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Biodensity is a major factor affecting the production and welfare of farmed fishes. Arctic
charr (Salvelinus alpinus) were held at biodensities of 30, 60, 90, 120, and 150 kg/m 3
during a 91 day study. Biodensity was found to have no significant effect on mortality,
wet mass, fork length, condition factor, HSI, VSI, eviscerated carcass mass or fin
damage, or on white muscle protein synthesis. Growth rates were lower in charr reared
at high biodensities (120, and 150 kg/m3), and feed efficiency was negatively affected at
both the highest (120, and 150 kg/m3) and lowest (30 kg/m3) biodensities. Muscle
protein content was lowest in charr reared at 90 kg/m 3. Plasma cortisol indicated that
Arctic charr are more stressed at lower biodensities, but was not correlated with growth
or feed efficiency. The results support an optimal biodensity range for charr culture
between 60 and 90 kg/m3 to optimize production and welfare.
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1.0 Literature Review
1.1 – Introduction
A primary source of dietary protein worldwide comes from finfish and other
seafood products. As global populations and the demand for sources of protein continue
to increase, the productivity of wild fisheries has begun to plateau or even experience
declines, and the practice is becoming increasingly unsustainable (FAO, 2016; Röös et
al., 2017). Thus, there is a need for additional, sustainable sources of protein.
Aquaculture is a growing industry that is expected to continue expanding due to its
economic viability and reduced environmental impact (when compared to traditional
agricultural sources of dietary protein) (FAO, 2016; Röös et al., 2017). Aquaculture has
been noted as having high feed efficiencies relative to traditional terrestrial livestock
agriculture with respect to the production of animal protein (Röös et al., 2017).
Given the abundance of fresh water in Canada (roughly 20% of the world’s total)
there is tremendous potential for development of sustainable, freshwater aquaculture.
Despite this, Canada is ranked 26th in worldwide aquaculture production and produces a
small variety of finfish species, predominantly Atlantic salmon (Salmo salar) and
rainbow trout (Oncorhynchus mykiss). Focusing production on such few species can
have negative impacts on market value as a result of overproduction and global
competition. Therefore, increasing the number of commercially viable species in
Canadian aquaculture could alleviate these impacts. One species that has the potential
for aquaculture in Canada is the Arctic charr (Salvelinus alpinus).
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In Canada, Arctic charr aquaculture is in the early stages of development and
their viability for large-scale culture is still being determined. Preliminary studies on the
growth of Arctic charr show a higher tolerance for greater biodensities when compared
with other common aquaculture species such as rainbow trout (Wallace et al., 1988;
Jørgensen et al., 1993). This unique characteristic provides producers with the
opportunity to increase their production output by maximizing the biomass of fish per
cubic metre of water, otherwise known as biodensity. However extremes in biodensity,
both high and low, have been found to have negative impacts on the growth
performance and potential welfare of stocked fish (further explored in Section 1.5 –
Biodensity) (Wallace et al., 1988; Turnbull et al., 2008; Tossavi et al., 2016). In other
words, there is a theoretical optimum biodensity that a species can be maintained at
without negatively impacting growth and mortality. Since this ultimately impacts the
economic viability for the culture of this species, determining the optimum biodensity for
Arctic charr is an essential factor for the development of a viable aquaculture program.
This thesis investigates the effects of biodensity on the growth performance and welfare
of Arctic charr and attempts to determine an optimum density for their culture.

1.2 – Arctic charr (Salvelinus alpinus)
Arctic charr is a cold water salmonid species that exhibits a circumpolar
distribution with the northernmost range of any freshwater species at latitudes above
65° (Johnson, 1980; Scott and Crossman, 1998). Average water temperatures at these
latitudes span from 0.5 – 14 °C, and Arctic charr growth and performance are well
adapted to function at these low temperatures (Johnson, 1980; Jensen, 1994).
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There are three distinct subspecies of Salvelinus alpinus that are found in lakes,
rivers and marine coastlines. North American subspecies include S.a. erythrinus and
S.a. oquassa with native ranges along Canada’s northern coast and as far south as
New England (Brunner et al., 2001). There are 2 European subspecies of Arctic charr:
S.a. taranetzi that are endemic to northeastern Russia and S.a. alpinus can be found in
the waters of Greenland, Iceland, and greater Scandinavia; though recent phylogeny
studies have found North American strains to be that of S.a. alpinus and S.a. erythrinus
(Brunner et al., 2001). These subspecies can be classified into resident (land-locked in
freshwater lakes) and anadromous strains, in which the fish migrate to the sea for brief
periods in the summer months. Anadromous strains are classified by their return to
freshwater streams and rivers in order to reproduce, similar to many other salmonid
species (Johnson, 1980; McDowell, 1998).

1.2.1 – Culture and production

Arctic charr is closely related to species of Atlantic salmon and rainbow trout and
shares characteristics of both fish species. The growth rate of Arctic charr is more
similar to that of rainbow trout which is faster than that of Atlantic salmon, the primary
species currently produced in Canada. In fact, Fisheries and Oceans Canada
recognized Arctic charr as a species of great economic potential for aquaculture and
has begun to expand upon the early broodstock programs developed in the mid 1980’s
(CCFAM, 2010). The flesh is of high quality, light pink in colour (darkened with the use
of pigmented feeds) with a fat content similar to salmon and a flavour profile
comparable to that of salmon and trout. In Ontario, Arctic charr are currently a relatively
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rare food item which makes it a highly competitive commodity versus Canada’s primary
aquaculture species; Atlantic salmon and rainbow trout. Arctic charr also show high
growth performance at low temperatures and have been stocked at high densities
without perturbations to production (Christiansen et al., 1991; Jørgensen and Jobling,
1993; Jørgensen et al., 1993; Siikvuopio and Jobling, 1995; Johnston, 2002; Eriksson et
al., 2010). Market-ready Arctic charr are approximately 0.9 – 1.4 kg in wet mass (44-52
cm in length) and the typical grow-out time is between 1-2 years from the eyed egg
stage, depending on water quality and the husbandry methods used (Ojima et al., 2009;
Eriksson et al., 2010; Gunnarsson et al., 2014).
Arctic charr aquaculture began in the early 1970’s (in Sweden) as a means to
restock local rivers and lakes as a means to combat the observed decline in wild
populations at the time (De March, 1991; Johnston, 2002; Eriksson et al., 2010).
Commercial culture did not begin until the late 1980’s and the primary producer at the
time was Sweden (Eriksson et al., 2010). Culture methods for Arctic charr were an
amalgamation of the methods used for Atlantic salmon and rainbow trout in fresh water,
using a combination of traditional open-water net pen culture and land-based systems
for brood stock cultivation (De March, 1991; Eriksson et al., 2010). Though cultivation in
salt and brackish water is possible (and is used in some operations), growth
performance under these conditions has been found to be inferior to culture in
freshwater (De March, 1991; Arnesen et al. 1994; Duston et al. 2007). Canadian culture
of Arctic charr is encouraged by the Canadian Council of Fisheries and Aquaculture
(CCFAM), which plans to implement an action plan for the development of broodstock
programs and market opportunities by 2020 (CCFAM, 2010). In Canada’s eastern
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regions, Arctic charr are cultured in Ontario and parts of Quebec with the major strains
originating from the Fraser River in Labrador. In contrast, west coast culture uses
strains from Nauyuk Lake and Tree River in Nunavut and is performed primarily in
British Columbia (De March, 1991; Lundrigan et al. 2005), with more large-scale
production in Yukon Territory from private sector producers such as Icy Waters Ltd.
Recent global production (metric tonnes) by primary producers of Arctic charr
(2010 – 2015) is reported in Table 1.1.
Table 1.1 – Global production (measured in metric tonnes) of Arctic charr (S. alpinus) from 2010
through 2015. Data obtained from Fisheries & Aquaculture – Fisheries Global Information System
(FAO-FIGIS) (FAO, 2016). est = estimated.

2010

2011

2012

2013

2014

2015

Iceland

2 427

3 021

3 089

3 215

3 411

3 937

Norway

492

276

309

280

285

259

Russia

200est

200est

200est

200est

200est

200est

Canada

200est

200est

200est

200est

200est

200est

Global
Production

3 356

3 789

4 017

4 054

4 250

4 629

Global production of Arctic charr in 2015 was 4,692 metric tonnes at an
estimated value of $45.914 million US dollars. Iceland is currently the world’s top
producer of Arctic charr worldwide, producing nearly 85% of all Arctic charr reared in
aquaculture. Russian and Canadian production values are estimates only due to the
fact that commercial production of Arctic charr is relatively unestablished in comparison
to commercially productive countries such as Iceland. In 2015, Norway narrowly outproduced Russian and Canadian production, accounting for only 5.6% of global
production. Estimates for Russia and Canada place them each at approximately 4.3%
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of production globally with an estimated 200 tonnes produced yearly at an estimated
economic value of $1.42 million dollars in 2015 (FAO, 2016).
With the majority of current Arctic charr production originating out of Nordic
countries, like Iceland and Norway, there is an economic niche that may exist for their
culture in North America (Sæther et al., 2013). Specifically; transportation of product to
North America from these countries is costly, can have potential environmental impacts,
and may result in the transfer and introduction of foreign pathogens (Kibenge et al.,
2012; Murray, 2013). Thus, commercial production culture in North America could prove
advantageous over the import of Arctic charr products. With good growth performance
at low temperatures, and a tolerance to high biodensities, Arctic charr is perfectly suited
to intensive culture in Canadian waters.

1.3 – Importance of Aquaculture
It is estimated that by 2050 the demand on traditional agricultural methods will
grow increasingly unsustainable due to the land and freshwater resources required for
sustaining such a high demand (FAO, 2016; Röös et al., 2017). Therefore there is a
current need for the development of more sustainable sources of producing dietary
protein that are economically viable and have low environmental impact. It is believed
that aquaculture may be one of the more sustainable options when it comes to the
cultivation of animals as a source of protein (FAO, 2016).
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Aquaculture is the process by which aquatic plants or animals are reared in both
fresh and saltwater captive culture. This industry is fast growing, exhibiting growth in
excess of 8% per year since the 1970’s, with global production exceeding that of wild
capture fisheries by the mid 2010’s. Aquaculture now supplies over half of the world’s
seafood and is only expected to continue to increase in production (Statistics Canada,
2017; FAO, 2016). With developments in both open water and land-based operations,
environmental impacts have been limited and the production performance (of animal
protein) for this industry outperforms, or is comparative to, other forms of agriculture
(FAO, 2016). There are two principal methods of finfish aquaculture, these being open
water net pens, and land-based operations. The main method used worldwide utilizes
open water net pen systems, in which fish stocks are contained within a netted pen that
is submerged in a body of water. Open-water systems are usually the more economical
of these two methods, but the free exchange with the environment increases the risk of
potential pathogen introduction, environmental contamination, and escape of farmed
fish. The second aquaculture method utilizes closed containment, land-based systems
and generally has less of an environmental impact when compared with open-water
systems. Land-based operations can be further distinguished into flow-through systems,
where water is used once and discharged, and recirculating aquaculture systems (RAS)
in which most of the water is treated and reutilized. Due to their closed design, these
land-based methods allow for greater control of husbandry and water quality
parameters, as they do not allow for direct exchanges with the environment. In other
words, the risk of potential disease transfer (between the farm and the environment, in
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both directions), fish escape, and environmental contamination are negligible in
comparison to open-water systems.
Both methods are utilized with success in Canadian aquaculture, with open-water
systems dominating the coastal provinces (BC, NB, and NL) and a mixture of both in
Ontario operations (Statistics Canada, 2017).

1.3.1 – Production and economic impact
Canada is ranked 26th in world aquaculture production with a reported total finfish
production, in 2016, of 160,054 tonnes at an economic value of $1.26 billion dollars
(FAO, 2015; Statistics Canada, 2017). The majority of current production in Canada is
out of British Columbia, New Brunswick, and Newfoundland with the major finfish
species being Atlantic salmon (77%), rainbow trout (6%) and a small selection of other
species (17%) (Statistics Canada, 2017). Aquaculture in Ontario however, is primarily
focused on rainbow trout (93% of total production) with some other minor species
including Nile tilapia (Oreochromis niloticus), brook trout (Salvelinus fontinalis),
smallmouth (Micropterus dolomieu) and largemouth bass (M. salmoides), and Arctic
charr (Moccia and Bevan, 2017). In 2016, Ontario finfish production was a recorded
5,440 tonnes with a value of $32.5 million dollars with the majority of production taking
place in land-based operations.

1.4 – Production Performance
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Although production performance in aquaculture is primarily measured with
respect to the rate of growth in the cultured fish, the quality of product must also be
considered. Ultimately it is the muscle, and its protein and fat content, that is the
marketable end product of finfish aquaculture (with exceptions, such as sturgeon caviar
culture); thus, optimizing muscle growth with protein and fat deposition may increase
the nutritional value and marketability of the product and potentially increase the
economic value.
Economic performance can be estimated using a number of parameters
including the cost of husbandry and housing of the animals in addition to their growth
rate and feed efficiency (FE) (Ellis et al., 2002). FE indicates the amount of mass gained
relative to the amount of feed consumed by the fish over that period. The amount of
feed input can also be taken into consideration when assessing the net growth of fish
stocks. Using a combination of these parameters, aquaculture producers are able to
distinguish the economic feasibility of various stocks and husbandry parameters.
Growth performance is commonly measured in Specific Growth Rate (SGR)
(Ricker, 1979) or as a Thermal-Unit Growth Coefficient (TGC) (Hopkins, 1992; Ellis et
al., 2002). Both of these parameters measure growth over a period of time, but TGC
differs from SGR in that it takes into account the water temperature in which the fish are
reared. Since growth in fish is highly dependent on water temperature (Hasnain et al.,
2010), TGC is the more universally applicable parameter of the two as it allows for
comparisons to fish grown at different temperatures.
1.4.1 – Characterization of growth in fish
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Fish are poikilothermic organisms, meaning that their body temperature is
dependent on that of the surrounding environment and therefore can vary significantly
as a result (Hasnain et al., 2010). The metabolism of poikilotherms shows a ratetemperature relationship that resembles a ‘bell-curve’ shape in which metabolism is
negatively affected by extremes in temperature (Hopkins, 1992; Hasnain et al., 2010). In
other words, poikilothermic fish exhibit a thermal ‘sweet-spot’ in which their metabolic
rates are optimized, but show reduced performance outside this optimal thermal range
(Jobling, 2003; Hasnain et al., 2010).
Other main parameters of growth to consider are changes in fork length and wet
mass which can be assessed together to determine the general nutritional status of a
fish (Jin et al., 2015). Fork length is a measure from the tip of the rostrum to the anterior
most section of the caudal fin (at the fork). Wet mass is the total body mass of a fish
including the water content.

1.4.2 – Contributing factors
Production performance can be affected by many different factors within the
containment unit in which the fish are cultured, most of which can be controlled via
husbandry practices. As stated previously, fish metabolism and growth vary based on
the water temperature they are acclimated to. Each species exhibits its own optimum
range for growth and upper/lower incipient lethal temperatures, and these ranges have
been shown to vary over the course of development (Jobling, 1994). For juvenile Arctic
charr, the lower and upper incipient lethal temperatures are 0 and 24 °C respectively
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(Lyytikainen and Jobling, 1998) with an optimal range somewhere between 7 and 14 °C
(Brännäs et al., 1992; Jobling, 1994; Siikavuopio et al., 2009).

Dissolved oxygen (DO) is one of the most limiting factors in aquaculture in that
there must be enough oxygen supply to maintain normal, aerobic metabolic function.
This can have consequences on growth as lower DO levels result in a reduction in
metabolic efficiency and feed intake (Harmon, 2009). Minimum levels of oxygen needed
to support growth are difficult to determine as the effects are often nonlethal; however,
levels above 70% saturation are sufficient for normal aerobic metabolic function
(Johnston, 2002). With the exception of culture at high densities, oxygen levels are
usually maintained via water flow into the containment units. However, in cases where
additional oxygenation is required via the use of air stones (limewood or porous stone
through which air or pure oxygen is diffused into the water column) may be used.
Lastly, the density at which fish are maintained in the containment unit can have
significant effects on production. At low densities, salmonids often show increased
instances of aggressive social interaction and develop hierarchies. Conversely, and in
many species, increasing the biodensity of fish can reduce the prevalence of
conspecific interactions, thus the prevalence of hierarchies are reduced at high
densities (Jørgensen and Jobling 1993; Johnston, 2002). Schooling behaviour can also
reduce interactions of the fish and can be accomplished via the manipulation of the
water current and flow patterns within the containment unit (Christiansen et al., 1989).
As water velocity increases, most fish species begin to congregate into an evenly
dispersed group which reduces conspecific aggression (Christiansen et al., 1989;
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Jørgensen and Jobling 1993). The effects of biodensity are examined in greater detail in
Section 1.5.

1.4.3 – Biochemical growth correlates
Muscle growth can be examined using biochemical growth correlates that utilize
measurements of protein and ribonucleic acid (RNA) (Houlihan et al., 1993; Mathers et
al., 1993). Protein is an important storage substance in fish and has distinct energy
advantages over fats, despite their energy storage potential. On average, fats (or lipids)
yield more energy per mass when compared to protein, though it should be noted that
more oxygen is required to mobilize energy stored in lipids (Mommsen, 2001).
Protein concentrations are primarily determined from homogenated tissue
samples via colorimetric assay using a known amount of protein as a standard and the
concentration of RNA is commonly determined via dual absorbance (Houlihan et al.,
1993; Mathers et al., 1993; Valente et al., 1998). Assessing these parameters in relation
to each other, and a known sample mass, allows for the determination of capacity for
growth via protein synthesis (Houlihan et al., 1993; Mathers et al., 1993; Valente et al.,
1998; Carter and Houlihan, 2001). This is important to both producers and consumers
as it is a main factor that contributes to the nutritional value of the product.

1.5 – Biodensity and its Relevance to Aquaculture
The most basic definition of biodensity is the biomass of plants or animals, fish in
this instance, divided by the amount of available living space (Branson, 2008). It is
important to note that biodensity and stocking density are used relatively
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interchangeably in the literature. However, by definition, stocking density should refer to
the density of fish (fish biomass divided by available volume) of the initial point of
stocking, while biodensity can and should be used to reference the density at any point
in time (Ellis et al., 2002). This thesis will use the more precise term of ‘biodensity.'
Animals raised in terrestrial agriculture can be distributed in two dimensions of
space (length and width), quantified in units of area (e.g. m2). In finfish aquaculture,
however, aquatic animals are free to occupy three dimensions (length, width, and
depth) and therefore measurements of density are reported in units of volume (e.g. m3).
Available living space in a culture system is defined as the amount of area (or volume)
of space that is physically accessible to the animal. Thus, the available living space of
an aquaculture production tank is the volume of water within the culture tank. Due to the
nature of culture in a three-dimensional medium (water), the spatial orientation of fish
within a production unit may not always be evenly dispersed (Wallace et al., 1988;
MacIntyre et al. 2008). Because of this, biodensity may not be an accurate indicator of
the actual densities experienced by the fish within the culture unit. Therefore, biodensity
is best utilized as a general indicator of the overall conditions within culture units
(MacIntyre et al. 2008). In most cases of finfish aquaculture, cultured fish typically
exhibit schooling behaviour in which fish swim in an amalgamated group at the same
speed and in the same direction.
The most damaging effects of biodensity often occur through agonistic social
interactions and reduced water quality, and its effects appear to have upper and lower
thresholds (MacIntyre et al. 2008). Fish species, specifically salmonids, exhibit
increased schooling behaviour and reduced instances of agonistic behaviour with
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increasing densities. At low densities however, salmonids exhibit increased aggression
as a result of the formation of social hierarchies (Christiansen et al., 1989; Jørgensen
and Jobling 1993). Social hierarchies are ‘pecking orders’ in which an individual exhibits
dominance over another, typically using some form of aggressive or agonistic
behaviour. The effects of these hierarchies on the behaviour of cultured fish can result
in physical damage, reduced access to feed and increased stress. As biodensities
increase the presence of social hierarchies has been found to decrease (Christiansen et
al., 1989; Jørgensen and Jobling 1993). High biodensities, however, can increase the
frequency of collisions both with conspecifics and the containment unit itself. Increases
in biodensity may also be associated with reduced water quality as a result of the
increase in metabolic activity in the culture tank.

