut loss percentage, muscle
astaxanthin level and condition factor, where early selection would not adversely
affect expected genetic responses, a shorter generation interval would increase the
rate of genetic change per year. The selection scenarios used in this paper assumed
single-trait selection and did not take into account the effect of genetic relationships
between traits, and this may affect the correlated responses predicted.

Apart from increasing the rate of genetic improvement for most traits, early selection
also offers financial and logistical benefits. There is a considerable cost saving
associated with a shortened grow-out phase, particularly during the latter stages
when feed costs would be high. The demand for labour involved with feeding,
culling mature fish, disease assessment and treatment, and other husbandry activities
would be greatly reduced. Early selection would lower the volume of wastage
associated with tested fish because, currently in the Tasmanian program, tested fish
are not saleable because measurements for fat and colour are destructive. Despite the
potential to use non-invasive measurements in the future, it is unlikely that the costs
involved with growing sentinel fish for longer can be recouped from the sale of
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tested fish. Performance testing on smaller fish (average of 2 kg) is also easier to
manage because fish are easier to handle and process, which can improve the
efficiency of obtaining measurements.

4.5 Conclusion
We believe that early selection, on fish 24 months old, for bled and gutted weights,
gut loss percentage, condition factor, muscle fat level and muscle astaxanthin level is
a good strategy for the Tasmanian Atlantic salmon breeding program. For all traits
except muscle fat, early selection improves annual rates of genetic response.

Chapter 4 – Early selection of Tasmanian Atlantic salmon | 92

SECTION PAGE – to insert
5 Chapter 5 – General discussion
Preview:

Chapter 5 – General discussion | 93

5.1 Preamble
Breeding programs for fish currently achieve high rates of genetic improvements in
important traits, but there are opportunities to extend these improvements to
maximise commercial profits by optimising multi-trait selection. Fish have a
tremendous advantage over domesticated terrestrial species because they are highly
fecund and plentiful genetic variation exists within fish populations, due to their
recent domestication and the availability of wild stocks as sources of diversity.
Despite these advantages, there are further gains to be achieved by addressing key
areas such breeding objectives and selection strategies.

The Tasmanian Atlantic salmon breeding program, established in 2004, is a
relatively young breeding program with potential for further development, which
would markedly enhance industry growth and value. Currently, breeding decisions
are aimed at a limited number of selection objectives. Strategies to improve primary
objectives, such as growth rate and disease resistance, are readily implemented and
would contribute greatly to commercial profitability as the breeding program
progresses. However, selection for secondary objectives, such as muscle fat, where
there is an intermediate optimum, are conservative – the aim is to counteract the
correlated responses to selection for improved growth rate, rather than to actively
change fat levels in a direction that would maximise profit. The strategy for
effectively integrating secondary objectives with primary breeding goals can be a
limiting factor for improving financial gains.

This thesis has set out to provide a genetic basis for future directions in the
management of fat in Tasmanian Atlantic salmon. The effective inclusion of fat in
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breeding goals is impeded by several factors: lack of data on, and difficulty in
modelling, the economic value of fat characters; difficulty in knowing the
intermediate optimal value for fat, which may differ between fat types and locations;
and measurement methods and timing. Only the latter issues were addressed in this
thesis. Genetic parameters and selection simulations demonstrate the genetic
feasibility for improving various fat depots, muscle fat using non-invasive measures,
and production and flesh quality traits when measured at an early age. The research
emphasised the need to consider fat depots other than white muscle, the predominant
fat depot in the flesh, that influence flesh quality as well as production efficiency.
Also, the method used for measuring fat and the timing of measurements have
implications for selection strategies. Together, these developments can improve
production efficiency and the rates of genetic gain for economic traits – both of
which would improve commercial profit. Although this thesis provided evidence that
genetic improvements for fat characters are possible, there remain uncertainties
regarding how best to incorporate this information to maximise financial gain, and
these issues will be discussed in the next section.