1.5.1 – Impacts on production performance
Biodensity is a critical factor contributing to production efficiency that can have
major impacts on the performance (growth, feed efficiency, etc.) and welfare of farmed
fishes. In theory, higher biodensities result in increased overall production at a reduced
cost per fish (assuming satisfactory survival and growth) which are key aspects in
determining the economic viability of an aquaculture operation (Wallace et al., 1988;
Turnbull et al., 2008). Its effects on aquaculture production appear to vary depending
on the life stage of the fish and can exhibit species specific effects (Turnbull et al.,
2008). Studies on the effects of biodensity for numerous species of juvenile fish have
reported various species specific effects. Negative effects were observed in studies
involving brook charr (Vijayan and Leatherland, 1988) and African catfish (Tossavi et

15

al., 2016), while Atlantic salmon (Kjartansson et al., 1988) and turbot (Martinez-Tapia
and Fernandez-Pato, 1991) showed no effect. Studies have also observed increased
growth and survival with increasing biodensity (Wallace et al., 1988; Tossavi et al.,
2016). This improvement is believed to be a result of increased feeding activity which
may stimulate feeding in neighbouring fry or fingerlings (Refstie and Kittelsen, 1976;
Refstie, 1977; Wallace et al., 1988).
Results from initial culture of Arctic charr depict a strong growth response at high
densities (Jørgensen et al., 1993). There is considerable evidence of a lower density
threshold at which one can expect reduced growth and increased aggression as a result
of the prevalence of social hierarchies exhibited at low biodensities. However, the
conflicting results surrounding the optimal maximum density for the culture of Arctic
charr indicate a need for further research toward the determination of a definitive
suggestion for the biodensity of this species. Therefore it is important to continue to
investigate the effects of elevated biodensities on Arctic charr culture with respect to
production performance and welfare.

1.6 – Stress and Fish Welfare
The welfare of captive animals is a topic that is increasingly discussed and
investigated by the scientific community. The pursuit of animal welfare research and
management is the result of societal concern over the ethics of containment and culture
of animals on the quality of life of animals. As such, the primary goal is to minimize the
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suffering associated with the way we handle and raise farmed animals (Braithwaite and
Huntingford, 2013). Welfare is formally defined as a state in which an animal feels well
and is able to exhibit natural behaviour free of negative affective states (Sneddon et al.,
2016; Browman et al., 2018). This is suitable as a general definition of an animal’s
experience with respect to its environmental parameters. However the subject of animal
welfare is highly complex with no consensus on the actual definition, how it is
measured, and how it should be interpreted (Sneddon et al., 2016; Browman et al.,
2018). Most evaluations are based in part on Webster’s (2001) proposed “Five
Freedoms” of animal welfare:
1. From thirst, hunger, and malnutrition.
2. From discomfort.
3. From pain, injury, and disease.
4. To express normal behaviours.
5. From fear and distress.
These freedoms encompass 3 different approaches: function-based, naturebased, and feelings-based (Fraser, 2008; Braithwaite and Huntingford, 2013). Over
time, these have evolved into one of two more broad approaches: the first being a more
classical approach in which physiological responses to stress can be quantified and
evaluated using validated parameters such as plasma cortisol (Braithwaite and
Huntingford, 2013; Moccia, 2013). Plasma glucose and digestive activity are examples
of other validated parameters used to assess stress in animals (Silbergeld, 1974; Wells
and Pankhurst, 1997; Sopinka et al., 2016). With parameters such as these, producers
can easily and effectively evaluate the welfare of fish stocks with respect to the stress
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levels of the animals. However, these parameters provide only a piece of the picture
when it comes to animal welfare. Researchers and producers typically follow the
classical approach, commonly relying on parameters such as these to estimate the
welfare status of fish stocks (Braithwaite and Huntingford, 2013). On the other hand, the
public generally follows the second, more ‘inclusive’ approach which combines the
nature- and feelings-based approaches to involve concepts such as pain and emotion
(Braithwaite and Huntingford, 2013). Unfortunately, these parameters are not easily
assessed and can be easily anthropomorphized (Braithwaite and Huntingford, 2013;
Moccia, 2013). That is, human traits and characteristics are applied to animals which
may not be capable of experiencing said traits. For example, exposure to a stressor
(e.g. a relatively painful poke or prod with a stick) can result in similar behavioural
responses in both humans and fish – both animals may withdraw and exhibit avoidance.
Therefore one could assume that the fish is experiencing pain in a fashion similar to that
experienced by the human as a result of being prodded with a stick. However,
difficulties arise in the distinction between simple reflex responses and tailored
behavioural responses (Braithwaite and Huntingford, 2013; Moccia, 2013). Though
there is a response to the stimuli, no higher brain structures are involved which could be
an indication that the animal is not aware of the stimuli. Furthermore, the difference
between mere perception and conscious awareness is the cognitive capacity to
perceive noxious stimuli and tailor an appropriate behavioural response that shows
some adaptive value (Braithwaite & Huntingford, 2004; Chandroo et al., 2004a). Thus,
in the case of our fish example, we could be observing a simple reflex response which
would not be indicative of an affective state such as pain (Braithwaite and Huntingford,
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2013; Moccia, 2013). Though there is a response to the stimuli, no higher brain
structures are involved which could be an indication that the animal is not aware of the
stimuli. In this example, it is difficult to draw the line between mere reflex reactions and
cognitively aware organisms capable of experiencing pain and emotion. Thus, this
highlights the lack of quantitative and objective welfare assessment tools for use in
aquaculture (Moccia, 2013). In addition, a large portion of welfare indices offer only
indirect measures which can be easily misconstrued.

1.6.1 – Responses to stress
The general concept of stress infers some type of coping or preparatory
response (‘stress response’) that an animal exhibits in response to some stimulus
(‘stressor’) (Barton and Moos, 1999). Stressors can be classified as acute (intermittent
and short-lived) or chronic, persisting for long periods of time (Sadoul and Vijayan,
2016). The major sources of chronic stress experienced by fish reared in aquaculture
conditions can be attributed in part to water quality and social stressors (dominance
hierarchies) (Conte, 2004; Sadoul and Vijayan, 2016; Sneddon et al., 2016).
A more common stressor for salmonid species can be attributed to social
interactions (Wedemeyer 1997; O’Connor et al., 2000). Given optimal environmental
conditions (biodensity, water flow) within a containment unit, the large portion of
salmonid species tend to exhibit schooling behaviour which reduces social interactions
and reduces the potential for social hierarchies to form (Christiansen et al., 1989).
However, if these parameters are not met salmonids can quickly develop social

19

hierarchies which can result in a stress response in subordinate individuals (Volpato et
al., 2007). For example, studies on Atlantic salmon, rainbow trout, and Arctic charr have
shown behavioural and physiological responses which indicate a chronic stress
response in subordinates (DiBattista et al., 2005; Volpato et al., 2007; Føre et al., 2009).
It is believed that this chronic response is more related to the threat imposed simply by
the presence of the dominant fish, rather than actual aggressive encounters (Winberg
and Nilsson 1993; Winberg and Lepage 1998; Øverli et al., 1999a). Therefore the
experience of being a subordinate fish in aquaculture conditions is likely similar in effect
to the affective state of fear which could indicate poor welfare conditions according to
one of the five freedoms of animal welfare (from fear and distress) (Webster, 2001).
Husbandry is also a contributing factor to stress in aquaculture systems (Conte,
2004). Maintaining optimal water quality is paramount for aquaculture production,
therefore careful observation of these parameters is required (Conte, 2004; Sadoul and
Vijayan, 2016; Sneddon et al., 2016). Light intensity and duration have also been found
to have marked effects on the stress levels of these species in captive culture
(Christiansen et al., 1989; Conte, 2004). Biodensity can have negative effects at both
high and low extremes with reduced water quality and the development of hierarchies,
respectively (Christiansen et al., 1989; MacIntyre et al. 2008). Lastly, the handling of
fish for stocking, size sorting, and transportation have also been found to trigger a
stress response in captive fish (Conte, 2004; Chandroo et al., 2005).
In light of these stressors it is important to note that stress is intrinsic to all life,
therefore the object of stress management is one of maintaining stress levels below a
threshold of pre-pathological manifestation (TPM) (Moberg, 1985, 2000). That is,
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maintaining these stressors below levels at which production performance (e.g. growth)
and welfare begins to degrade. Barton and Moos (1999) proposed an encompassing
description of stress that takes into account both the “perception” of the stressor by fish
and the memory of prior experiences in the process that organizes a tailored stress
response. That is, the fish is able to perceive the stressor and exhibit a situation-specific
response or ‘decision.’ This description builds on the premise for the welfare
consideration of animals.

1.6.2 – Requirements for welfare consideration

In order for an animal to be considered to have adequate welfare, it is believed
that two key criteria must be met: Firstly, the animal must possess the means necessary
to detect stimuli from its environment. If an animal has no means of detecting
environmental stimuli then reason dictates that it must not be able to ‘feel’ or
comprehend pain or other affective states. Thus, the application of welfare indices on
such an animal could be perceived as a waste of time and resources if the welfare of
the animal is unlikely to be affected (Bateson, 1991; Braithwaite & Huntingford, 2004).
In other words, if an animal cannot perceive pain and suffering any attempt to improve
its potential welfare would be wasted. This first criterion follows what is known as a
‘Top-Down’ approach to animal welfare assessment in which an animal (fish in our
case) is assessed for its capacity to suffer (Braithwaite and Huntingford, 2013). This
approach examines the neural systems of fish to determine similarities between
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mammalian brain regions associated with feeling and emotion (Bateson, 1991;
Braithwaite & Huntingford, 2004; Braithwaite and Huntingford, 2013).
Animals detect environmental stimuli via specialized peripheral receptors that emit
transmitter molecules along neuronal pathways in the central nervous system (CNS) to
the brain for perception (Bateson, 1991; Braithwaite & Huntingford, 2004). Thus we
arrive at the second criterion to be met: the animal must also exhibit sufficient cognitive
ability to perceive these stimuli (positive or negative) and tailor a response appropriate
to the situation (Braithwaite & Huntingford, 2004; Chandroo et al., 2004a; Weary et al.,
2016). In short, if an animal does not possess the required anatomy to detect stimuli
and/or does not exhibit a degree of consciousness and perception of the stimuli, then it
is unlikely the animal is capable experiencing pain and other affective states. This
criterion follows the ‘Bottom-Up’ approach to the assessment of animal welfare which
focuses on the use of behavioural responses to demonstrate cognitive ability, proving
the capacity for awareness and sentience (Bateson, 1991; Braithwaite & Huntingford,
2004; Braithwaite and Huntingford, 2013). Thus, the difference between mere
perception and conscious awareness is the cognitive capacity to perceive noxious
stimuli and tailor an appropriate behavioural response that shows some adaptive value
(Braithwaite & Huntingford, 2004; Chandroo et al., 2004a).
1.6.3 – Arguments for consideration regarding the welfare of farmed fishes
Though many terrestrial animals are accepted as being sentient creatures, the
evidence for sentience in fish is relatively lacking, and what is available is highly
debated (Rose, 2002; Braithwaite & Huntingford, 2004; Chandroo et al., 2004b;
Browman et al., 2018). Assessment of pain in non-mammalian animals can prove
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difficult as the similarities to the gold standard of self-reporting humans are lacking
(Rose, 2002). Differences in cognitive capacity, physiology and behavioural responses
confound the already difficult task of distinguishing pain from simple reflex (Braithwaite
& Huntingford, 2004; Chandroo et al., 2004b; Reilly et al., 2008). Moreover, results may
show species-specific capacity for pain perception (Rose, 2002; Reilly et al., 2008).
Studies suggest that fish may feel fear, pain and other emotional states similar to those
experienced by humans in response to stressors (Sneddon et al., 2003; Braithwaite &
Huntingford, 2004; Chandroo et al., 2004a; Browman et al., 2018). In a 2003 study,
Sneddon and colleagues identified a total of 58 receptors on the face and head of
rainbow trout that responded to chemical and mechanical (pressure) stimulation. Of
these, 22 were found to have functional nociceptive capacities (Sneddon et al., 2003).
This satisfies the first of the two criteria, in that fish have been proven to have the
required structures and mechanisms for the detection of environmental stimuli. In a
2005 study, Dunlop and Laming (2005) identified functional nervous pathways that
connected nociceptors to higher brain functions in the cerebral cortex in rainbow trout
and goldfish (Carassius auratus). This provides evidence that fish are capable of the
transduction of signals from the site of signal perception (nociceptors) through the
action of the CNS to the brain. Finally, the cerebral cortex of fish is relatively small and
arguments have been made as to whether it is large enough to facilitate some level of
cognitive capacity (Rose, 2003). However, despite the lack of this structure, some
species of fish have demonstrated considerable cognitive abilities (Huntingford and
Wright, 1989; O’Connor et al., 1999; O’Connor et al., 2000). Farmed species of
salmonids, for example, have the ability to communicate with conspecifics to display
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intent and potential aggressive behaviour (O’Connor et al., 1999). Farmed Atlantic
salmon, as an example, have been shown to indicate submission by changing their
body colour to darker shades (O’Connor et al., 1999). O’Connor et al (2000) suggested
that this response in subordinate fish is the result of recognition of dominant individuals
in order to avoid potential acts of aggression. This indicates the capacity for retaining
memory, recognition, and interpretation of information through a tailored, situationspecific response (Braithwaite & Huntingford, 2004; Chandroo et al., 2004a; Weary et
al., 2016). These examples ultimately provide evidence to support the concept that fish
are perhaps capable of some level of awareness and cognition.

1.6.4 – Indicators of stress and welfare
Typical physiological responses to stress include the Sympathetic Adrenal
Medullary (SAM) and Hypothalamic Pituitary Adrenal (HPA) axes. SAM responses are
part of the ‘fight-or-flight’ reflex which is rapid in response, utilizing the autonomic
nervous system (ANS) and triggering an adrenergic stress response involving the
release of adrenaline and noradrenaline from the medulla. The HPA axis is more
associated with chronic stressors and act much slower than SAM responses; HPA
stress responses involve circulating levels of plasma cortisol and glucose (Mendl,
1999). It should be noted that fish lack a distinct adrenal gland, as such the terms SAM
and HPA axes do not apply. Instead, these functions and responses are performed by
the Hypothalamic Pituitary Interrenal (HPI) axis which involves cells located within the
anterior of the kidney in fish (Silbergeld, 1974; Sopinka et al., 2016). These responses
are often examined when investigating the effects of stress on animals by providing
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sensitive indicators of affective state, however interpretations of changes in these
systems does not always specify negative affect. For example, increases in circulating
plasma cortisol can be associated with positive affective states like excitement or
arousal (Mendl, 1999). With this in mind, the assessment of these parameters must be
done with some degree of interpretation on the part of the researchers. Morphological
indicators, such as condition factor (K or CF), hepatosomatic (HSI) and viscerosomatic
(VSI) indices can assist in the determination of a fish’s welfare (Adams et al., 1993;
Sopinka et al., 2016). Decreases in these values may indicate lower energy allocation to
these organs which can affect the natural behaviours and functions of the fish,
implicating one of Webster’s (2001) ‘five freedoms’ (Fraser, 2008; Davidson et al.,
2009). Condition factor, in particular, is a strong indicator of the overall nutritional status
of a fish, but can however exhibit fluctuations based on season, developmental stage,
sexual maturation, and with the presence of pathogens and disease (Bolger and
Connolly, 1989; Sopinka et al., 2016).
Behaviour can also be a strong indicator, providing excellent cues about the
preferences, needs, and internal states of animals (Mench and Mason 1997; Martins et
al., 2012). Suppression of normal behaviours and behavioural changes of animals can
indicate pain, distress, and even environmental disturbances, thus its study may provide
insight into the affective states of animals (Mench and Mason 1997). Fish behaviour is
easily observable and has been shown to be a sensitive indicator to problematic rearing
techniques used in the aquaculture industry (Schreck et al. 1997). However, there are
observational restrictions that are imposed by the culture unit (light intensity,
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observation distance, etc.) limiting the use of conventional observation techniques
(Baras and Lagardère, 1995).

1.6.5 - Implications for aquaculture
Unfortunately, the assessment of the welfare requirements of fish have not been
studied to the same extent as those in terrestrial livestock (such as mammals or birds)
and the focus has been on finfish aquaculture due to its size and contribution to the
aquaculture industry (Braithwaite & Huntingford, 2004; Browman et al., 2018). This
could potentially imply that the welfare requirements of the animals utilized in these
fields is currently at risk of being sub-par due to a lack of proper assessment (Chandroo
et al., 2004b; Sneddon et al., 2016; Browman et al., 2018). The argument from analogy
is difficult to use for aquatic species such as fish, due to the fact that many tissues in
fish are not analogous in structure with anatomically similar tissues in humans;
however, analogies in function can still be observed (Sherwin, 2001). When fish are
stressed, their ability to resist the assault is weakened, and stress is considered a
primary contributing factor that leads to impaired health in cultured fish (Iwama, 2011).
This can ultimately affect the production performance of an aquaculture system which
can manifest as reduced feed intake, feed efficiency and growth as well as increases in
mortality.

1.7 Conclusions
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Canada’s current finfish aquaculture production of is primarily focused on the
culture of two species; Atlantic salmon and rainbow trout (FAO, 2016). However, Arctic
charr have been acknowledged as a species with high economic potential for culture in
Canadian waters (CCFAM, 2010). This is due in part to this species’ strong tolerance for
high biodensities, and their broad range in thermal tolerance (0.5-24 °C) allows for
culture in relatively low temperatures (Brännäs et al., 1992; Lyytikainen and Jobling,
1998; Siikavuopio et al., 2009).
Studies on the effects of biodensity on Arctic charr aquaculture have been
performed with densities ranging as low as 15 kg/m3 to those in excess of 120 kg/m3
(Wallace et al., 1988; Jørgensen and Jobling, 1993; Jørgensen et al., 1993). Jørgensen
et al. (1993) conducted a study rearing adult Arctic charr at three biodensities: 15, 60,
and 120 kg/m3. After nine weeks, a reduction in growth was reported in fish stocked at
15 kg/m3 with no observable effects found in the 60 and 120 kg/m 3 densities (Jørgensen
et al., 1993). It is interesting to note that behavioural observations showed no schooling
in fish reared at 15 kg/m3 but normal schooling behaviour in the other treatments which,
as we have seen, could explain the reduction in growth in subordinates as a result of
stress. Similar results were reported by Wallace et al. (1988), however the densities
used in these experiments (5.3 – 37.0 kg/m3) were low in comparison to those
commonly used in studies of biodensity on Arctic charr (given their affinity for densities
in excess of 100 kg/m3) (Jørgensen et al., 1993). The suggested biodensity of Arctic
charr is anywhere between 40 – 120 kg/m3 for optimal growth and reduced conspecific
aggression (Johnston, 2002).
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While studies such as these have examined the potential of an optimal biodensity
for Arctic charr production, there has been little focus on the effects on potential welfare
aspects to date (Wallace et al., 1988; Jørgensen and Jobling, 1993; Jørgensen et al.,
1993; Johnston, 2002).

1.7.1 – Purpose, hypotheses, and objectives
In light of the above information, this thesis further investigates the effects of
biodensity on the growth performance and physiologic measures of Arctic charr. An
emphasis will also be placed on welfare indices, in an attempt to determine an optimum
density to culture Arctic charr culture for high production performance and minimal to no
impacts on the welfare of the animals.
The goal of this research was to provide an estimation of the optimal biodensity
for Arctic charr aquaculture. It is hypothesized that there is a density at which production
performance (growth, feed efficiency, condition, etc.) and welfare (CF, fin damage, and
plasma chemistry) parameters can be optimized. Extremes in density (both low and
high) are anticipated to be negatively correlated with welfare parameters and growth
performance.
Growth and production parameters examined included: mortality, wet mass, fork
length, condition factor (CF), thermal-unit growth efficiency (TGC), feed efficiency (FE),
feed input, white muscle protein content and RNA:Protein ratio (upper capacity for
protein synthesis), eviscerated carcass mass (ECM), and viscerosomatic (VSI) and
hepatosomatic (HSI) indices. Potential welfare of Arctic charr was assessed using:
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condition factor (CF), caudal and dorsal fin damage, as well as circulating levels of
plasma cortisol and glucose.

2.0 Methodology
2.1 - Study Animals and Experimental Design
Experimental trials for this study were conducted over a period of 91 days
between April and July, 2017. Fraser strain Arctic charr (Salvelinus alpinus) fingerlings
were obtained from 3 tanks of station stock at the Alma Aquaculture Research Station
(AARS) located in Elora, Ontario. The station is an accredited research facility
associated with the University of Guelph that has provided research assistance for a
wide array of interdisciplinary studies. AARS laboratories are equipped with modern
equipment and well developed standard operating procedures to allow for fine-tuning of
numerous experimental parameters. Fresh water supplied from wells was degassed
and oxygenated via an on-site water treatment centre before distribution to the
laboratories and culture tanks. Water temperature was a static 8.5 °C throughout the
duration of the study and the photoperiod was maintained with a 12hr light : 12hr dark
cycle controlled via computerized software. The light source was a total of eight 150-W
incandescent bulbs (331.8 ± 7.6 lx emittance), evenly spaced over the experimental
area. In addition, opaque curtains were erected near the entrances to the experimental
area in order to reduce the impact of outside light sources and foot traffic. Additionally,
water quality was assessed twice a week; average environmental conditions are
summarized in Table 2.1:
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Table 2.1 – Mean (± SEM, where applicable) physical/chemical water quality parameters at the
Alma Aquaculture Research Station (AARS) over the duration of the study (April – July, 2017).

Variable
Measured Value(s)
Physical Parameters
Water Temperaturea
8.5 ± 0.18°C
pH
8.21
Conductivity
506 μmhos/cm
Total Dissolved Solids (TDS)
311 mg/L
Turbidity
0.13 NTU
Alkalinity, Total
242 mg/L
Anions and Nutrients (mg/L)
[Nitrate]

0.482

[Nitrite]

<0.01

[Ammonia]

<0.02

[Chloride]

7.72

[Fluoride]

0.199

[Sulfate]
31.6
[Dissolved Orthophosphate] (P)
<0.003
Organic/Inorganic Carbon
Total Organic Carbon (TOC)
1.4 mg/L
Lighting
a
Average Intensity
331.8 ± 7.6 lx
Photoperiod
12 h light:dark
a
Mean ± SE.

Fish with an average body wet mass of 176.9 ± 3.9 grams were randomly
removed from each of the 3 tanks of station stock and placed into a single holding tank
prior to assignment to the treatment tanks; this was an attempt to reduce potential
variability in initial length and mass as well as to reduce or negate the effects of
potential hierarchies that may have been present in the stock tanks.
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Fibreglass treatment tanks (n=20; dimensions of 1.000 x 1.000 x 0.276 m, mean
volume of 0.288m3) were randomly assigned one of five treatment densities (ie. 30, 60,
90, 120 or150 kg/m3) by randomized block design allowing for a total of four
blocks/replicates per treatment. The fish were then randomly distributed among all 20
fiberglass tanks up to a density of 150 kg/m3 before fish were then randomly removed in
order to obtain the desired treatment densities. Additionally, a subsample of 15 fish was
taken from the station stock as reference sample for the initial population of fish.
The occupiable space (volume) that the fish could occupy was determined
following each sampling by measuring the depth of the water column from the surface to
the drain cover on the outflow of each tank; this volume is depicted as the shaded
section of Figure 2.1:

Figure 2.1 – Depiction of the ‘occupiable space’ within each 1.00 x 1.00 x 0.288m (288 litres)
fibreglass culture tank that could be physically occupied/accessed by the Arctic charr specimens;
depicted as the shaded area of figure.
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The depth of the water column varied slightly as a result of differences in flow
rate between the high and low densities. This resulted in slight differences in the total
livable space between the highest and lowest densities. Thus, the total livable space
was accurately measured and was used to accurately determine and manage the
biodensity for each tank.
Water temperature and oxygen concentrations were recorded for each tank twice
weekly using an Oxyguard Handy Polaris meter. These measurements were performed
at ~12:30 pm, between the scheduled morning and afternoon hand-feeding sessions, in
order to minimize the effects of feeding behaviour on the fish’s metabolic demands
(during which oxygen demand is likely to increase due to increased activity).
Tank biodensity also affects the total oxygen consumption in a tank. Due to the
difference in total tank biomass between the treatment densities, special consideration
was taken to ensure adequate oxygen saturation in each replicate tank. Concentrations
were controlled by adjusting the flow of water into the tank to allow for adequate oxygen
saturation, ≥9.0 mg/l (~85%; set by the investigators), in order to accommodate normal
metabolic demands. These concentrations are consistent with the suggested minimum
for Arctic charr culture at 70% saturation (~7.8 mg/l) (Jobling, 1994). Average water flow
and turnover rates, and the associated dissolved oxygen concentrations discussed in
Section 2.1a. Once assigned and placed into a treatment tank, fish were acclimated to
their environmental conditions for a period of 7 days prior to experimental sampling.
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2.1.1 - Water flow & turnover rates, and corresponding oxygen saturation
Water flow rates (l/min) and turnover (min) were adjusted and recorded after
each sample period and can be found in Table 2.1.1a. The corresponding dissolved
oxygen concentrations (mg/l) can be found in Table 2.1.1b with the mean and lowest
values depicted in Figure 2.1.1.
Table 2.1.1a – Mean (± SEM) tank water flow (l/min) and turnover rates (min) for each treatment
density, recorded and adjusted following each sample period throughout the duration of the
study. Ti = AARS station stock sample; T0-T4 = sample periods 0 – 4.
Sampling Period

Biodensity

Ti
T0
T1
T2
T3
T4
Flow Rate Turnover Flow Rate Turnover Flow Rate Turnover Flow Rate Turnover Flow Rate Turnover Flow Rate Turnover
(l/min)
(min)
(l/min)
(min)
(l/min)
(min)
(l/min)
(min)
(l/min)
(min)
(l/min)
(min)

30 kg/m3

25.0 ± 0.2

11.5

29.7 ± 0.9

9.7

24.7 ± 0.6

11.6

26.4 ± 0.3

10.9

26.3 ± 1.2

11.0

25.2 ± 0.6

11.4

60 kg/m3

36.4 ± 0.8

7.9

35.4 ± 0.3

8.1

37.4 ± 1.4

7.7

33.7 ± 1.1

8.5

38.1 ± 1.4

7.6

36.3 ± 0.4

7.9

90 kg/m3

46.9 ± 0.5

6.1

47.9 ± 0.7

6.0

45.2 ± 2.1

6.4

47.2 ± 0.6

6.1

48.0 ± 1.4

6.0

49.5 ± 0.9

5.8

120 kg/m3

56.9 ± 1.7

5.1

60.1 ± 1.1

4.8

59.6 ± 1.2

4.8

58.8 ± 1.0

4.9

54.4 ± 2.1

5.3

59.5 ± 1.1

4.8

150 kg/m3

66.0 ± 2.5

4.4

64.3 ± 0.4

4.5

67.3 ± 1.8

4.3

67.3 ± 1.4

4.3

67.3 ± 1.6

4.3

68.7 ± 1.8

4.2
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Table 2.1.1b – Mean (± SEM) tank dissolved oxygen [DO2] (mg/l) recorded between the morning
and afternoon hand feeding sessions (performed twice weekly) throughout the duration of the
study. Ti = AARS station stock sample; T0-T4 = sample periods 0 – 4.

Sampling Period
Ti

T0

T1

T2

T3

T4

[DO2]
(mg/l)

[DO2]
(mg/l)

[DO2]
(mg/l)

[DO2]
(mg/l)

[DO2]
(mg/l)

[DO2]
(mg/l)

30 kg/m

10.10 ± 0.06

9.90 ± 0.05

9.47 ± 0.04

9.52 ± 0.04

9.66 ± 0.05

9.80 ± 0.01

60 kg/m3

9.63 ± 0.16

9.60 ± 0.07

9.25 ± 0.06

9.38 ± 0.04

9.51 ± 0.03

9.63 ± 0.05

90 kg/m

3

9.45 ± 0.14

9.45 ± 0.10

9.23 ± 0.06

9.40 ± 0.04

9.53 ± 0.03

9.70 ± 0.04

120 kg/m3

9.4 ± 0.09

9.40 ± 0.08

9.13 ± 0.07

9.29 ± 0.05

9.36 ± 0.05

9.55 ± 0.09

9.50 ± 0.29

9.26 ± 0.09

9.08 ± 0.05

9.17 ± 0.06

9.19 ± 0.05

9.38 ± 0.09

Biodensity

3

3

150 kg/m

Figure 2.1.1 – Mean and lowest recorded tank dissolved oxygen concentration (mg/l), among all
treatment densities, throughout the duration of the study.
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2.2 - Acclimation and Sampling Periods
The traditional role of experimental acclimation is to allow an adequate period of
time for individual organisms to adjust to changes in their environment before exposure
to a treatment or experimental variable. This is typically an acclimation to the husbandry
methods employed during a study. However, in this particular study the experimental
variable was biodensity which, using the selected methods, cannot be introduced
following a typical acclimation period. In other words the husbandry, biodensity in this
case, is the treatment and thus can only be introduced immediately without a typical
acclimation. Therefore the acclimation period in this study served as an acclimation to
the environmental conditions and husbandry that would be employed throughout the
duration of the study.
Thus, tanks were stocked at their treatment densities prior to acclimation. A
period of 7 days was used in an attempt to reduce any potential effects associated with
the new environmental conditions, while remaining short enough to avoid significant
treatment effects at the first sampling period (T0).

2.3 - Density Maintenance
Treatment densities were maintained within non-overlapping limits throughout the
study by regular removal of fish from each tank. In order to avoid potential overlap of
treatment densities, historical growth data from previous lines of AARS Arctic charr
were assessed and a sampling period of 21 days was established to accommodate the
expected, average growth of the fish over the course of the experiment.
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With each sampling period, the total biomass for each tank was determined and
individual fish were then removed at random in order to attain the prescribed treatment
density required for each replicate tank. Removed fish were examined for signs
morbidity and reintroduced to AARS station stock. Dissolved oxygen concentrations
were measured and water inflow rates were adjusted following the density maintenance
of each sampling period in order to allow for adequate water quality. The flow and
turnover rates of each tank were measured once again and recorded (Table 2.1.1a).
The angle of water inflow for each tank was adjusted in order to simulate a similar
horizontal velocity across all replicate tanks, irrespective of the differences in flow that
resulted from the difference in biomass of the assigned treatment densities.

2.4 - Feeding Regimen
The fish were fed non-pigmented Skretting Orient LP 18 aquafeed in a pellet size
of 3mm during the acclimation period and then from the onset of the trial until switched
to a 4mm pellet of the same feed type from April 25 to the completion of the study.
During the acclimation period, fish were fed a ration of 0.85% body weight/day
through the use of commercial belt feeders. This was used as a maintenance ration
based on Skretting Canada feeding charts for salmonids adjusted for 8.5°C. Average
fish mass, used to determine this ration, was determined from tank biomass and the
number of fish in each tank. Fish were not fed for a day immediately following the 7-day
acclimation period, and the day prior to each sampling event. This was to allow for
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increased precision in mass measurements and to reduce the potential contamination of
tissues as a result of digestive tract rupture while collecting samples.
Once the experimental period and sampling had begun, subsequent feedings
were conducted with 2 days of hand feedings (Monday, Thursday) and 5 days of
automated belt feeding. Ration size was determined by hand feedings in which fish
were fed to near-satiation in the morning (9:00hrs) and afternoon (14:00hrs) over a
period of 2 hours; each replicate tank was assigned a marked container and the total
weight of feed consumed was determined and recorded for analyses of growth
performance. Hand feedings were performed by the same individual throughout the
duration of the study in order to control for individual variations in the determination of
the feeding end points.
As a result of the large biomasses of the 120 and 150kg/m3 treatments, feeding
end points were more difficult to observe; as such, feed was administered until feeding
behaviours ceased or feed began to accumulate around the outflow. Feed input for
individual tanks was recorded and used to determine the belt-fed ration sizes that
resulted in the values outlined in Table 3.2.4.
When not being hand fed, fish were fed via automated belt feeders at a ration
equal to 85% of the average from the two previous hand feeding sessions. This was
done to ensure that all of the feed input into each replicate tank was entirely consumed,
allowing for the accurate determination of feed consumption and efficiency. As a result,
the fish were fed to ‘near-satiation’ during the automated feeding sessions while being
fed to apparent satiety during the hand feeding sessions
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2.5 - Sampling Regimen
Tissue sampling and data collection were separated into 5 sampling periods (T 04)

with an additional, initial, sample of station stock (Ti). Sample periods were separated

by a period of 21 days with the exception of the 7-day acclimation period from Ti-T0;
actual sample dates are shown in Table 2.5.
Table 2.5 – List of sample periods, their respective dates, and sample sizes.

Sample Period

Date

Ti

Apr-06

T0
T1
T2
T3
T4

Apr-13
May-04
May-25
Jun-15
Jul-06

Description of Sample
(n)
Initial station stock
(n=15 total)

Treatment data collection
(n=5/tank; 20/treatment; 100 total)

The duration of the acclimation period was selected based on historical growth
data from previous cohorts of Arctic charr reared at the AARS in an attempt to avoid
overlapping of treatment densities as the fish increased in size.
A subsample of 5 fish was selected at random from each tank, removed and
placed in a bucket of water containing a lethal dose (600 ppm) of MS-222 within 1
minute of removing the tank cover. The fish were exposed to the anaesthetic bath for a
period of 3 minutes in order to ensure successful euthanization. Individual fish were
then weighed and measured for fork length before being photographed for fin analyses.
Whole blood was sampled via caudal puncture and used for the determination of
plasma glucose and cortisol.
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A ventral, midline incision was then made from the anus to the pectoral girdle
and whole livers with gallbladders attached were carefully removed with care taken to
not rupture the gall bladder; this was done to reduce or eliminate contamination of the
liver by the bile. Whole livers, with gall bladders attached, were placed into clean Petri
dishes and weighed for HSI analyses before dissection and collection of 3-4 small
samples of tissue (roughly 2 mm3) from the interior of the liver; this was to avoid any
potential contamination from the outside surface of the liver. The liver samples were
submerged in an RNAlater solution in Eppendorf tubes and stored on ice until transfer
to a -25°C freezer within 4 hours of collection.
Fish were then fully eviscerated, removing the spleen, digestive tract and
surrounding adipose tissue leaving only an eviscerated carcass. These carcasses were
then weighed and used to determine the mass of eviscerated tissue for VSI analyses.
Muscle samples were then excised via a midline incision in the dorsolateral musculature
on the right flank of the animal, adjacent/below the dorsal fin and above the lateral line.
The skin was carefully peeled away from the underlying musculature and a 1.5cm3 block
of tissue was excised before being wrapped in tin foil and placed on dry ice prior to
storage at -25°C within 4 hours of collection. These samples were used to determine
the biochemical growth correlates of total protein and RNA. The remaining carcasses
and excess tissues were collected in sealed plastic bags which were labeled and stored
in a chest freezer for later disposal as per the AARS standard operating procedure and
guidelines.
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2.6 - Data Collection and Tissue Analysis
The mortality, growth, morphological, and physiological parameters sampled
(and their corresponding sample sizes) are indicated in Table 2.6.
Table 2.6 – List of parameters assessed and their associated sample sizes for tissue
collection/analysis.

Parameter
Sample Size
Morphological
Body Weight
Fork Length
HSI
Ti: n=15 fish from station stock
VSI
T0-4: n=5/tank; 20/treatment; 100
Fin Damage
total
Physiological
Plasma Glucose
Plasma Cortisol
Biochemical Growth
Growth
Feed Input
T0-4: n=4 tanks/treatment
FE
TGC

2.6.1 – Mortality analyses
All analyses of mortality were performed on data obtained from each tank (4
replicate tanks per treatment density). Mortalities for each tank were monitored daily
and recorded throughout the duration of the study (T i – T4). Mortalities were removed
immediately upon discovery, weighed and observed for possible cause of death. Careful
consideration was taken in order to differentiate bite marks and other potential signs of
aggression from actual morbidities such as abrasions and infections.
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2.6.2 - Growth analyses
The analyses of feed and growth data were performed on data obtained from
each of the 4 replicate tanks per treatment density. Feed input was determined for each
sampling period from data obtained after each scheduled hand-feeding day. Total feed
input for each hand-feeding day was recorded and used to determine the ration of the
subsequent days of automated feeding via belt feeders; this ration size was 85% of the
average of the two previous hand-feeding days.
Feed efficiency for each replicate tank was determined using measurements of
total tank biomass and feed input between each sampling period:

where Wtf is final tank biomass (kg), Wti is the initial tank biomass (kg) and Feed
Input is the amount of feed consumed by the fish between sampling periods.
Thermal-unit growth coefficients (TGCs) were calculated for each replicate tank
based on the mass gained between samples, water temperature and the number of
days between samples:

where Wtf is final tank biomass (kg), Wti is the initial tank biomass (kg), T is the
average water temperature (°C) and t is the time between sampling periods.
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2.6.3 - Morphological analyses
Fulton’s Condition Factor (K) for individual fish was calculated for each sampling
period using the equation:

where WtWet is wet mass (g) and L = fork length (cm).
Hepatosomatic index (HSI) of individual fish was determined using the equation:

where WtWet is wet mass of the fish (g) and WtLiv is the mass of the liver including
intact gall bladder (g). Liver masses included the mass of the intact gall bladder in an
attempt to avoid potential bile contamination of liver samples for future genomics
analysis.
Visceral mass was calculated individually for each fish by subtracting the
eviscerated carcass mass (ECM) from the wet mass:

where WtWet is wet mass (g) and WtCarc is the mass of the eviscerated carcass
(g). This was used in the determination of viscerosomatic index. This mass included the
spleen, renal tissue, digestive tract and surrounding adipose tissue.
Viscerosomatic index (VSI) was calculated for individual fish using the equation:
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where WtWet is wet mass (g) and WtVisc is the mass of the tissue removed during
evisceration (g); tissues removed included the liver, spleen, digestive tract, renal tissue
and surrounding adipose tissue from the anterior of the esophagus to the anus.
Dorsal and caudal fin damage was determined using a validated 6 point
macroscopic key (ranging from 0 – no damage, through 5 – heavily damaged) outlined
by Hoyle et al. (2007) (Figure 2.6.3).

Figure 2.6.3 – Photographic identification key used for the assessment of Arctic charr caudal and
dorsal fin damage; established and validated by Hoyle et al. (2007) for use in rainbow trout, a
closely related salmonid species; TOP – large fish, BOTTOM – small fish. Whole body
photographs (showing both caudal and dorsal fins) were assessed separately by 2 individuals and
the average of the two assigned scores was reported.