5.2 Gaps in knowledge and future research
Breeding objectives for fat
Breeding for muscle fat is difficult because it is likely to have an intermediate
optimum, which may differ between tissues and fat depot types and even between
markets. Thus, it is difficult to measure and model its economic value. Economic
gains achieved through genetic improvement vary across traits within the breeding
goal. As a result, when calculating an animal’s selection index or aggregate
estimated breeding value, EBVs for each trait need to be weighted in a manner that
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maximises overall profit. For the Tasmanian Atlantic salmon program, it is uncertain
whether the assumed breeding objective for muscle fat, namely maintaining current
levels, is the best strategy for maximising profit.

The lack of knowledge regarding economic values of muscle fat and fat in other
depots is not confined to the Tasmanian program, and this information is not readily
available in the literature. The difficulty in estimating economic values reflects the
lack of market signals for fat: there are no clear-cut economic incentives or penalties
for a unit change in fat levels. As a result, estimating the economic value of changes
in each fat depot is likely to be a complex task that would require different
approaches, in contrast with methods used for estimating the economic value of other
traits, such as harvest weight. Addressing this gap in knowledge is essential for
maximising profit and would be useful for approaching similar issues that may arise
from the inclusion of other traits, particularly flesh quality traits, in future breeding
goals.

Strategies for improving EBV accuracy and genetic gains
Improving the rates of genetic gain for objective traits will continue to be important
for the Atlantic salmon breeding program. Chapter 3 and Chapter 4 highlighted
strategies that have potential to improve the accuracy of EBVs and shorten the
average generation interval.

Non-invasive measurements of muscle fat on potential broodstock can improve the
accuracy of EBVs, allowing greater genetic gains, compared with gains from
selection based on sibling information alone. In addition, measurements can be
obtained at any age and this can shorten the generation interval. There are two key
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parameters that need to be explored to genetically assess the usefulness of this
option. Firstly, estimates of genetic parameters are required to determine if noninvasive fat measurements on potential breeding candidates are heritable at an age
when performance data can be used to shorten the generation interval. And secondly,
an estimate of the genetic correlation is required between fat measured in freshwater
and the objective trait (which is measured on fish grown to mature size at sea).

Early selection of muscle fat was shown to have the potential to produce a similar
annual rate of genetic gain compared with direct selection. Although this strategy
reduces the grow-out phase and average generation interval by six months each,
growing fish at sea is costly regardless of whether fish are grown to 24 months or 30
months of age. Future research is required to determine the cost-effectiveness of
various options. For options involving measurements on breeding candidates,
usefulness will be limited by the number of traits within the breeding goal that can be
measured non-invasively. Currently in the Tasmanian salmon breeding program, this
may not be an issue, but future objectives, particularly objectives for flesh quality
traits, may be difficult to measure non-invasively. Results in Chapter 3 illustrated the
limitations in improving muscle fat with the use of current non-lethal measures, but
this is likely to change as more accurate and precise technologies become available
for the measurement of flesh quality traits in the future.

Other traits of economic importance
Consideration of additional traits is important - not only to explore opportunities for
improving profit, but also to ensure that selection does not adversely affect other
traits that may be economically-important in the future. Currently, the breeding goals
for the Tasmanian Atlantic salmon breeding program are to improve growth rate,
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increase resistance to amoebic gill disease, reduce the incidence of early maturation
and maintain current levels of muscle fat and colour.

The breeding goal with respect to muscle fat is quite crude compared with more
refined goals in other livestock industries, and it is likely to change in the future as
the industry matures and consumers become more discerning. It is important to
ensure levels of essential fatty acids do not decline, which would negatively affect
consumer perceptions of Atlantic salmon as a good source of healthy fats.
Preliminary analyses within the Tasmanian salmon breeding program have found
moderately strong positive genetic correlations between the level of total muscle fat
and levels of total n-3 fatty acids, n-6 fatty acids and docosahexaenoic acid (DHA)
(see Chapter 5 Supplementary Material). Breeders aiming to lower levels of total
muscle fat need to understand the implications this would have on the composition
and levels of fatty acids. A large proportion of fat is stored in edible components of
the Atlantic salmon, and there is much potential for future research to explore
optimal combinations of fat levels within various fat depots to improve flesh quality.
This can be useful for producing different lines of salmon to meet consumer
preferences across markets.

There is a range of other traits that could be measured by the Tasmanian Atlantic
salmon breeding program. For fish, many traits have been reported in the literature
and include selection criteria such as muscle fibre density as a measure of texture,
perceived colour and gaping (separation between muscle blocks) (Johnston et al.
2002), collagen content for determining meat texture after storage on ice (Eckhoff et
al. 1998) and physio-chemical parameters such as moisture, protein and pH (Periago
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et al. 2005). Assessment of the merit of potential measures would follow usual
standards for inclusion in breeding programs, such as heritability and genetic and
phenotypic correlations with breeding objectives, but the manner in which measures
may be attained and the timing of these measures are also important practical
considerations. Chapter 4 demonstrated that muscle astaxanthin levels could be
selected for at an early age to increase the annual rate of genetic gain. However, it is
unclear if muscle colour can be measured non-invasively to be useful for withinfamily selection. Visible/near-infrared spectroscopy has the potential to measure
pigment levels through the skin; within the Tasmanian selective breeding program,
calibration models are currently being developed for this purpose. Further
investigation is required to determine the effectiveness of this measure. Many flesh
quality measures are generally destructive and there will be a need for exploring
practical and potentially non-invasive methods for obtaining this information.

5.3 Broader opportunities and considerations
Developments in enabling technologies
Genomic selection has the potential to revolutionise salmon breeding. Recent
advancements in molecular genetics have led to much progress in ongoing work to
produce a high definition and well-annotated genome sequence for the Altantic
salmon (Davidson et al. 2010; Genome British Columbia 2013), as well as the
discovery of many thousands of single nucleotide polymorphisms (SNPs) spanning
the entire genome (Lien et al. 2011). These high density SNPs have the potential to
capture a large proportion of the quantitative trait variation underlying a selection
objective. SNP arrays are available for Atlantic salmon. With prior establishment of
associations between marker genotypes and phenotypes in a reference population,
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profiles of SNP genotypes can be used to calculate genomic breeding values (GEBV)
from which breeding decisions may be made. The predominant benefit in using
GEBV is the markedly high level of accuracy in estimating true breeding values and
the potential to dramatically reduce the generation of interval. Genomic selection has
been widely and successfully implemented in dairy cattle and beef cattle breeding
(Hayes et al. 2009), and it is particularly beneficial for traits that are currently
impractical to measure on breeding candidates, such as carcass traits. In addition,
genomic relationships derived from SNPs, in some cases, are more accurate or useful
than pedigree-based relationship matrices, which are prone to mistakes in mating
records. For use in Tasmanian salmon, although new high density SNP arrays are
now available, the application of genomic selection is currently in the exploratory
stage; however, it is expected that 50% of the SNPs would be informative in the
Tasmanian salmon population (Kube 2013; pers. comm.).

Although genomic selection is expected to play an important role in the future, it is
quite clear that phenotypic information will never become obsolete. Firstly, SNP
genotypes would require routine retraining to ensure strong associations with
phenotypes over time. Secondly, GEBVs do not capture all of the genetic variation
explained by quantitative trait loci, and implementation of genomic selection would
be ideal in parallel with traditional methods. This involves the optimisation of an
index combining both GEBV and phenotypic data.

Future considerations and challenges
Anticipation of changes in the future is important for maintaining rates of genetic
gain. In Tasmania, the salmon industry is small in terms of global production, but
there are opportunities for growth. Increases in production are likely to be associated
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with changes in environmental factors such as diet, grow-out locations and
husbandry, which will affect the robustness of currently observed genetic parameters.
With increasing costs of fish meal, fish oil and astaxanthin, there is increasing
pressure to use alternative diets in the future. Farmers may also make use of sites not
previously used in order to increase the volume of production. Breeders need to work
closely with farmers to predict and accommodate the effects of these changes. In
addition, it is necessary to anticipate and be aware of changes in consumer
preferences as markets evolve – previously unimportant traits may become economic
selection objectives. This is of particular concern for characters that are not
genetically correlated with current breeding traits. In Australia, although it is not
compulsory to label farmed salmon products with “colour added”, this may change in
the future and affect consumer choices. Awareness of added pigments may lead
consumers to avoid products that appear too red (Alfnes et al. 2006). Unforseen
changes in market signals can result in loss of genetic improvements due to the time
lag between when animals are selected based on new or modified objectives and
when their offspring can be used in commercial production. Other future challenges
will include responding to the effects of climate change and responding to the
emergence of novel diseases.