Sampled fish were photographed on a measuring board and their caudal and
dorsal fins were later assessed individually and scored by two independent sources with
the average of the two assigned scores being reported.
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2.6.4 - Physiological analyses
Plasma glucose was measured on individual blood samples using whole blood
via OneTouch Verio handheld glucometers (Lifescan Inc, California, USA). 1.0-1.5 ml
samples of whole blood were collected via caudal puncture using syringes with 23
gauge needles treated with sodium EDTA to prevent coagulation. Immediately following
sampling, a small droplet of whole blood was deposited onto a fresh test strip and
reported in real time in units of mmol/l (mM). The use of the handheld meter was
validated via a pilot study in which 15 fish were sampled for plasma glucose both via
handheld glucometer on whole blood and via spectrophotometry of plasma collected
following centrifuging at 14000 rpm for 5 minutes. Glucose measurements were
performed immediately upon obtaining a blood sample and the remaining whole blood
was carefully expelled into labeled Eppendorf tubes and placed on ice until all samples
were obtained. Samples were then centrifuged in an IEC MB Micro Hematocrit benchtop centrifuge at 14000 rpm for 5 minutes. The resultant plasma was decanted into
fresh Eppendorf tubes and placed on ice and stored at -25°C for later analyses.
Plasma cortisol for each fish was determined using a radioimmunoassay (RIA)
developed for cortisol in rainbow trout (Oncorhynchus mykiss) outlined by Bernier et al.
(2008). Frozen plasma samples were assessed in triplicate by a 3-parameter sigmoidal
curve regression equation of a standard curve. The following modifications were made
to assess plasma cortisol in Arctic charr: diluted mouse monoclonal anti-cortisol
antibody (cat # XM210, Abcam, Cambridge, UK) was used in place of rabbit antibody;
antibody concentration was adjusted such that 40% of radiolabeled cortisol was bound;
the lower detection limit was 65 pg ml-1; cortisol was measured in unextracted plasma
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that was diluted 5 times in assay buffer in order to fall within the 20-80% range of the
standard curve.
Biochemical growth indicators were determined using measurements of protein
and RNA obtained from white muscle samples. Sample homogenization was via the
perchloric acid (PCA) method (Fauconneau, 1985; Fauconneau et al., 1990; Houlihan et
al., 1986) with the following modifications: 0.05 g samples of white muscle were
mechanically homogenized using a Brinkmann Polytron PT 3000 Homogenizer (Fisher
Scientific, Ottawa, CA) and washed twice using 0.2M PCA before incubation in 1.0 ml
0.5M NaOH at 37°C for 1 h; a 15 μl aliquot of the homogenized sample was used to
determine total protein concentration in mg.
Total protein was determined using the methods established by Lowry and
Rosenbrough (1959), with absorbance at 740 nm measured in an Evolution 60S UVVisable Spectrophotometer (Thermo Scientific, Ontario, CA). Individual sample protein
concentrations (μg/ml) were determined from a standard curve constructed using bovine
serum albumin (BSA) standards (VWR International, Cat # 0332-100G, Lot #
2086C470). Total protein (mg) was calculated using the following equation:
[

]

Protein:Wet Weight ( g/mg) was determined by dividing the Total Protein by the
sample mass:

(

)
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The concentration of muscle RNA was determined using the SchmidtThanhauser dual absorbance method (Houlihan et al., 1993; Mathers et al., 1993;
Valente et al., 1998). 500 μl aliquots of homogenized sample were washed with 500 μl
each of 0.5M NaOH and 20% PCA and centrifuged in an IEC MB Micro Hematocrit
bench-top centrifuge at 14000 rpm for 5 minutes. The absorbance of the resulting
supernatant was then measured via spectrophotometry at wavelengths of 260 and 232
nm. RNA concentration was determined using the following equation:
[

]

Total RNA was calculated using the following equation:
[

]

RNA : Protein (μg/mg), RNA : Sample mass (μg/mg), and Protein : Sample mass
ratios were then determined for individual fish.

2.7 - Behavioural Observation
Observations of behaviour before, during, and after feeding were performed by
the investigator at each hand-feeding session. The location, orientation, schooling and
swimming activity of fish within each tank were documented along with any general
behavioural observations of note, such as chasing, fin nipping, or general avoidance
behaviours (Christiansen et al., 1991; Yue et al., 2006).
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2.8 - Statistical Analyses
Data were analyzed as a randomized block design according to tank replicate
and treatment density using the GLIMMIX procedure in SAS University Edition 9.4 for
Windows 7 (SAS Institute Inc., Cary, NC, USA). All data are reported as mean ± SEM.
Differences were assessed by GLIMMIX procedure followed by a Least Significant
Difference (LSD) post-hoc test for multiple comparisons in order to determine
differences among treatment densities within a sampling period and to assess trends
over time within a given treatment. Measurements obtained from the subsamples of 5
fish per treatment tank (n=4) with each sample period were used to calculate the
standard error of the mean (SEM). Replicate tank means were assessed for differences
in order to confirm that there were no tank effects present, before data was pooled for
further analyses.
Data obtained from individual fish were analyzed using the standard GLIMMIX
procedure by treatment density and by time; these included individual plasma cortisol
and glucose concentrations, body mass, fork length, K, HSI, VSI, RNA : protein, and
protein : sample mass ratios. Dorsal and caudal fin damage scores were also assessed
using GLIMMIX procedure, utilizing the Median Odds Ratios (MOR) command to
determine differences in median values within sample periods.
Data obtained involving measurements of the total tank were analyzed using a
repeated measures GLIMMIX procedure; these included replicate tank mortality, feed
input, feed efficiency (FE) and thermal-unit growth coefficient (TGC).
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The GLIMMIX procedure was further used in order to assess potential
differences from the station stock population of Arctic charr at sample period Ti. The
residuals for all data were tested using the Anderson-Darling test for normality. P < 0.05
was considered statistically significant for all tests.
Potential correlations were analyzed using the Pearson Correlation procedure.
Sample data for each treatment density, from each sample period (T0 – T4), were
assessed; the correlation coefficients (r) and their associated P-values are presented in
table format with scatter plots and trend lines to indicate the presence of significant
correlations (p<0.05).

2.9 – Presentation of Results Data
Mortality, growth and feed data (TGC, FE) were determined for each treatment
density at each sample period from measures of individual tank total biomass, number
of fish, and feed input. Morphometric growth (wet mass, fork length, CF), and
physiological (HSI, VSI, ECM, plasma cortisol and glucose) data were obtained from
individual fish sampled from each tank. All of these were assessed for the effects of
biodensity using the GLIMMIX procedure in SAS University Edition 9.4 for Windows 7
(SAS Institute Inc., Cary, NC, USA).
The top panels of the results figures show the effect of biodensity within each
sample period (T0-T4); similar characters indicate mean values are statistically similar (P
< 0.05) within a sample period. The bottom panels show the effect of individual
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treatment densities over the time; similar characters indicate the mean values are
statistically similar (α = 0.05) within treatment densities, over time.

3.0 Results
3.1 – Mortality
Tank total mortalities for each treatment density are shown in Table 3.1. These
were negligible across all replicate tanks with total recorded levels of 0.17% (n=5
mortalities / 2943 charr stocked at Ti).
Table 3.1 – Tank total mortalities observed in each treatment density at each sample period
throughout the duration of the study. Values are reported as actual values (% mortality).

30 kg/m3

3

Biodensity

60 kg/m

90 kg/m3

3

120 kg/m

3

150 kg/m

Tank
Code

T0

T1

T2

T3

T4

C4

0

0

0

0

0

C8

0

0

0

0

0

C11

0

0

0

0

0

C31
C6

0
0

0
0

0
0

0
1

0
0

C28

0

0

0

0

0

C32

0

0

0

0

0

C36
C7

0
0

0
0

0
0

0
0

0
0

C10

0

0

0

0

0

C12

0

0

0

1

0

C27
C5

0
0

0
0

0
0

0
0

0
0

C29

0

0

0

0

0

C33

0

0

0

0

0

C35
C3

0
0

0
0

0
0

1
1

0
0

C9

0

0

0

0

0

C30

0

0

1

0

0

C34

0

0

0

0

0

Treatment
Total
0

1
(0.26%)

1
(0.18%)

1
(0.12%)

2
(0.20%)
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3.2 – Biodensity Maintenance & Husbandry
3.2.1 – Number of fish
Total number of fish per treatment tank was recorded for each sample period and
is reported in Table 3.2.1.
Table 3.2.1 –Total number of fish per tank, recorded at each sample period throughout the
duration of the study.
Sampling Interval

30 kg · m-3

-3

Nominal Density

60 kg · m

-3

90 kg · m

120 kg · m-3

150 kg · m-3

Total

Ti

T0

T1

T2

T3

T4

Tank
Code

# Fish

C4

48

43

37

30

23

C8

48

43

36

27

21

C11

46

C31

46

41

36

29

23

18

C6

96

91

77

64

52

42

C28

98

C32

99

Avg

47

97

# Fish

Avg

42

41

93

92

94

# Fish

Avg

36

36

78

79

81

# Fish

Avg

28

27

63

64

65

# Fish

Avg

# Fish

18

22

22

51

52

52

16

17

17

42

43

44

C36

94

89

78

62

51

43

C7

139

130

105

84

68

55

C10

147

137

113

90

75

C12

139

C27

141

134

108

85

69

57

C5

204

192

161

131

108

91

C29

199

189

157

127

104

C33

201

C35

202

190

155

124

101

87

C3

251

236

189

157

137

114

C9

253

C30

248

C34

244

142

202

249

2943

133

190

242
235

134

190

236

230

2773

110

160

196
188

109

158

189

184

2285

88

92

132

162
156

129

157

153

1860

Avg

72

77

110

140
132

106

135

131

1547

62

59

63

87

90

93

120
115

115

112

1296

Stocking at sample period Ti resulted in an average of 47, 97, 142, 202 and 249
fish per tank for treatment densities 30, 60, 90, 120, and 150 kg/m3 respectively; this
resulted in a total of 2943 Arctic charr used in this study. The number of fish in each
tank was lowered with each sample period such that a subsample of 5 fish per tank was
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removed for analysis in addition to the removal of more fish to maintain the desired
treatment biodensities.
3.2.2 – Actual density fluctuations over time
Densities for each tank were determined using measures of total tank biomass
recorded at each sample period. The fluctuation in mean tank biodensity over time can
be seen in Figure 3.2.2 and are reported in Table 3.2.2. Figure 3.2.2 also confirms that
treatment biodensities did not overlap each other for the duration of the study:

Figure 3.2.2 – Change in mean tank biodensity (kg/m3) for each treatment density recorded at
each sample period throughout the duration of the study.
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Table 3.2.2 – Individual and mean (± SEM) tank densities (kg/m ) recorded at each sample period
throughout the duration of the study.
Sampling Period
Tank
Code

30 kg/m3

Biodensity

60 kg/m3

3

90 kg/m

3

120 kg/m

3

150 kg/m

Ti
Density
(kg/m3)

T0
Avg

Density
(kg/m3)

T1
Avg

Density
(kg/m3)

T2
Avg

Density
(kg/m3)

T3
Avg

Density
(kg/m3)

T4
Avg

Density
(kg/m3)

C4

30.1

C8

30.1

C11

30.0

C31

30.1

30.2

32.3

36.9

37.5

C6

60.1

61.7

70.2

72.8

71.7

C28

60.2

C32

60.2

C36

60.1

61.7

68.7

75.0

74.5

74.5
109.7

30.7

30.1 ± 0.04

60.1 ± 0.03

31.3
30.7

62.2
58.4

35.0

30.7 ± 0.24

61.0 ± 0.87

36.1
34.2

70.8
69.7

37.9

34.4 ± 0.80

69.9 ± 0.46

39.7
38.2

74.1
75.6

38.3

38.2 ± 0.58

74.4 ± 0.61

38.0
37.5

73.7
74.9

37.8

37.9 ± 0.20

36.7
36.7
72.7

73.7 ± 0.71

74.3
73.5

C7

89.9

94.9

111.1

114.0

111.1

90.1

96.4

111.1

114.5

110.0

C12

90.0

C27

90.0

94.9

112.4

116.2

112.3

110.7
144.4

93.8

95.0 ± 0.54

108.1

110.7 ± 0.93

110.1

113.7 ± 1.30

106.9

C5

120.1

127.4

143.6

148.4

145.9

C29

120.1

126.2

144.9

149.6

145.4

C33

120.2

C35

120.3

C3

150.0

C9

150.0

C30

150.1

C34

150.1

120.2 ± 0.04

126.7

126.9 ± 0.26

127.1
157.0
158.0
158.2

144.6 ± 0.52

145.9

158.8

150.0 ± 0.04

144.0

186.5
188.2
185.3

147.9 ± 0.82

147.9

188.1

158.0 ± 0.38

145.7

181.7
178.2
179.2

110.1 ± 1.17

145.0 ± 0.54

145.0

182.8

187.0 ± 0.69

143.4

174.6
173.7
173.7

108.0
109.2

142.9
141.8

73.7 ± 0.42

109.4 ± 0.56

142.4 ± 0.82

140.5

171.0

180.5 ± 1.08

36.8 ± 0.36

36.1

C10

90.0 ± 0.03

Avg

178.1

173.3 ± 0.79

174.0
172.8
174.5

174.8 ± 1.14
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3.2.3 – Biomass (average)
The biomass (kg) of fish stocked in each treatment tank was recorded at each
sample period, immediately following density maintenance and is reported in Table
3.2.3.
Table 3.2.3 – Individual and mean (± SEM) tank biomasses (kg) recorded at each sample period
throughout the duration of the study.
Sampling Period
Tank
Code

30 kg/m3

Biodensity

60 kg/m3

90 kg/m3

3

120 kg/m

3

150 kg/m

Ti
Biomass
(kg)

C4

8.4

C8

8.4

C11

8.4

T0
Avg

Biomass
(kg)

T1
Avg

8.6

8.42 ± 0.01

8.8
8.6

Biomass
(kg)

T2
Avg

9.8

8.60 ± 0.07

10.1
9.6

Biomass
(kg)

T3
Avg

10.6

9.62 ± 0.22

11.1
10.7

Biomass
(kg)

10.70 ± 0.16

10.6
10.5

8.4

8.4

9.0

10.3

10.5

C6

16.8

17.3

19.7

20.4

20.1

C28

16.9

C32

16.8

C36

16.8

C7

25.2

C10

25.2

C12

25.2

C27

25.2

C5

35.4

C29

35.4

C33

35.5

C35

35.5

C3

44.2

C9

44.2

C30

44.3

C34

44.3

17.4
16.4

17.08 ± 0.24

17.3
27.0
26.3

37.4

46.6
46.7

42.5

55.0
55.5
54.7

44.1
43.0

53.6
52.6
52.9

29.9

42.9
42.3

51.3
51.2

20.8
20.6

20.64 ± 0.12

30.7

30.82 ± 0.33

30.2
30.6

30.64 ± 0.16

31.0
42.6

42.76 ± 0.16

42.1
41.8

42.01 ± 0.24

41.5

50.4
51.5

10.31 ± 0.10

20.9

42.8

53.24 ± 0.32

10.3
20.3

20.62 ± 0.20

43.1

43.63 ± 0.24

53.9

55.17 ± 0.20

30.8

10.3
10.1

31.5

43.6

55.5

46.61 ± 0.11

30.8

21.0

10.60 ± 0.06

31.1

31.84 ± 0.36

43.8

42.66 ± 0.15

43.1

46.8
46.3

42.7

32.1

20.6

Avg

10.6

20.8

32.5

42.4

27.42 ± 0.08

37.5

44.26 ± 0.01

30.3

21.2

20.83 ± 0.17

31.9

30.99 ± 0.26

31.5

37.6
37.2

31.1

20.8
21.0

31.1

26.59 ± 0.15

26.6

35.45 ± 0.01

19.5

19.56 ± 0.13

19.2

26.6

24.19 ± 0.01

19.8

Avg

10.7

C31

16.84 ± 0.01

T4
Biomass
(kg)

52.5

51.11 ± 0.23

51.3
51.0
51.5

51.57 ± 0.34
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3.2.4 – Feed input
Total feed input (kg) per treatment tank within each sample period was recorded
and is reported in Table 3.2.3a.
Table 3.2.4 – Tank total feed input (kg) for the 7-day acclimation period and with each 21-day
sample period recorded throughout the duration of the study.

Tank
Code
C4

30 kg/m3

C8
C11
C31
C6

60 kg/m3

C28
C32

Biodensity

C36
C7
3

90 kg/m

C10
C12
C27
C5

3

120 kg/m

C29
C33
C35
C3

3

150 kg/m

C9
C30
C34

Ti - T0
Feed (kg)

0.36
0.36
0.35
0.36
0.71
0.71
0.71
0.71
1.06
1.06
1.06
1.06
1.49
1.49
1.49
1.49
1.86
1.86
1.86
1.86

T0 - T1
Avg

0.35

0.71

1.06

1.49

1.86

Feed (kg)

Avg

Sampling Interval
T1 - T2
Feed (kg)

Avg

T2 - T3
Feed (kg)