Alternatives to genetic methods
Other methods can be used as an adjunct or an alternative to facilitate improvements
in commercial efficiency and profit. Because selective breeding improves traits
slowly over time, any non-genetic improvements that can be achieved more quickly,
for example by modifying farm practices, should be exploited. There are
opportunities to ensure optimal technical efficiency to avoid unnecessary use of
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excess inputs. Asche et al. (2009) found that farms in the Norwegian industry were
operating at 90% economic efficiency – with the loss in potential efficiency
attributed to technical inefficiency. This may include factors associated with site
choice, technology, managerial skills and inappropriate use of inputs according to the
price of inputs.

There are also options to market products in a manner that appeal to consumers. A
Norwegian study found that consumers were willing to pay premium price for
products labelled “organic” or certified by an animal welfare organisation, compared
with identical unlabelled products (Olesen et al. 2010). Animal welfare is influenced
by farming conditions (Turnbull et al. 2005) and may be improved, to some extent,
by avoiding high stocking densities. Optimisation of factors such as diets, feeding
practices, disease management and marketing may also contribute to improving
profits.

5.4 Concluding remarks
The sustainability of Atlantic salmon industries is dependent on how they respond to
challenges, such as increasing input costs and declining prices. Selective breeding
will continue to play an important role in supporting the ongoing production of high
quality salmon that meets consumer expectations.

Within selective breeding programs, the measurement of economic traits on breeding
animals has the potential to greatly improve rates of genetic gain and consequently
increase commercial profitability. Measurements that can be made more efficiently,
for example using non-invasive methods and/or without growing sentinel fish to
harvest size, would be of particular benefit for flesh quality traits.
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Careful consideration and integration of new traits with existing selection traits have
the potential to markedly improve profits, by improving production efficiency and
product quality.

5.5 Supplementary material
Preliminary analyses on genetic correlations between muscle fat and fatty acids
Selection for Atlantic salmon harvest weight tends to select for animals that have
higher muscle fat content. Total muscle fat is therefore included as a secondary
selection trait in the Tasmanian Atlantic salmon selective program to prevent
changes to current fat levels (Elliott and Kube 2009). Fatty acids, such as
docosahexaenoic acid (DHA), n-3 and n-6, play an important role in the marketing of
Atlantic salmon as a nutritional premium product. It is unclear what the genetic
relationships between the level of total muscle fat and individual fatty acids are, and
whether selection for total muscle fat will result in (unexpected) correlated responses
with fatty acids. The aim of the preliminary analyses was to explore the effect that
selection for total muscle fat may have on individual fatty acids: n-3, n-6 and DHA.
Fish included in the analysis were from 2004 – 2008 year classes (n = 6142; 383
sires; 350 dams; 675 families). Visible/near-infrared spectroscopy was used to
predict total muscle fat and fatty acid contents on minced samples from the
Norwegian quality cut (NQC) of harvest size fish (4.6 kg). Genetic correlations
between total muscle and fatty acids (DHA, n-3, n-6) were estimated using
maximum likelihood methods in the ASReml statistical package (Gilmour et al.
2006). There were strong genetic correlations between total muscle fat and individual
fatty acid components (mince models: rg = 0.71 – 0.96). Selection for/against total fat
presents no unexpected consequences to fatty acid contents.
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Table S5.1. Variance components and heritabilities for total muscle fat and fatty acid
components (measured using near infrared spectroscopy on minced Norwegian quality
cuts), and genetic correlations between fatty acids and total muscle fat. DHA:
docosahexaenoic acid, h2: heritability in the narrow sense, Va: additive genetic variance, Vd:
dominance effect, Ve: residual variance and rg: genetic correlation.
Trait
Total muscle fat
DHA
n-3 fatty acid
n-6 fatty acid

h2
0.45
0.19
0.33
0.20

Va
0.72
0.27
2.63
0.71

Vd
0.00
0.00
0.00
0.00

Ve
0.89
1.12
5.29
2.86

rg with total muscle fat
0.71
0.96
0.83
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