1.92

3.26

2.98

2.13

3.59

3.23

1.74

1.98

3.02

3.33

3.06

Avg

T3 - T4
Feed (kg)
3.12

3.2

3.39
3.02

2.13

3.45

3.54

3.5

2.6

3.76

3.38

3.59

2.51
2.19

2.39

3.28
3.42

3.54

3.46
3.71

3.53

3.79
3.37

2.26

3.69

3.56

3.73

4.81

7.02

6.07

6.13

4.84

6.48

5.79

4.08

4.61

5.66

6.47

5.79

6.06

5.39
5.51

4.72

6.72

6.6

6.17

5.97

8.03

7.45

7.65

6.63

8.78

8.23

6.05

6.2

8.45

8.41

8.03

7.95

8.47
7.7

6.16

8.38

8.09

7.73

10.76

13.13

12.03

12.65

11.05
11.74
10.01

10.89

13.62
13.51
11.97

13.06

12.56
11.96
10.6

Avg

11.79

12.24
12.23
9.72

3.26

3.62

5.8

7.89

11.71

54

3.3 – Growth Performance
3.3.1 - Wet mass
Charr were stocked with an initial mean wet mass of 177.19 ± 10.06 g. During
the acclimation period (Ti – T0) there was no significant increase in wet mass,
irrespective of biodensity (Fig 3.3.1A). At T0 there was no difference in wet mass
(178.68 ± 6.03 g) across all treatment densities (Fig 3.3.1A). Between T0 and T1 the wet
mass of all charr increased (Fig 3.3.1B), at T1 all treatment densities exhibited similar
wet masses (233.82 ± 11.11 g) which were higher than those recorded in the AARS
station stock at Ti (Fig 3.3.1A). Values were consistently higher than those of the stock
Ti population from this point on (Fig 3.3.1A). Between T1 and T2 mass growth continued
(Fig 3.3.1B) and at T2 all densities exhibited similar mean masses (274.76 ± 15.30 g)
(Fig 3.3.1A). Growth continued between T2 and T3 (Fig 3.3.1B) but no differences
among biodensities in mean wet mass (344.37 ± 18.74 g) were observed at T3 (Fig
3.3.1A). Fish continued to increase in mass between T 3 and T4 (Fig 3.3.1B) but there
was ultimately no difference in mean wet mass (430.90 ± 23.59 g) at T 4, irrespective of
biodensity (Fig 3.3.1A).
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Figure 3.3.1 - TOP PANEL (A) – mean wet mass for each treatment density compared within each
sampling period; similar characters indicate the mean values are statistically similar (α = 0.05)
within a sample period; asterisks (*) indicate the effect of acclimation on means at T0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean wet
mass compared within each density over the study duration; similar characters indicate the mean
values are statistically similar (α = 0.05) within treatment densities, over time.
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3.3.2 - Fork length
Charr were stocked at an initial mean fork length of 24.75 ± 0.37 cm. During the
acclimation period (Ti – T0) there was no significant increase in fork length in any of the
biodensities (Fig 3.3.2A). At T0 there was no difference in fork length (25.20 ± 0.27 cm)
across all treatment densities (Fig 3.3.2A). Between T0 and T1 the fork length of all charr
increased (Fig 3.3.2B), at T1 all treatment densities exhibited similar lengths (26.77 ±
0.37 cm) which were higher than those recorded in the AARS station stock at T i (Fig
3.3.2A). Values were consistently higher than those of the stock Ti population from this
point on (Fig 3.3.2A). Between T1 and T2 charr continued to increase in length (Fig
3.3.2B) and at T2 all densities exhibited similar mean values (28.06 ± 0.49 cm) (Fig
3.3.2A). Fork length continued to increase between T2 and T3 (Fig 3.3.2B) but no
differences among biodensities in means (29.68 ± 0.45 cm) were observed at T3 (Fig
3.3.2A). Fork length increased again between T3 and T4 (Fig 3.3.2B), and all treatments
yielded similar values (31.11 ± 0.47 cm) at T4, irrespective of biodensity (Fig 3.3.2A).
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Figure 3.3.2 - TOP PANEL (A) – mean fork length for each treatment density compared within each
sampling period; similar characters indicate the mean values are statistically similar (α = 0.05)
within a sample period; asterisks (*) indicate the effect of acclimation on means at T0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean fork
length compared within each density over the study duration; similar characters indicate the
mean values are statistically similar (α = 0.05) within treatment densities, over time.
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3.3.3 - Condition factor (CF)
The mean condition factor (CF) of AARS station stock at Ti was 1.15 ± 0.03.
During acclimation (Ti – T0), condition factor decreased in charr stocked at 60 kg/m3; no
other treatments were found to vary during this period (Fig 3.3.3A). At T0, charr stocked
at 60 kg/m3 were found to have the lowest CF (1.07 ± 0.01), similar to those stocked at
30, 90, and 150 kg/m3 (1.11 ± 0.02) (Fig 3.3.3A). Charr stocked at 120 kg/m3 were
found to have the highest CF (1.15 ± 0.04), also similar to the values of those stocked at
30, 90, and 150 kg/m3 (Fig 3.3.3A). Between T0 and T1 the CF of charr stocked at 30,
90, and 150 kg/m3 increased (Fig 3.3.3B), and were greater than the stock Ti values by
T1 (Fig 3.3.3A). At T1, 150 kg/m3 resulted in the highest mean CF of all treatments (1.23
± 0.02), equal to those of the 30, 90, and 120 kg/m 3 densities (1.20 ± 0.02) (Fig 3.3.3A).
CF of charr stocked at 60 kg/m3 were the lowest (1.16 ± 0.02), yet similar to those of the
30, 90, and 120 kg/m3 treatments (Fig 3.3.3A). Between T1 and T2 there was no change
in mean CF across all densities (Fig 3.3.3B), however 30 kg/m3 did produce fish with
condition factors significantly higher than the Ti sample (Fig 3.3.3A). At T2 there was no
difference in mean condition factor (1.22 ± 0.03) across all densities (Fig 3.3.3A). CF
increased, between T2 and T3, in fish stocked at 90 kg/m3 (Fig 3.3.3B). At T3, condition
factor was found to be the highest in the 30, and 90 kg/m 3 densities (1.36 ± 0.07),
similar to the values obtained from the 60 and 120 kg/m 3 treatments (1.27 ± 0.02) (Fig
3.3.3A). Mean CF was lowest in the 150 kg/m3 density (1.21 ± 0.02) which was found to
be similar to those of the 60, and 120 kg/m3 treatments (Fig 3.3.3A). Condition factor
increased in all but the 90 kg/m3 treatment between T3 and T4 (Fig 3.3.3B), but by study
completion (T4) all densities exhibited similar mean values (1.40 ± 0.03) (Fig 3.3.3A).
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Figure 3.3.3 - TOP PANEL (A) – mean condition factor for each treatment density compared within
each sampling period; similar characters indicate the mean values are statistically similar (α =
0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean
condition factor compared within each density over the study duration; similar characters indicate
the mean values are statistically similar (α = 0.05) within treatment densities, over time.
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3.3.4 - Thermal-unit growth coefficient (TGC)
Between T0 and T1, charr stocked at 30 and 150 kg/m3 were found to have
equally the highest TGC (0.244 ± 0.01), but not different from the 90 kg/m3 treatment
(0.23 ± 0.01) (Fig 3.3.4A). Mean TGCs were lowest in the 60 and 120 kg/m3 densities
during this interval (0.20 ± 0.01) (Fig 3.3.4A). Between T0-T1 and T1-T2 there was an
increase in mean TGC in the 30, 90, and 120 kg/m3, while there was a decrease in
mean values for charr stocked at 150 kg/m3 (Fig 3.3.4B). Between T1 and T2, the
highest TGCs were observed in the 30 kg/m3 treatment (0.30 ± 0.02) which had similar
mean values to the 90 kg/m3 density (0.28 ± 0.01) (Fig 3.3.4A). Charr stocked at 60
kg/m3 had lower, yet similar values (0.25 ± 0.01), to those of the 90 kg/m 3 treatment (Fig
3.3.4A). The lowest values during this interval were found in the 120 and 150 kg/m3 with
a range of 0.23 ± 0.01) (Fig 3.3.4A).
Between T2 and T3, TGC continued to decrease in the 150 kg/m3 density which
had the lowest values (0.18 ± <0.01); there were no fluctuations in mean TGC among
the other densities (Fig 3.3.4B). During this period (T2 toT3), charr stocked at 30 kg/m3
had the highest values of TGC (0.29 ± 0.01) while values for the 60, 90, and 120 kg/m 3
treatments were between those of the 30 (highest) and 150 kg/m 3 (lowest) densities,
averaging 0.25 ± 0.03 (Fig 3.3.4A). There were no fluctuations in TGC between T3 and
T4, irrespective of density (Fig 3.3.4B). During the final growth interval (T3 toT4), the 30,
60, and 90 kg/m3 treatments yielded equally the highest values of TGC (0.27 ± 0.01)
while the lowest were found in fish held at 120 and 150 kg/m 3, averaging similar values
(0.21 ± 0.01) (Fig 3.3.4A).
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Figure 3.3.4 - TOP PANEL (A) – mean TGC for each treatment density compared within each
sampling period; similar characters indicate the mean values are statistically similar (α = 0.05)
within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean TGC
compared within each density over the study duration; similar characters indicate the mean
values are statistically similar (α = 0.05) within treatment densities, over time.
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3.3.5 - Feed efficiency (FE)
Between T0 and T1, feed efficiency (FE) was highest in charr stocked at 60 kg/m3
(1.41 ± 0.09) with comparable values seen in those stocked at 90 kg/m 3 (1.25 ± 0.02)
(Figure 3.3.5A). Values of FE for the 90 kg/m3 treatment were also comparable to, but
slightly greater than, charr held at 120 kg/m3 (1.17 ± 0.03) (Figure 3.3.5A). The lowest
values of FE in this period (T0 to T1) were seen in the 30 and 150 kg/m3 densities,
displaying similar averages in the range of 0.99 ± 0.06 (Figure 3.3.5A). Between T1 and
T2, the 90, 120, and 150 kg/m3 densities exhibited a decrease in FE, no changes were
seen in the remaining densities (Figure 3.3.5B). Between T1 and T2, charr stocked at 60
kg/m3 were found to have the highest FE values (1.14 ± 0.07) followed by those stocked
at 90 and 120 kg/m3, exhibiting similar mean values (1.00 ± 0.03) (Figure 3.3.5A). The
30 and 150 kg/m3 densities yielded equally the lowest FE, ranging 0.70 ± 0.03. There
were no fluctuations in mean FE between T 2 and T3, irrespective of density (Figure
3.3.5B). The trend observed between T1 and at T2 persisted into sample period between
T2 and T3, with charr stocked at 90, and 120 kg/m3 displaying values (0.94 ± 0.22, and
0.93 ± 0.04 respectively) between those of the 60 (highest; 1.08 ± 0.03) and 30, and
150 kg/m3 (equally lowest; 0.63 ± 0.31) treatments (Figure 3.3.5A). Between T3 and T4
there were no observable fluctuations in mean FE across all densities (Figure 3.3.5B).
During the final growth interval (T3 to T4), the trend observed in sample periods T2 and
T3 was still present; charr stocked at 60 had the highest values of FE (1.07 ± 0.02), the
90 and 120 kg/m3 treatments yielded the next highest (equally; 0.88 ± 0.03), and the
lowest values were seen in the 30 and 150 kg/m3 treatments (equally; 0.60 ± 0.04)
(Figure 3.3.5A).
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Figure 3.3.5 - TOP PANEL (A) – mean FE for each treatment density compared within each
sampling period; similar characters indicate the mean values are statistically similar (α = 0.05)
within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean FE
compared within each density over the study duration; similar characters indicate the mean
values are statistically similar (α = 0.05) within treatment densities, over time.
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3.4 – White Muscle Growth Indices (RNA and Protein)
3.4.1 - Muscle protein content (mg protein : g wet mass)
The mean muscle protein content of AARS station stock at T i was 145.29 ± 4.91
mg/g. During the acclimation period (Ti – T0) there was an increase in content across all
densities (Fig 3.4.1A). A similar increase was seen in fish stocked at 60, 90 and 120
kg/m3 (169.89 ± 4.26 mg/g, equally) but there was a greater increase in protein content
in charr stocked at 150 kg/m3 (177.84 ± 4.08 mg/g) than in those stocked at 30 kg/m3
(160.88 ± 5.54 mg/g) (Fig 3.4.1A). Between T0 and T1 the content declined in all charr
(Fig 3.4.1B) to values similar to those of the AARS stock fish (T i), with the exception of
the 150 kg/m3 treatment (Fig 3.4.1A). However, the only treatments to exhibit a
significant change over this time were 30, and 60 kg/m3 which showed signs of increase
and decrease, respectively. At T1, as well as having a lower protein content than the
charr stocked at 150 kg/m3 (175.55 ± 7.94 mg/g), the charr stocked at 60 kg/m3 also had
a lower muscle protein content (150.70 ± 9.77 mg/g) than the charr stocked at 30 kg/m3
(173.14 ± 4.56 mg/g) (Fig 3.4.1A). Between T1 and T2 (Fig 3.4.1B) muscle protein
increased in all densities (relative to Ti) although, at T2 (Fig 3.4.1A), the increase was
less in fish held at 90 kg/m3 (166.35 ± 2.37 mg/g) than in fish held at 30, 120 or 150
kg/m3 (179.24 ± 2.58 mg/g, equally) (Fig 3.4.1A). Between T2 and T3 (Fig 3.4.1B) the
content of the charr stocked at 90 and 120 kg/m3 declined (returning to values similar to
Ti; 167.47 ± 4.13 mg/g, equally) and was lower than the protein content of charr stocked
at 150 kg/m3 (183.26 ± 2.98 mg/g) by sample period T3 (Fig 3.4.1A). Between T3 and T4
(Fig 3.4.1B) the content of charr stocked at 120 kg/m3 increased (171.95 ± 3.96 mg/g)
and, at T4 (Fig 3.4.1A), was equal to the muscle protein content of charr stocked at 30,
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60 and 150 kg/m3 (170.83 ± 3.98 mg/g, equally). The muscle protein content of charr
stocked at 90 kg/m3 (156.54 ± 3.72 mg/g) remained lower than all other biodensities at
study completion (Fig 3.4.1A).
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Figure 3.4.1 - TOP PANEL (A) – mean muscle protein content for each treatment density compared
within each sampling period; similar characters indicate the mean values are statistically similar
(α = 0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0
and differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean
protein content compared within each density over the study duration; similar characters indicate
the mean values are statistically similar (α = 0.05) within treatment densities, over time.
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3.4.2 - Muscle RNA : protein (μg : mg) – protein synthesis capacity
Mean muscle RNA : protein ratios of AARS station stock (T i) was 21.91 ± 1.02
μg/mg. During the acclimation period (Ti – T0) ratios decreased in all densities and at T0
there was no difference in mean values (18.33 ± 0.70 μg/mg) across all treatments (Fig
3.4.2A). Between T0 and T1, the means of the 30, 120, and 150 kg/m3 densities
decreased further (Fig 3.4.2B) and at T1 60 kg/m3 had the highest values (17.88 ± 0.96
μg/mg) (Fig 3.4.2A). The 30, 90, and 150 kg/m3 densities yielded lower, but similar
values (16.40 ± 0.63 μg/mg, equally), while the lowest values resulted from stocking at
120 kg/m3 (14.99 ± 0.62 μg/mg). 60 and 150 kg/m3 decreased between T1 and T2, no
changes were seen in the other densities (Fig 3.4.2B); all values within sample period
T2 were lower than those recorded at Ti (Fig 3.4.2A). By T2 all treatments had lower
mean values than those recorded with the AARS stock sample. The highest ratios at T 2
belonged to charr stocked at 90 kg/m3 (17.48 ± 0.39 μg/mg), followed by the 30 kg/m3
treatment (16.78 ± 0.50 μg/mg) with lesser, yet similar values. Treatments 60 and 120
kg/m3 exhibited equally the second lowest values (15.69 ± 0.42 μg/mg), with the lowest
found in the 150 kg/m3 density (13.75 ± 0.48 μg/mg) (Fig 3.4.2A). The ratios of all
densities increased between periods T2 and T3 (Fig 3.4.2B), resulting in 90 and 120
kg/m3 values comparable to those sampled at Ti (Fig 3.4.2A). At T3, the 90 and 120
kg/m3 densities exhibited the highest values (20.34 ± 0.59 μg/mg) which were higher,
yet comparable to those of the 30 and 60 kg/m3 treatments (Fig 3.4.2A). Between T3
and T4, no treatments were found to vary, with the exception of 150 kg/m 3 which
increased during this period (Fig 3.4.2B). All but the 90 kg/m3 treatment’s values were
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lower than Ti samples by T4 (Fig 3.4.2A). At study completion, there was no difference in
mean RNA : protein across all densities (19.75 ± 0.53 μg/mg) (Fig 3.4.2A).
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Figure 3.4.2 - TOP PANEL (A) – mean RNA : protein content for each treatment density compared
within each sampling period; similar characters indicate the mean values are statistically similar
(α = 0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0
and differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean
RNA : protein content compared within each density over the study duration; similar characters
indicate the mean values are statistically similar (α = 0.05) within treatment densities, over time.

3.5 - Morphology
3.5.1 - Hepatosomatic index (HSI)
The mean HSI of AARS station stock was 1.45 ± 0.03 (T i). Acclimation resulted in
an increase in the 120 kg/m3 treatment; no variations were seen in the other densities
during this time (Figure 3.5.1A). At T0, HSI was greatest in charr stocked at 120 kg/m3
(1.47 ± 0.05) with slightly lower, yet comparable values in the 30, 90, and 150 kg/m 3
treatments (1.39 ± 0.04, equally) (Figure 3.5.1A). The lowest values at T0 were seen in
the 60 kg/m3 treatment (1.33 ± 0.03), but these values were also comparable to those of
the 30, 90, and 150 kg/m3 treatments. Between T0 and T1 (Figure 3.5.1B), the HSI of the
60, 90, and 150 kg/m3 densities increased significantly, and all treatments displayed
similar mean values at T1 (1.67 ± 0.04), higher than the Ti stock sample; all values were
greater than the station stock sample from this period to the end of the study (Figure
3.5.1A). No variation in HSI was observed between T 1 and T2, with the exception of 90
kg/m3 which increased during this time (Figure 3.5.1B). At T2, charr stocked at 90 kg/m3
exhibited the highest HSI (1.94 ± 0.04), with lower (yet comparable) values to those
stocked at 30, 60, and 120 kg/m3 (1.77 ± 0.08, equally) and the lowest values in the 150
kg/m3 density (1.71 ± 0.07) (Figure 3.5.1A). The only treatment to vary in HSI between
T2 and T3 was 60 kg/m3, which increased (Figure 3.5.1B). At T3, HSI was highest in the
60 kg/m3 density (2.12 ± 0.10) (Figure 3.5.1A). Lower, yet similar values were observed
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in the 30, 90, and 120 kg/m3 treatments (1.97 ± 0.08, equally) and the lowest values
were recorded from charr stocked at 150 kg/m3 (1.82 ± 0.05) (Figure 3.5.1A). There was
no variation in mean HSI between T3 and T4 (Figure 3.5.1B), and no difference in means
(2.03 ± 0.08) was observed across all densities at the end of the study (T4) (Figure
3.5.1A).
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Figure 3.5.1 - TOP PANEL (A) – mean HSI for each treatment density compared within each
sampling period; similar characters indicate the mean values are statistically similar (α = 0.05)
within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean HSI
compared within each density over the study duration; similar characters indicate the mean
values are statistically similar (α = 0.05) within treatment densities, over time.
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3.5.2 - Viscerosomatic index (VSI)
The mean VSI of AARS station stock was 10.77 ± 0.61 (Ti). The acclimation
period resulted in an increase in the 90, 120, and 150 kg/m3 treatments; no variations
were seen in the other densities during this time (Figure 3.5.2A). At T0, mean VSI was
similar in the 30, 90, 120, and 150 kg/m3 treatments (11.77 ± 0.38, equally), and lowest
in charr stocked at 60 kg/m3 (10.19 ± 0.33) (Figure 3.5.2A). Mean VSI did not fluctuate
in any densities between T0 and T1 (Figure 3.5.2B), but all values had returned to levels
similar to those of the Ti stock sample by T1 and all treatments were found to have
similar values (11.94 ± 0.38) at this sample period (Figure 3.5.2A). Mean VSI did not
vary, irrespective of density, between T1 and T2 (Figure 3.5.2B), and all treatments
displayed similar mean values (12.46 ± 0.76) by T2; densities 30, 60, and 90 kg/m3 were
found to be higher than the Ti sample during this period (Figure 3.5.2A). Between T2
and T3 there was no variation in VSI (Figure 3.5.2B), and all densities exhibited similar
means (12.10 ± 0.42) but the 30 and 60 kg/m3 treatments exhibited higher values than
the station stock by T3 (Figure 3.5.2A). VSI did not vary in any of the densities between
T3 and T4 (Figure 3.5.2B), and the mean values were similar among all treatments
(11.97 ± 0.36) by the end of the study (Figure 3.5.2A). By this time, all treatments had
returned to Ti levels with the exception of 90 kg/m3 with means greater than the Ti
sample.
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Figure 3.5.2 - TOP PANEL (A) – VSI for each treatment density compared within each sampling
period; similar characters indicate the mean values are statistically similar (α = 0.05) within a
sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and differences in
means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean VSI compared within
each density over the study duration; similar characters indicate the mean values are statistically
similar (α = 0.05) within treatment densities, over time.
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3.5.3 - Carcass mass (eviscerated)
The mean carcass mass of AARS station stock (Ti) was 157.92 ± 8.14 g. During
the acclimation period (Ti – T0) there was no significant increase in carcass mass,
irrespective of biodensity (Fig 3.5.3A). At T0 there was no difference in mass (158.28 ±
5.54 g) across all treatment densities. Between T0 and T1 the carcass mass of all charr
increased (Fig 3.5.3B), at T1 all treatment densities exhibited similar masses (205.85 ±
9.72 g) which were higher than those recorded in the AARS station stock at Ti (Fig
3.5.3A). Values were consistently higher than those of the stock Ti population from this
point on. Between T1 and T2 carcass mass continued to increase (Fig 3.5.3B) and at T2
all densities exhibited similar mean masses (239.96 ± 13.31 g) (Fig 3.5.3A). Growth
continued between T2 and T3 (Fig 3.5.3B) but no differences in mean carcass mass
(302.60 ± 16.58 g) were observed at T3 (Fig 3.5.3A). Charr continued to increase in
mass between T3 and T4 (Fig 3.5.3B), and there was no difference in mean carcass
mass (378.67 ± 20.51 g), irrespective of biodensity, at the end of the study (T4) (Fig
3.5.3A).
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Figure 3.5.3 - TOP PANEL (A) – mean carcass mass for each treatment density compared within
each sampling period; similar characters indicate the mean values are statistically similar (α =
0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean carcass
mass compared within each density over the study duration; similar characters indicate the mean
values are statistically similar (α = 0.05) within treatment densities, over time.
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3.5.4 - Caudal fin damage
The median caudal fin damage of AARS station stock (Ti) was calculated as 1.40
± 0.25 (Table 3.5.4). Acclimation resulted in a decrease in median scores in the 90
kg/m3 treatment, but all scores were similar (0.89 ± 0.18) by T 0, irrespective of density.
By T1 the 30, 90, and 150 kg/m3 treatments exhibited lower values than those recorded
at Ti, and there were still no differences in median values (0.76 ± 0.17) across densities.
All treatments displayed values similar to the Ti stock population throughout the
remainder of the experiment. All densities displayed similar median scores at T 2 (1.03 ±
0.16), T3 (1.52 ± 0.19), and at the end of the study (1.35 ± 0.17).
Table 3.5.4 - Median caudal fin score (higher=more damaged). Similar characters within a sample
period (columns) indicate the median values are statistically similar (α = 0.05); asterisks (*)
indicate significant differences in median caudal fin damage compared to the sample of station
stock at Ti.
Sample Period
Ti Station
Stock

Biodensity

30 kg · m-3
60 kg · m-3

T0

T1

T2

T3

T4

Median

1a

0.5A*

1.0i

1.0a

1.0A

Mean ± S.E.M.

0.85 ± 0.15

0.60 ± 0.15

1.25 ± 0.18

1.35 ± 0.20

1.45 ± 0.15

Median
Mean ± S.E.M.

120 kg · m-3
150 kg · m-3

1.0

Mean ± S.E.M.

a

1.40 ± 0.25

-

1

0.85 ± 0.13

0.0

A*

0.60 ± 0.21
A

1

0.85 ± 0.21

1.05 ± 0.18

1

Mean ± S.E.M.

A

1

a

Median

P-value

a*

0.75 ± 0.20

Median
Mean ± S.E.M.

1

0.75 ± 0.14

Median

-3

90 kg · m

1.0

a

0.5

A*

i

1.0

0.95 ± 0.15
i

1.0

1.20 ± 0.17
i

1.0

0.95 ± 0.15
i

1.0

2.0

a

1.80 ± 0.20

2.0

a

1.70 ± 0.25

1.5

a

1.65 ± 0.17

1.0

a

1.0A
1.50 ± 0.20

1.0A
1.40 ± 0.20

1.0A
1.25 ± 0.16

1.0A

1.25 ± 0.19

0.70 ± 0.19

0.80 ± 0.14

1.10 ± 0.14

1.15 ± 0.13

0.225

0.161

0.222

0.115

0.609

3.5.5 - Dorsal fin damage
The median dorsal fin damage of AARS station stock (Ti) was calculated to be
1.87 ± 0.26 (Table 3.5.5). Acclimation resulted in a decrease in median scores in the 90
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kg/m3 treatment, but all scores were similar (1.09 ± 0.25) by T 0, irrespective of density.
By T1 the 30, 90, and 150 kg/m3 treatments exhibited lower values than those recorded
at Ti, and there were still no differences in median values (0.98 ± 0.23) across densities.
The 30, 60, and 120 kg/m3 treatments had lower fin damage at T2 (compared to the Ti
stock sample), yet there was no difference in median scores at this time. By T 3 the
dorsal fin damage of all charr increased to within the range observed at Ti (1.36 ± 0.25,
equally), with the exception of charr stocked at 30 kg/m3 which had lower values (0.55 ±
0.18) at this time (comparable to those of the 90 kg/m3 treatment). At the end of the
study, all densities displayed similar median scores (1.25 ± 0.26). The median values of
all densities were comparable with the Ti stock sample, with the exception of 60 kg/m3
which was found to have lower damage scores (compared to T i).
Table 3.5.5 - Analyses of median dorsal fin score (higher=more damaged). Similar characters
within a sample period (columns) indicate the median values are statistically similar (α = 0.05);
asterisks (*) indicate significant differences in median caudal fin damage compared to the sample
of station stock at Ti.
Sample Period
Ti Station
Stock

Biodensity

30 kg · m-3
60 kg · m-3

Median
Mean ± S.E.M.
Median

120 kg · m-3
150 kg · m-3

T1

T2

T3

T4

1a

0.5A*

1.0i*

0.0b *

1.0A

0.70 ± 0.18

0.90 ± 0.20

0.55 ± 0.18

1.00 ± 0.25

1.05 ± 0.23

2.0

1.0

a

1.0

A*

i*

0.0

1.5

a

1.0A *

Mean ± S.E.M.

1.10 ± 0.25

0.90 ± 0.23

0.75 ± 0.22

1.75 ± 0.32

0.95 ± 0.20

Median

1.0a*

1.0A

1.0i

1.0ab

1.0A

Mean ± S.E.M.

0.90 ± 0.20

1.05 ± 0.25

1.15 ± 0.26

1.05 ± 0.22

1.30 ± 0.29

a

1.0A

-3

90 kg · m

T0

Median
Mean ± S.E.M.

0.5
1.87 ± 0.26

Median
Mean ± S.E.M.

P-value

-

a

1.0

A

i*

1.0

2

1.20 ± 0.33

1.35 ± 0.26

0.85 ± 0.22

1.40 ± 0.22

1.50 ± 0.27

1.0a

1.0A*

1.0i

1a

1.5A

1.20 ± 0.25

0.90 ± 0.22

1.20 ± 0.27

1.25 ± 0.24

1.50 ± 0.29

0.974

0.444

0.661

0.009

0.504
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3.6 - Blood Chemistry
3.6.1 - Plasma cortisol
The mean plasma cortisol of AARS station stock (Ti) was 15.00 ± 2.11 ng/ml.
During the acclimation period (Ti – T0) all densities exhibited a decrease in cortisol, with
the exception of 30 kg/m3 which had the highest values observed at T 0 (14.62 ± 2.31
ng/ml) (Fig 3.6.1A); mean plasma cortisol measured in this density was consistently the
highest (or equally highest) throughout the study duration. All densities, save 30 kg/m 3,
exhibited decreased levels of plasma cortisol (compared to the Ti stock) throughout the
study. At T0 (Fig 3.6.1A), charr stocked at 60 kg/m3 displayed values (7.35 ± 1.46 ng/ml)
significantly lower than the 30 kg/m3 treatment but not significantly different from the 90
and 120 kg/m3 densities (6.12 ± 1.07 ng/ml). The lowest values, at T 0, were measured
in charr stocked at 150 kg/m3; this density consistently yielded the lowest (or equally
lowest) plasma cortisol levels throughout the duration of the study (Fig 3.6.1A). Between
T0 and T1 plasma cortisol did not fluctuate in any of the densities (Fig 3.6.1B), and
cortisol followed the same trend outlined for T0; 30 kg/m3 was highest (10.47 ± 1.07
ng/ml) which was equally as high as 60 kg/m3 (5.93 ± 1.07 ng/ml), while 90 and 120
kg/m3 were lower still (3.88 ± 0.81 ng/ml, equally), and 150 kg/m 3 lowest (2.98 ± 0.50
ng/ml) (Fig 3.6.1A). There were no fluctuations in cortisol between T1 and T2,
irrespective of density (Fig 3.6.1B). At T2, the 30, 60, 90, and 120 kg/m3 densities had
higher cortisol levels (7.52 ± 1.21 ng/ml) than the 150 kg/m 3 treatment (3.26 ± 0.51
ng/ml) (Fig 3.6.1A). No fluctuations occurred between T2 and T3 (Fig 3.6.1B), and the
trend observed at T2 persisted; cortisol levels in the 30, 60, 90, and 120 kg/m 3 densities
(8.35 ± 1.26 ng/ml) were higher than those of 150 kg/m 3 (3.15 ± 0.48 ng/ml) (Fig
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3.6.1A). Cortisol did not vary for any density between T3 and T4 (Fig 3.6.1B) but the 30
kg/m3 density returned within Ti ranges (Fig 3.6.1A). At T4, the 60 kg/m3 density
exhibited cortisol levels (6.06 ± 0.98 ng/ml) lower (yet equal to) 30 and 90 kg/m 3 (7.17 ±
0.87 ng/ml), which was similar to 120 kg/m3 (6.23 ± 1.43 ng/ml); charr stocked at 150
kg/m3 again exhibited the lowest values (3.52 ± 0.68 ng/ml) (Fig 3.6.1A).
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Figure 3.6.1 - TOP PANEL (A) – mean plasma cortisol for each treatment density compared within
each sampling period; similar characters indicate the mean values are statistically similar (α =
0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean plasma
cortisol compared within each density over the study duration; similar characters indicate the
mean values are statistically similar (α = 0.05) within treatment densities, over time.
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3.6.2 - Plasma Glucose
The mean plasma glucose of AARS station stock (Ti) was 4.23 ± 0.30 mmol/l.
During the acclimation period (Ti – T0) there was an increase in plasma glucose in charr
stocked at 30 kg/m3, no other treatments varied during this period (Fig 3.6.2A); mean
values did not differ from the Ti stock sample beyond this period, irrespective of density.
At T0, the values of glucose seen in the 60, 120, and 150 kg/m 3 densities (4.92 ± 0.20
mmol/l, equally) were similar to those seen in the 30 kg/m3 (highest; 5.41 ± 0.27 mmol/l)
and 90 kg/m3 (lowest; 4.66 ± 0.18 mmol/l) densities (Fig 3.6.2A). Between T0 and T1 the
30, 120, and 150 kg/m3 densities exhibited a decrease in glucose (Fig 3.6.2B) and, at
T1, all densities exhibited similar means (4.27 ± 0.16 mmol/l) (Fig 3.6.2B). No
fluctuations in glucose were observed between any of the remaining sampling periods
and means were similar again at T2, T3 and T4 (4.13 ± 0.13, 4.18 ± 0.16, and 4.23 ±
0.16 mmol/l, respectively) (Fig 3.6.2A).
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Figure 3.6.2 - TOP PANEL (A) – mean plasma glucose for each treatment density compared within
each sampling period; similar characters indicate the mean values are statistically similar (α =
0.05) within a sample period; asterisks (*) indicate the effect of acclimation on means at T 0 and
differences in means from the station stock sample from T 1-4. BOTTOM PANEL (B) – mean plasma
glucose compared within each density over the study duration; similar characters indicate the
mean values are statistically similar (α = 0.05) within treatment densities, over time.
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3.7 – Behavioural Observations
Total instances of certain behaviours (chasing/avoidance, fin nipping, and
schooling) per treatment tank within each sample period was recorded and is reported
in Table 3.7. Aggressive behaviours, though rare, were only observed when charr were
stocked at the lower densities, 30 and 60 kg/m3. Conversely, schooling behaviour was
only observed in charr stocked in excess of 90 kg/m3.
Table 3.7 – Total instances of behaviour observed in each treatment density at each hand feeding
session throughout the duration of the study. Data are reported as actual values (when counts are
available), or the prevalence of the behaviours noted.
Total Number of Instances Observed
Sampling Interval

Behavior
3

30 kg/m

3

Stocking Density

60 kg/m

3

90 kg/m

3

120 kg/m

3

150 kg/m

Ti - T0

T0 - T1

T1 - T2

T2 - T3

T3 - T4

Chasing/Avoidance

1

2

2

3

1

Fin Nipping

None

None

1

None

None

Schooling

Inconsistent

Inconsistent

None

Inconsistent

None

Chasing/Avoidance

1

1

0

1

0

Fin Nipping

1

None

None

1

None

Schooling

Inconsistent

Inconsistent

Consistent

Inconsistent

Consistent

Chasing/Avoidance

None

None

None

None

None

Fin Nipping

None

None

None

None

None

Schooling

Consistent

Consistent

Consistent

Consistent

Consistent

Chasing/Avoidance

None

None

None

None

None

Fin Nipping

None

None

None

None

None

Schooling

Consistent

Consistent

Consistent

Consistent

Consistent

Chasing/Avoidance

None

None

None

None

None

Fin Nipping

None

None

None

None

None

Schooling

Consistent

Consistent

Consistent

Consistent

Consistent
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3.8 – Correlations
3.8.1 - Plasma cortisol vs Final wet mass
The results of the Pearson Correlation of plasma cortisol (ng/ml) and final wet
mass (g) are shown in Table 3.8.1. No consistent correlations within a density were
found, and there were no correlations observed in fish stocked at 30 and 60 kg/m 3 at
any sampling time throughout the study period.
However, there were specific instances (biodensity and sampling time) where wet mass
(g) and plasma cortisol (ng/ml) were correlated. Plasma cortisol and wet mass were
positively correlated, strongly (p<0.01), in fish stocked at 120 kg/m3 at T4, despite the
lack of prior correlations (p<0.01). The 150 kg/m3 treatment was found to have a
positive correlation at T1, only.
Plasma cortisol and wet mass were negatively correlated in fish stocked at 90
kg/m3 at T0, though this trend did not persist into T1 and was even reversed by T2 such
that increased wet mass was associated with an increase in plasma cortisol. This period
during T0 was the only time a negative correlation was observed between wet mass and
plasma cortisol. Although this correlation was not present in the 90 kg/m3 density at T3,
but the positive correlation of increased cortisol with increasing wet mass was present
again at study completion (T4).
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Table 3.8.1 – Results of the Pearson Correlations reported as scatter plots of mean wet mass (g; xaxis) vs mean plasma cortisol (ng/ml; y-axis); significant correlations are indicated with trend
lines and bolded values. Correlation results indicated as r, and P-values (in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

0.250

(0.288)

0.385

(0.093)

-0.120

(0.615)

-0.407

(0.075)

0.364

(0.115)

0.074

(0.756)

0.039

(0.872)

-0.171

(0.472)

0.281

(0.231)

0.358

(0.122)

-0.548

(0.012)

-0.145

(0.541)

0.481

(0.032)

0.230

(0.328)

0.511

(0.021)

0.000

(0.999)

0.039

(0.869)

-0.137

(0.565)

0.244

(0.300)

0.567

(0.009)

-0.112

(0.639)

0.499

(0.025)

0.146

(0.539)

-0.063

(0.793)

-0.055

(0.819)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Wet Mass (g)
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3.8.2 – Organosomatic indices (HSI vs VSI)
The results of the Pearson Correlation of hepatosomatic index (HSI) and
viscerosomatic index (VSI) are shown in Table 3.8.2. All treatment densities exhibited
positive correlations (p<0.03) by the end of the study (T 4), however, only the 30 and 150
kg/m3 densities were found to have positive correlations prior to T 4; these being T1 and
T3 for the 30 kg/m3 density and T2 and T3 for fish stocked at 150 kg/m3. No correlations
were observed in the 60, 90, and 120 kg/m3 treatments for the majority of the study,
until positive correlations developed at T4.
The 30 kg/m3 treatment was shown to exhibit signs of a significant (p<0.01)
positive correlation at T1. This correlation did not persist into T2 but did reappear with
greater significance (p<0.001) by T3 and persisted into T4. Finally, the 150 kg/m3
treatment was found to have developed a strong, positive correlation (p<0.001) by T 2
which was present into T3 and persisted further into T4.
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Table 3.8.2 – Results of the Pearson Correlations reported as scatter plots of mean VSI (x-axis) vs
mean HSI (y-axis); significant correlations are indicated with trend lines and bolded values.
Correlation results indicated as r, and P-values (in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

0.133

(0.576)

0.612

(0.004)

0.224

(0.342)

0.758

(<0.001)

0.850

(<0.001)

0.035

(0.882)

0.299

(0.200)

0.217

(0.357)

0.435

(0.055)

0.681

(<0.001)

-0.014

(0.953)

0.187

(0.430)

-0.303

0.194

-0.035

(0.885)

0.635

(0.003)

-0.004

(0.987)

0.177

(0.456)

0.145

(0.541)

-0.058

(0.810)

0.698

(<0.001)

0.246

(0.295)

0.347

(0.134)

0.755

(<0.001)

0.542

(0.014)

0.793

(<0.001)

-3

30 kg · m

90 kg · m-3

Hepatosomatic Index (HSI)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Viscerosomatic Index (VSI)
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3.8.3 – Fin damage (Caudal vs Dorsal)
The results of the Pearson Correlation comparing caudal and dorsal fin damage
are shown in Table 3.8.3. There were no correlations that were persistent throughout
the study, though there were some instances of brief, transient correlations; in all of
these instances, the correlations were positive. The 30 and 150 kg/m3 densities were
the only treatments to not have any correlations throughout the study duration.
At T1, caudal and dorsal fin scores were found to be significantly correlated
(p<0.01) in fish stocked at 120 kg/m3. A positive correlation (p<0.001) was also
observed in the 90 kg/m3 treatment at T2, with higher caudal scores correlated with
higher dorsal scores. Finally, by study completion (T 4) the only treatment to exhibit any
correlation between caudal and dorsal fin scores was the 60 kg/m 3 treatment density.
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Table 3.8.3 – Results of the Pearson Correlations reported as scatter plots of median caudal fin
damage (x-axis) vs median dorsal fin damage (y-axis); significant correlations are indicated with
trend lines and bolded values. Correlation results indicated as r, and P-values (in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

0.011

(0.963)

-0.039

(0.872)

0.037

(0.878)

-0.039

(0.869)

0.341

(0.141)

0.232

(0.324)

-0.026

(0.912)

-0.099

(0.677)

0.167

(0.482)

0.501

(0.025)

0.136

(0.569)

0.275

(0.241)

0.719

(<0.001)

0.294

(0.208)

0.119

(0.617)

0.406

(0.076)

0.574

(0.008)

-0.012

(0.961)

0.270

(0.250)

0.401

(0.080)

0.336

(0.148)

0.214

(0.365)

0.129

(0.589)

0.192

(0.417)

0.034

(0.887)

-3

30 kg · m

90 kg · m-3

Dorsal Fin Damage

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Caudal Fin Damage
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3.8.4 – Caudal fin damage vs Plasma cortisol
The results of the Pearson Correlation comparing caudal fin damage and plasma
cortisol are shown in Table 3.8.4. No consistent correlations could be observed,
however, there was a brief, positive correlation (p=0.034) in fish stocked at 30 kg/m 3 at
sample period T1. This effect did not persist into T2 and did not reappear, at this density,
for the remainder of the study.
Table 3.8.4 – Results of the Pearson Correlations reported as scatter plots of median caudal fin
damage (x-axis) vs mean plasma cortisol (ng/ml; y-axis); significant correlations are indicated
with trend lines and bolded values. Correlation results indicated as r, and P-values (in
parentheses).
T0
T1
T2
T3
T4
r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

0.321

(0.168)

0.477

(0.034)

-0.204

(0.388)

-0.062

(0.794)

0.198

(0.402)

-0.413

(0.070)

-0.165

(0.487)

-0.317

(0.173)

0.108

(0.650)

-0.132

(0.580)

0.152

(0.523)

0.224

(0.342)

-0.167

(0.482)

0.427

(0.060)

-0.012

(0.959)

0.160

(0.499)

0.295

(0.207)

-0.292

(0.211)

-0.204

(0.387)

-0.117

(0.623)

-0.153

(0.521)

-0.355

(0.124)

-0.193

(0.415)

-0.016

(0.948)

0.135

(0.569)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Caudal Fin Damage
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3.8.5 – Dorsal fin damage vs Plasma cortisol
The results of the Pearson Correlation comparing dorsal fin damage and plasma
cortisol are shown in Table 3.8.5. There were no consistent correlations present
throughout the majority of the study duration for most of the treatment densities.
However, there was a significant (p=0.046), positive correlation observed in the 90
kg/m3 treatment at T0 (i.e. during the acclimation period), though this dissipated by T1
and did not reappear throughout remaining duration of the study.
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Table 3.8.5 – Results of the Pearson Correlations reported as scatter plots of median dorsal fin
damage (x-axis) vs mean plasma cortisol (ng/ml; y-axis); significant correlations are indicated
with trend lines and bolded values. Correlation results indicated as r, and P-values (in
parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

-0.300

(0.199)

-0.083

(0.729)

0.144

(0.545)

0.198

(0.403)

-0.124

(0.602)

0.174

(0.464)

0.283

(0.226)

-0.060

(0.803)

0.183

(0.441)

-0.104

(0.661)

0.452

(0.046)

-0.010

(0.671)

0.089

(0.709)

0.066

(0.783)

0.348

(0.132)

-0.180

(0.448)

0.007

(0.975)

-0.197

(0.404)

-0.294

(0.209)

-0.171

(0.471)

0.139

(0.558)

0.295

(0.207)

0.299

(0.199)

0.172

(0.467)

-0.140

(0.556)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Dorsal Fin Damage
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3.8.6 – RNA : protein vs Protein : Sample wet mass
The results of the Pearson Correlation comparing white muscle RNA : Protein
(μg/mg) and protein content (Protein : Sample Wet Mass; mg/g) are shown in Table
3.8.6. Negative correlations could be observed in all treatment densities beginning with
sample period T0 (p<0.02 or less). All correlations persisted into T 1 with the exception of
the 90 kg/m3 treatment density which showed no signs of correlation by this time.
No correlations were observed in any treatments at T 2 but, at sample period T3,
all densities showed signs of strong, negative correlations (p<0.01 or less) which then
persisted to study completion (T4) with even greater strength (p<0.001).
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Table 3.8.6 – Results of the Pearson Correlations reported as scatter plots of mean white muscle
RNA : Protein (μg/mg; x-axis) vs mean white muscle protein content (Protein : Sample Wet Mass
(mg/g; y-axis); significant correlations are indicated with trend lines and bolded values.
Correlation results indicated as r, and P-values (in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

-0.575

(0.008)

-0.593

(<0.001)

0.000

(0.998)

-0.827

(<0.001)

-0.677

(0.001)

-0.604

(0.005)

-0.663

(0.001)

-0.163

(0.491)

-0.574

(0.008)

-0.878

(<0.001)

-0.538

(0.014)

-0.051

(0.832)

0.165

(0.487)

-0.820

(<0.001)

-0.675

(0.001)

-0.628

(0.003)

-0.676

(0.001)

-0.194

(0.413)

-0.786

(<0.001)

-0.755

(<0.001)

-0.725

(<0.001)

-0.718

(<0.001)

-0.162

(0.496)

-0.642

(0.002)

-0.859

(<0.001)

-3

60 kg · m-3

90 kg · m-3

Protein:Sample Wet Mass (mg/g)

30 kg · m

120 kg · m-3

-3

150 kg · m

RNA:Protein (μg/mg)
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3.8.7 – Plasma glucose vs Plasma cortisol
The results of the Pearson Correlation comparing plasma glucose (mmol/l) and
plasma cortisol (ng/ml) are shown in Table 3.8.7. No consistent correlations were
observed, however there were two instances where brief correlations were detected.
Plasma glucose and cortisol were negatively correlated (p=0.017) in fish stocked at 60
kg/m3 at sample T0 (the acclimation period) but there were no correlations of plasma
glucose and cortisol in fish held at a density of 60 kg / m3 thereafter. The 150 kg/m3
treatment exhibited a positive correlation (p=0.021) at T 2. However, these correlations
were not observed at any of the other densities at any sampling time.
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Table 3.8.7 – Results of the Pearson Correlations reported as scatter plots of mean Plasma
Glucose (mmol/l; x-axis) vs mean Plasma Cortisol (ng/ml; y-axis); significant correlations are
indicated with trend lines and bolded values. Correlation results indicated as r, and P-values (in
parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

-0.397

(0.083)

0.431

(0.058)

-0.101

(0.673)

0.295

(0.207)

-0.046

(0.846)

-0.528

(0.017)

0.434

(0.056)

-0.235

(0.319)

0.312

(0.181)

0.304

(0.192)

-0.414

(0.070)

0.021

(0.929)

-0.161

(0.499)

-0.026

(0.912)

0.249

(0.290)

0.174

(0.463)

-0.198

(0.403)

0.030

(0.901)

0.159

(0.502)

0.164

(0.488)

-0.141

(0.552)

0.193

(0.416)

0.513

(0.021)

0.142

(0.552)

0.179

(0.450)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Plasma Glucose (mmol/l)
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3.8.8 – Growth (TGC) vs Plasma cortisol
The results of the Pearson Correlation comparing thermal-unit growth coefficient
(TGC) and plasma cortisol (ng/ml) are shown in Table 3.8.8. There were no
correlations, at any sampling period, for fish stocked at 30, 60, and 90 kg/m 3. TGC and
plasma cortisol were positively correlated (p=0.022) in fish stocked at 120 kg/m 3
sampled at T1 and in fish stocked at 150 kg/m3 sampled at T2 (p=0.010). However,
these correlations were not observed at any other sample periods.
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Table 3.8.8 – Results of the Pearson Correlations reported as scatter plots of Thermal-Unit Growth
Coefficient (TGC; g/day; x-axis) vs mean Plasma Cortisol (ng/ml; y-axis); significant correlations
are indicated with trend lines and bolded values. Correlation results indicated as r, and P-values
(in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

-0.137

(0.863)

0.642

(0.358)

0.821

(0.179)

0.706

(0.294)

0.547

(0.453)

-0.775

(0.225)

-0.573

(0.427)

-0.555

(0.445)

-0.084

(0.915)

-0.840

(0.160)

-0.212

(0.788)

-0.832

(0.168)

-0.034

(0.966)

0.718

(0.282)

0.184

(0.816)

-0.393

(0.607)

0.978

(0.022)

0.357

(0.643)

0.118

(0.882)

0.800

(0.200)

-0.670

(0.330)

-0.631

(0.368)

0.990

(0.010)

-0.929

(0.071)

-0.132

(0.868)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Thermal-Unit Growth Coefficient (g/day)
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3.8.9 – FE vs Plasma cortisol
The results of the Pearson Correlation comparing feed efficiency (FE) and
plasma cortisol (ng/ml) are shown in Table 3.8.9. No correlations were observed for any
treatment densities irrespective of sample period.
Table 3.8.9 – Results of the Pearson Correlations reported as scatter plots of Feed Efficiency (FE;
x-axis) vs mean Plasma Cortisol (ng/ml; y-axis); significant correlations are indicated with trend
lines and bolded values. Correlation results indicated as r, and P-values (in parentheses).
T0

T1

T2

T3

T4

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

r

(P-value)

-0.143

(0.857)

0.472

(0.528)

0.783

(0.217)

0.260

(0.740)

0.274

(0.726)

-0.778

(0.222)

-0.648

(0.352)

-0.146

(0.854)

0.193

(0.807)

-0.193

(0.807)

-0.200

(0.800)

-0.584

(0.416)

0.548

(0.452)

0.909

(0.091)

-0.893

(0.107)

0.470

(0.530)

0.672

(0.328)

0.259

(0.741)

0.826

(0.174)

0.545

(0.454)

-0.702

(0.298)

-0.256

(0.744)

0.699

(0.301)

-0.555

(0.444)

0.786

(0.214)

-3

30 kg · m

90 kg · m-3

Plasma Cortisol (ng/ml)

60 kg · m-3

120 kg · m-3

-3

150 kg · m

Feed Efficiency
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4.0 Discussion
4.1 – Biodensity Maintenance & Water Quality Parameters
There were 2 potential methods by which density could have been controlled in
this study: (1) increasing the livable space by increasing the depth of the water column
or adjusting tank dimensions; or (2) reduction of biomass via the removal of fish from
each tank.
The strength of the first method is that it allows for more accurate maintenance of
biodensity treatments over time through small, consistent adjustments which can be
performed more frequently. However, adjusting tank dimensions would likely require
detailed growth modelling for the fish stocked in each replicate tank for each treatment
density in order to accurately predict the rate of increase in tank dimension between
samplings. Alterations of the 3 dimensional living environment could also have
additional effects on the study animals. Employing this method of density maintenance
is also more impractical in traditional aquaculture operations due to more frequent
monitoring and husbandry which increases labour fees and can have negative
implications for the growth and welfare of the cultured fish.
The second method benefits from its simplicity in that it allows for less frequent
interactions with the tank but is hindered by the duration between
samplings/adjustments which could result in treatment densities overlapping. Therefore,
the effect of husbandry stress is lessened and any stress response observed should be
attributable to the conditions within the culture tank (mainly, biodensity). Additionally,
this method more closely resembles the most likely method of maintaining density that
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would be used in a typical aquaculture operation (Conte, 2004; Harmon, 2009; Iwama,
2011). Typical husbandry methods require that stocks be graded and sorted according
to fish size which in turn requires the maintenance of tank biodensities (Conte, 2004).
Therefore, given the similarity to typical husbandry methods, this method was selected
in order to best assess the impact of biodensity under typical husbandry conditions and
methods. The frequency of these adjustments can vary based on the species of fish and
the genetics of the fish stocks being reared.
This method was also selected due to technical limitations in the equipment at
the AARS that prevented the precise adjustment of water volume within the tanks. Such
precision would require the modification of tanks to be capable of increasing in
dimension to accommodate an increase in water volume, which would require
development and special monitoring to maintain. In addition, since stress was used as
a measurement of Arctic charr welfare, it was decided that limiting the amount of
handling and husbandry interactions, such as those associated with the first method,
would be a preferred approach. Lastly, historical growth data for previous AARS Arctic
charr lines was assessed in order to ensure that the treatment densities did not overlap
as the biomass of fish increased between sampling periods. Based on the age and size
of fish at the beginning of the experiment, a period of 21 days was selected in an
attempt to avoid any potential overlapping of treatment densities as the biomass of each
treatment increased over time.
With this approach to density maintenance, the water volume in each tank was
adjusted and maintained consistently across all treatment densities. In order to account
for differences in water depth as a result of slight differences tank dimensions and
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individual flow rates, stand pipes of various lengths were used to adjust the depth of the
water column to a consistent depth for all treatments.
Mean dissolved oxygen concentrations were maintained above 9.0 mg/l and, as
a result, it was necessary to alter the water flow rates to achieve this goal. However flow
rates varied as a result of the difference in biomass, and therefore oxygen demand, of
replicate tanks assigned to the lower (30, 60 kg/m3) and higher (120, 150 kg/m3)
treatment densities. Higher density treatments required greater flow and faster turnover
of water in order to ensure that the minimum oxygen concentrations were maintained.
The variance of flow rate with increased biodensity also controlled the concentration of
ammonia that accumulates as a result of metabolic processes, which would be higher
with the biomass associated with high biodensities.
However, because tank flow rates were adjusted individually, it was possible that
fish kept at lower density treatments may have had less sustained exercise in
comparison to those stocked at higher densities. Studies have shown that exposure to
sustained exercise can have effects on schooling behaviour in salmonid species which
in turn can affect feed intake and growth rates (Houlihan and Laurent, 1987;
Christiansen et al., 1989; Christiansen et al., 1991). When exposed to low horizontal
velocities, numerous salmonid species exhibited signs of conspecific aggression and
mixed effects on growth rate and feed consumption; however, when velocities were
increased the majority of species exhibited increased schooling behaviour and reduced
signs of aggression (Christiansen et al., 1989; Christiansen et al., 1991). Furthermore,
the presence of schooling behaviour was associated with increased growth rates and
feed consumption (Christiansen et al., 1989; Christiansen et al., 1991). Due to the
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impact that horizontal velocity has on the schooling behaviour of salmonids, it was
important to homogenize (as best as possible) the velocities across treatment densities.
Therefore, in order to maintain consistent horizontal water velocity across all tanks, the
angle of the water inflow pipe for each tank was adjusted with each density
maintenance/sampling period. Inflow was deflected off the walls of the tanks in order to
homogenize this velocity across replicate tanks.

4.2 – Production Parameters
4.2.1 - Low prevalence of mortality, irrespective of treatment density
The low observed mortality across all treatment densities is indicative of the
biodensity tolerance of Arctic charr and demonstrates that this species can be cultured
at densities ranging from 30 to 150 kg/m3 with minimal losses. This also suggests that
the husbandry and water quality parameters maintained during this study were
acceptable for the culture of Arctic charr in this freshwater system. Water flow and
turnover rates ensured adequate oxygen concentrations and horizontal velocity
throughout experimentation. In addition, the method for the determination of ration size
allowed for adequate feeding and growth.
These rates of mortality are consistent with other studies examining the effect of
biodensity on Arctic charr, with densities ranging from 20 – 150 kg/m3 (Christiansen et
al., 1991; Jørgensen and Jobling, 1993; Summerfelt et al., 2004). It should be noted that
some studies have reported increased rates of mortality with low biodensities ranging
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from 11 – 23 kg/m3 (Wallace et al., 1988; Jørgensen et al., 1993). However, in the case
of Jørgensen et al. (1993) the majority of reported mortalities were due to infection by
fin rot.

4.2.2 – Evidence for an optimal biodensity for feeding and growth
performance
It should be noted that, in the present study, growth rate was measured in terms
of thermal-unit growth coefficient (TGC) whereas a large portion of published literature
uses units of specific growth rate (SGR). The difference between these measurements
of growth is that SGR does not account for the water temperature in which the fish were
held which, as seen in Section 1.4.2, can affect growth in poikilothermic animals such
as fish (Iwama & Tautz, 1981; Jobling, 1994; Lyytikainen and Jobling, 1998). Thus, the
advantage of using TGC model of growth is that it is applicable to temperatures outside
the range observed in the study. This is beneficial, not only for comparisons of growth
between labs of differing temperatures, but especially when examining the efficacy of
Arctic charr culture in Canadian waters of varied temperatures (Cho and Bureau, 1995;
Bureau et al., 2000; Alanärä et al., 2001). An additional benefit of the TGC model is the
use of the power function, as opposed to the log function used in the SGR model; this is
depicted in Figure 4.3:
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Figure 4.3 – The effect of temperature on specific growth (SGR) and thermal-unit growth
coefficient (TGC) for Arctic charr (S. alpinus) (Jørgensen et al., 1991)

This is due to the fact that the power function is a better mathematical fit for the
actual growth patterns of fishes. Thus, this model offers a simple method for the
estimation of growth that has been validated for numerous salmonid species (Iwama &
Tautz, 1981; Cho & Bureau, 1995; Bureau et al., 2000).
Studies by both Wallace et al. (1988) and Baker and Ayles (1990) observed the
poorest growth in Arctic charr (S. alpinus) held at densities as low as 5 – 10 kg/m3.
However, Wallace et al. (1988) proposed an optimal range between 130 and 170 kg/m 3
with growth in juvenile fish being positively correlated to biodensity whereas Baker and
Ayles (1990) argue that this correlation is reversed when densities exceed 40 – 50
kg/m3. In a similar study on Brook trout, Vijayan and Leatherland (1988) found evidence
of reduced growth, feed intake and conversion efficiency in fish held at higher densities.
When held at 30, 60 and 120 kg/m3, these brook trout exhibited significant inverse linear
relationships between these parameters and biodensity, with perturbations to growth
and feeding performance observed at densities in excess 30 kg/m 3 (Vijayan and
Leatherland, 1988). Interestingly, the 60 and 120 kg/m 3 treatments were shown to have
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similar growth and feed intake while exhibiting differences in feed conversion efficiency
(Vijayan and Leatherland, 1988).
In the study by Christiansen et al. (1991), growth was negatively affected at
densities exceeding 110 kg/m3 and optimized when fish were held at densities of 23 –
70 kg/m3. The perturbation to growth and feed intake of the current study were
observed at a slightly higher biodensity than those reported by Christiansen et al.
(1991). In the present study, mean thermal-unit growth coefficient (TGC) was lower
when densities exceeded 90 kg/m3. This trend showed signs of development as early
as T2 (with highest growth in the low densities and lower rates at high densities), but
was most evident at T3 and persisted into T4. One could argue that these results extend
the density range which may be sub-optimal for growth. However, it should be noted
that the slight disparity between the upper limits of biodensity reported by Christiansen
et al. (1991) could also be explained by the use of younger fish in the previous study. As
Wallace et al. (1988) and other studies have suggested, the growth rate of similar
salmonid species decreases as the fish age and increase in mass (Cook et al., 2000;
Peragon et al., 2001). The present results are also supported by results published by
Jørgensen et al. (1993) and Brännäs and Linnér (2000) in which growth rate of Arctic
charr was found to increase with increasing density from 15 – 120 kg/m3.
Furthermore, the mean feed efficiency (FE) data reported in the current study
indicate that feeding is optimized (1.07 ± 0.02) around 60 kg/m3, with efficiency
negatively affected as density is increased or decreased from this density. This
indicates that biodensities in this range may be optimal for feeding Arctic charr in
freshwater production systems, based on the efficiency of feed conversion.
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Furthermore, the same trend was observed as early as T 2 and persisted through to the
completion of the study (T4), which indicates that this trend is likely consistent
throughout the juvenile stage of Arctic charr. The feed efficiency of fish held at 60 kg/m3
(1.07 ± 0.02) was found to be slightly higher than those reported in other studies (0.69 –
0.98) examining the growth performance of Arctic charr (Tabachek, 1988; Yang and
Dick, 1994). Interestingly, the feed efficiency values examined in the extreme densities,
30 and 150 kg/m3 (0.60 ± 0.04), were consistent with values reported by Tabachek
(1988) (0.56 – 0.65) and Yang and Dick (1994) (0.69 ± 0.03) in younger Arctic charr fed
a commercial diet (mean wet masses of 21 and 16g respectively). Similar results were
reported in a 2008 study by Handeland et al., where growth rate and feed efficiency
were found to be positively correlated with age and wet mass in Atlantic salmon. Thus, it
is evident that densities below 60 kg/m3 and in excess of 120 kg/m3 result in
perturbations to feeding and growth performance, and suggest that these parameters
may be optimized within this range of densities.

4.2.3 – Biodensity effects on the morphology of juvenile Arctic charr
In the current study, the consistency between mean wet mass and fork length,
irrespective of treatment density or sample period, indicates that biodensity had no
effect on the external morphometrics of Arctic charr throughout the duration of the
study. This indicates that systems stocked between 30 and 150 kg/m3 will consistently
produce charr of similar length and mass, irrespective of the age at which they are
harvested. These findings are consistent with those reported in a similar study by
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Christiansen et al. (1991), in which fish were held at densities of 23 and 47 kg/m3.
Condition factors (CF) observed in this study (1.07 – 1.40) were consistent with those
published by Holm (1989) which reported a mean value of 1.138 for Arctic charr held in
monoculture. The fact that biodensity was found to have no effect on CF suggests that
Arctic charr can be stocked at densities ranging from 30 – 150 kg/m3 without
perturbations to their general observed fitness or nutritional status. However, it should
be noted that there was a period at T3 when condition factor was found to decrease in
charr stocked at higher densities, a trend that was not present at any other sample
period.
Like wet mass and fork length, the carcass mass (spleen, digestive tract and
surrounding adipose tissue removed) of Arctic charr was not affected by biodensity at
any sample period. This indicates that, irrespective of the density Arctic charr are held,
the marketable product (that is the muscle mass remaining following evisceration) will
not vary. In other words, when stocked between 30 and 150 kg/m3, a producer can
expect to obtain a similar yield of product and therefore higher densities are favoured for
maximum yield.
The values of HSI observed in this study (1.33 – 2.03%) are comparable to other
publications on Arctic charr of similar age, ranging between 1.5 – 2.2% (Miglavs and
Jobling, 1988; Vidakovic et al., 2016). Biodensity was found to have no effect on mean
HSI at the end of the study (T4), however there were mixed effects between T 2 and T3 in
which the highest values were reported in the 90 and 60 kg/m 3 densities, respectively.
Due to the variation in the reported trends over time, further study with a longer growout period is required in order to accurately determine the effects of biodensity on HSI.
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Mean VSI for fish held at all densities (11.97 ± 0.36%) was slightly higher than
the reported mean range of 7.7 - 9.5% (Miglavs and Jobling, 1988; Vidakovic et al.,
2016). However, these studies involved the use of restricted diets and social stressors
which could be attributed to reduced growth and feed conversion (Miglavs and Jobling,
1988; Jørgensen and Jobling, 1993; Alanärä et al., 2001). In the present study, VSI was
consistently unaffected by biodensity between sample periods T1 and T4. This indicates
that, irrespective of biodensity and age of harvest, the visceral content of charr will be
unaffected. This information is advantageous to producers as the ratio of viscera to
body mass is indicative of the amount of inedible (and therefore unmarketable) material
(spleen, digestive tract and surrounding adipose tissue). If this is unaffected by
biodensity, stocking at higher densities in order to maximize production is advisable (not
including any other parameters).
A positive correlation developed by T4 between HSI and VSI which could indicate
that the relative size of the liver increased with increasing visceral mass. This trend did
not develop until near the endpoint of the study (T 4), which could imply that liver and
visceral growth in Arctic charr is dynamic with time. Early measurements at T0 indicate
that growth was not correlated between these organs, but there was evidence of
isometric growth in the liver and viscera by the end of the study. It has been shown that
organ growth in salmonids follows an isometric growth model in that all organs develop
at nearly the same rate as fish consume feed and increase in mass (Caballero et al.,
2002). The presence of correlations of similar magnitude across all treatments indicates
that biodensity had an effect on this rate of organ growth in Arctic charr. However it is
interesting to note that the extreme densities (30 and 150 kg/m 3) exhibited similar
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correlations much earlier than the intermediate densities, as early as T 1 in the case of
the 30 kg/m3 density. The cause for these effects is likely different for both of these
densities due to differences in the stress associated with high and low biodensities. The
difference in this stress could be attributed to differences in social interactions and feed
acquisition as a result of the density conditions within the experimental tanks. The
differences in the organosomatic indices observed in this study could also be attributed
to increased fat retention in the viscera as a result of increased feed acquisition
(Caballero et al., 2002). However, no proximate analyses were performed in the present
study so it is not possible to determine whether these differences are the result of
increased fat or water retention.
Biodensity was found to have no effect on the level of caudal fin damage, and
nearly no effect on the dorsal fin (with the brief exception of T 3 when lower densities
exhibited higher damage scores). The fact that biodensity ultimately had no effect is
beneficial to producers as it increases the marketability of drawn (eviscerated, whole
carcass) fish when fin condition is optimal (indicating higher quality). The lack of an
effect with biodensity means that producers can stock Arctic charr at densities ranging
from 30 to 150 kg/m3 without fear of fin degradation which could ultimately diminish
market price.
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4.2.4 – Reduced muscle protein content in intermediate biodensities while
synthesis capacity remains unaffected
In fish, the rate of white muscle growth is proportional to the growth rate of the
whole animal and thus can act as a sensitive marker for the determination of overall
growth (Houlihan et al., 1993; Valente et al., 1998). The temporal fluctuation observed
in the current study were also observed in a study by Peragon et al. (2001) in which the
white muscle protein content of juvenile rainbow trout was also found to fluctuate over
the course of a 96-week study. It is interesting to note that acclimation resulted in a
significant increase in white muscle protein content across all densities in the current
study. The white muscle protein content observed in this study on Arctic charr (156.54 183.26 mg/g) is similar to those reported in rainbow trout, spanning from 146.9 - 182.0
mg/g (Houlihan and Laurent, 1987; Peragon et al., 1999; Peragon et al., 2001) that
report ranges.
The apparent trend that had developed by T 2 demonstrates that the protein
content was significantly reduced in fish reared at 90 kg/m3 (156.54 ± 3.72 mg/g)
compared to those reared at higher and lower densities (170.83 ± 3.98 mg/g, equally).
In addition, stocking at 150 kg/m3 appears to consistently produce charr with the highest
(or equally highest) white muscle protein content, irrespective of the sampling period. It
is possible that the difference in white muscle protein content observed between the 90
kg/m3 density and the other treatments could be the result of increased water retention
as the samples taken for this study were analyzed using wet mass. Thus, further
assessment involving dry mass and proximate analyses are required to support the
observed levels of white muscle protein content.
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The ratio of RNA : Protein in white muscle is an index of the upper ribosomal
capacity for protein synthesis and has been positively correlated with growth and protein
synthesis (Buckley, 1984; McMillan and Houlihan, 1988; Houlihan, 1989; Houlihan et
al., 1993). To our knowledge, there are no publications examining these ratios in Arctic
charr. However, the RNA : Protein ratios observed in this study are consistently higher
than those published from studies on rainbow trout (Valente et al., 1998; Peragon et al.,
2001). Mean ratios were reported as 1.17 ± 0.34 and 9.66 ± 0.85 μg/mg in studies by
Valente et al. (1998) and Peragon et al. (2001) respectively, while mean ratios in the
current study ranged from 7.9 – 30.5 μg/mg (mean ± SEM = 18.07 ± 0.15). This
indicates that the capacity for protein synthesis in Arctic charr is significantly higher than
those reported in the literature for rainbow trout, more than doubled in some instances.
RNA : Protein ratios were found to decrease between T 0 and T2 which is consistent with
the results of Peragon et al. (2001) which found a decrease in this ratio with fish age.
However, this trend was reversed in the present study and increased between T 2 and
T3. As with the fluctuations seen with white muscle protein content, the significant
decrease observed in mean RNA : Protein ratios following acclimation (between T 0 and
T1) may be associated with changes in protein synthesis and degradation as the
animals develop and increase in mass (Pergaon et al., 2001). In the present study,
biodensity had mixed effects on protein synthesis capacity, estimated using the ratio of
RNA to Protein (μg/mg) which was also found to fluctuate with time. Interestingly, there
was a period between T2 and T3 in which fish stocked at 150 kg/m3 were found to have
the lowest RNA : Protein ratios of all treatment densities. However, by study completion
(T4), all densities exhibited similar RNA : Protein ratios indicating that, in the longer
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term, the upper capacity for protein synthesis in Arctic charr is unaffected by biodensity.
These results suggest that Arctic charr can be held at densities of 30 – 150 kg/m3,
potentially without major impacts on muscle growth. Though further study involving data
collected from a complete grow-out (fry – marketable size) is required in order to fully
investigate the trend of RNA:Protein over time in these higher densities.
Negative correlations were observed between the upper capacity for protein
synthesis (RNA : Protein) and protein content (Protein : Sample Mass) in the white
muscle of Arctic charr. This could indicate that as the capacity for protein synthesis
increases, protein content in the white muscle tissue declines. This implies that these
Arctic charr show reduced depositional efficiency for protein, but have the potential for
increased synthesis. Further study, involving the measurement of protein synthesis
rates, is required to better understand the effects of biodensity on Arctic charr muscle
biochemistry.

4.3 – Welfare Parameters
4.3.1 – Adequate nutritional status and fin condition, regardless of
biodensity
Biodensity had no apparent effects on mean condition factor. There were mixed
effects between T0 and T3, however these were not persistent and there was no
observable effect by T4. Since condition factor is a strong indicator of the overall
nutritional status of fish (Bolger and Connolly, 1989; Sopinka et al., 2016), these results
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indicate that the body conformation of Arctic charr is consistent regardless of the
biodensity they are reared at.
It is interesting to note that biodensity was ultimately found to have no effect on
either caudal and dorsal fin damage by the end of the study (T 4) given the territoriality
and agonistic behaviour exhibited by most salmonids (Christiansen et al., 1989;
Winberg and Nilsson, 1993; Alanärä and Brännäs, 1996; MacIntyre et al. 2008). In a
1996 study, Alanärä and Brännäs observed the effects of stocking density on the
feeding behaviour of Arctic charr and found evidence of increased conspecific
aggression with increasing density. Total daily bite activity was found to be lower in fish
held at low densities (2 – 12 kg/m3) and increased significantly as density was
increased (Alanärä and Brännäs, 1996). A positive correlation between caudal and
dorsal fin damage would indicate that both fins are damaged, in relation to each other,
as a result of increased biodensity. No such correlations were observed consistently
between the damage of both fins in the current study, indicating that these fins are not
damaged (or worn) at the same rate. Studies on salmonids indicate that the majority of
aggressive conspecific behaviour is focused on the dorsal fin (Moutou et al., 1998;
MacLean et al., 2000). The degree of damage between the caudal and dorsal was not
different which could either indicate that there was no conspecific aggressive behaviour
(with respect to dorsal fin damage) or that aggression in Arctic charr is not focused
entirely on the dorsal fin as previously believed (Moutou et al., 1998). It should be noted
that some degree of fin damage is likely to occur on either fin as a result of collisions
with the culture tank or with other conspecifics. Fin damage has also been associated
with many of the ‘five freedoms’ of animal welfare, in that fin degradation can result in
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discomfort, disease (as a result of the presence of the open wound), and hinder the
animals balance or locomotion – otherwise the ability to express normal behaviours
(Webster, 2001; Fraser, 2008; Braithwaite and Huntingford, 2013).

4.3.2 – Evidence of increased stress when held at low densities
The majority of plasma cortisol levels observed in this study are comparative to
those of non-stressed salmonids which are below 10 ng/ml (Pickering and Pottinger,
1989; Øverli et al., 1999a,b), though some treatments did exceed this threshold over the
course of the study. The levels observed here (3.15 – 8.35 ng/ml) are similar to those
published in a study investigating the effects of stocking density in rainbow trout, which
fell in the estimated range of 3.1 – 8.0 ng/ml (Laursen et al., 2013). Laursen et al.
(2013) found no difference in mean plasma cortisol in farmed rainbow trout reared at
densities ranging from 25 – 140 kg/m3 but did find evidence of increased serotonergic
brain activity with higher densities. Increased serotonergic activity has been associated
with reduced growth and feed consumption in several salmonids (Øverli et al., 1999a;
Chaouloff, 2000). Studies examining the effects of social structure have shown that, in
several salmonid species, subordinates exhibit a similar increase in serotonergic activity
(Øverli et al., 1999a; Hoglund et al., 2001). There is a possibility that serotonergic
activity (and the accompanying reduction in growth and feeding) increases with
increased cortisol concentrations (Vijayan and Leatherland, 1990; Christiansen et al.,
1991).
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A decline in mean plasma cortisol (ng/ml) was observed in all densities, following
the acclimation period, with the exception of fish stocked at 30 kg/m 3 which displayed
levels comparable to those displayed by fish sampled at T i (15.00 ± 2.11 ng/ml). It
should be noted that the fish sampled for T i were exposed to more rigorous handling
and husbandry as initial biodensities were established and fish were assigned to
treatment tanks. Due to this fact the concentration of cortisol within these individuals
might be expected to be higher than those sampled for T0 onward, during which both
the time and degree of handling were standardized and greatly reduced. Because fish
assigned to the 30 kg/m3 treatment were found to have levels of circulating cortisol at T 0
similar to those observed in Ti, it is evident that fish stocked at this density are as
stressed as fish that have undergone extensive handling. Furthermore, the 30 kg/m 3
density was the only treatment to exhibit a decline in mean plasma cortisol over time.
This could suggest a period of prolonged acclimation in fish stocked at 30 kg/m3,
compared to fish stocked from 60 – 150 kg/m3. When stocked at high densities, there
were significantly reduced incidents of aggression which suggests that social
hierarchies are able to develop at low densities (Christiansen et al., 1989; Vijayan and
Leatherland, 1990; Christiansen et al., 1991). Ultimately plasma cortisol was found to
be consistently highest in fish stocked at 30 kg/m3 and lowest in those stocked at 150
kg/m3, indicating that higher biodensities result in reduced stress in Arctic charr. Due to
the fact that cortisol levels tended to decrease as charr were stocked at higher densities
and that levels were consistently lowest in the 150 kg/m 3 treatment indicates that charr
may have the capacity to be reared at densities even greater than those seen in the
current study. In other words, the results of this study indicate that we have not found
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the upper limit for biodensity with regards to the stress (plasma cortisol) associated with
overcrowding. However, it is likely that culture at such extremes would be limited by the
water quality conditions associated with high density culture. The present results are
opposite to the stress associated with high biodensity that is experienced by rainbow
trout, which is species-specific and thought to be lower than that of Arctic charr (Wallace
et al., 1988; Jørgensen and Jobling, 1993). As we have seen in previous publications,
Arctic charr have been shown to exhibit the opposite effect in that stress is elevated
when fish are stocked at low densities (Wallace et al., 1988; Jørgensen and Jobling,
1993; Jørgensen et al., 1993) as a result of increased social interactions (Vijayan and
Leatherland, 1990; Christiansen et al., 1991). The resulting hierarchies that arise from
these interactions consist of dominant and subordinate individuals with varied stress
responses (Vijayan and Leatherland, 1990; Christiansen et al., 1991).
In a 2006 study, Yue, et al. reported no difference in aggressive behaviours or
cortisol levels in rainbow trout housed with larger or smaller conspecifics (meant to
simulate more dominant and subordinate individuals, respectively). However, it was
noted that large fish frequently chased medium-sized fish, while the chasing behaviour
was almost never observed from the smaller fish (Yue, et al., 2006). There was little
evidence of social hierarchies in the present study, based on behavioural observations
during hand-feeding sessions. There were few cases where correlations were observed
between plasma cortisol and wet mass, throughout the study. However, the correlations
that were present between T1 and T4 were positive, indicating that there may be
differences in stress in relation to fish size. These results imply that fish of greater mass
were also more stressed than smaller individuals. Interestingly, the correlation seen at
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T0 is more attuned with what would be expected in that fish of greater mass would show
reduced stress levels as a result of their position in the social hierarchy. This is
exemplified in a study by Alanärä and Brännäs (1996) which found increased levels of
circulating cortisol in subordinate Arctic charr. Contradictory to these findings, the
results between T1 and T4 may indicate increased stress in dominant individuals which
could be the result of increased effort in maintaining social standing. However, the lack
of consistent correlations indicates that there is ultimately no difference in stress levels
between large (dominant) and small (subordinate) Arctic charr. This is advantageous in
the culture of Arctic charr as it suggests that they are able to tolerate densities ranging
from 30 – 150 kg/m3.
The concentrations of plasma glucose (mmol/l) observed in this study (4.00 –
5.68 mM) were within the range of those published for Arctic charr (Frøiland et al., 2012;
Jørgensen et al., 2013) and rainbow trout (Wells and Pankhurst, 1999; Polakof et al.,
2010), 3.6 - 10.2 mM and 3.8 - 10.1 mM respectively.
Acclimation resulted in no change in plasma glucose across all densities with the
exception the 30 kg/m3 treatment which showed an increase over this period. As
previously mentioned, increased stress (and cortisol levels) can result in an increase in
circulating levels of glucose (Silbergeld, 1974; Mendl, 1999; Barton et al., 1987). Thus, it
is plausible that the elevated levels of circulating glucose observed in the 30 kg/m 3
treatment at T0 may be attributed to the elevated plasma cortisol also observed within
the same sample period. However, based on the results of the Pearson correlation of
plasma cortisol vs glucose, this was not the case in the current study as no consistent
correlations were observed; thus some alternate, confounding variable is likely at play.
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The consistency in plasma glucose after the first sample period (T 0) between the
treatment densities indicates that biodensity had no effect on the stress levels of Arctic
charr. It is interesting to note that the trend of decreased cortisol, and therefore stress,
is not reflected in the levels of circulating glucose which would be expected to increase
as glucose is released as a secondary response to stress (Barton et al., 1987; Barton
and Moos, 1999).
As plasma cortisol, associated with stress, increases there is often a response of
equal magnitude of the release of plasma glucose as a mobilization of energy reserves
from liver glycogen as a stress response (Andersen et al., 1991). No such association
was observed with the present study, based on the lack of consistent correlations
throughout the study and at T4. A positive correlation was observed in fish held at 150
kg/m3 at T2 which is what would be anticipated from the gluconeogenic properties of
cortisol in response to a stressor. Interestingly the opposite (increased cortisol
correlated with decreased levels of glucose) was observed in the 60 kg/m 3 density at T0,
indicated by the presence of a negative correlation.

4.4 – Cortisol-Related Correlations (Potential Implications of Stress
and its Effects on Welfare)
4.4.1 – Cortisol not correlated with growth or feed efficiency
Increased stress (using cortisol as an indicator) has been associated with
perturbations in growth and feed efficiency in salmonids (Jobling, 1985; Barton et al.,
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1987; Andersen et al., 1991; Jørgensen et al., 1993; Gregory and Wood, 1999). In a
study on rainbow trout, Gregory and Wood (1999) observed reduced growth and feed
efficiency in fish treated with a threefold increase in plasma cortisol levels. When
examining the results for growth (TGC; Section 3.3.4), feed efficiency (Section 3.3.5),
and plasma cortisol (Section 3.6.1), it appears that the higher densities exhibit the
lowest growth and feed efficiency, while also consistently having the lowest recorded
levels of plasma cortisol. Conversely, the lowest densities were found to have the
highest rates of growth with reduced feed efficiency and consistently produced the
highest levels of plasma cortisol, indicating high levels of stress. Thus, one could make
the assumption that growth and feed efficiency may be correlated with levels of plasma
cortisol. However, no consistent correlations were observed between stress levels and
growth/feed efficiency. This may indicate that Arctic charr are resilient to stress such
that it does may not affect their overall growth which is critical for the welfare of these
animals.
4.4.2 – Cortisol not correlated with fin damage
There were no consistent correlations between levels of plasma cortisol and fin
damage (caudal and dorsal) suggesting that damage in neither fin is associated with
increased pain or stress. In a study on rainbow trout, Sneddon et al. (2003)
demonstrated increased plasma cortisol in fish that were administered noxious stimuli
(mild acetic acid and shock) to the nociceptors of the face. When treated with an
analgesic substance, cortisol levels were found to be reduced in comparison to fish
treated with a control (Sneddon et al., 2003). Nociceptors have also been observed in
the fins of salmonids and have been shown to have effects on stress and cortisol in
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response to noxious stimuli (Becerra et al., 1983; Latremouille, 2003; Sneddon et al.,
2003). Therefore it has been predicted that an increase in fin damage would be
correlated with increased levels of plasma cortisol as a response to the potential pain
associated with the erosion of the fin and the exposure of the nociceptors (Sneddon et
al., 2003; Braithwaite and Huntingford, 2013). Ultimately, neither fin was consistently
correlated with stress in the present study which could indicate that the fish acclimated
to the experimental conditions over the course of the study. In other words potential acts
of aggression, in the form of dorsal fin damage, were not associated with increased
stress (with respect to circulating levels of plasma cortisol). Thus, it could be implied
that Arctic charr are relatively resilient to conspecific aggressive encounters which
would be advantageous for culture and production.

5.0 Conclusion
5.1 – Optimal Biodensity, a Twofold Approach – Economics vs Ethics
The purpose of this study was to provide an estimation of an optimal biodensity
for Arctic charr aquaculture, with emphasis on production performance and welfare.
With the ever increasing demand for protein there has been an increase in the
prevalence of high intensity aquaculture which has been proven to be a more efficient
source of protein when compared to traditional terrestrial livestock farming (FAO, 2016;
Browman et al., 2018). However, the high biodensities and husbandry conditions
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associated with these high intensity operations may compromise welfare (Browman et
al., 2018, Moccia, 2013). Thus, there are two drivers at play in determining an optimal
biodensity with respect to the economics of fish growth and production performance,
and the ethics associated with welfare consideration. Ultimately, the determination of an
optimal biodensity for Arctic charr aquaculture must be the result of the careful
consideration of these two approaches.
As the results have shown, biodensity had no effect on mortality, morphometry
(final wet mass, fork length, condition factor, HSI, VSI, carcass mass), and the capacity
for white muscle protein synthesis. The lack of an effect on these parameters indicates
that Arctic charr can be held between 30 and 150 kg/m3 without any loss via mortality or
differences in final body composition. However, the combination of reduced growth
rates (i.e. lower TGC’s; 0.20 – 0.21) observed at the high densities (120, and 150
kg/m3) and reduced feed efficiency (0.56 – 0.83) at the extremes (30, 120, and 150
kg/m3) suggest a density between 60 and 90 kg/m3 for optimal economic gains (TGC:
0.23 – 0.26; FE: 0.92 – 1.06). However, white muscle protein content was found to be
lower in the 90 kg/m3 treatment which may suggest an optimal density below this
threshold.
The results of the welfare analyses show evidence of reduced stress (as
assessed by circulating levels of plasma cortisol) at higher biodensities, with fish
stocked at 150 kg/m3 exhibiting the lowest levels of all treatments. There was no
evidence of social hierarchies (with respect to cortisol levels and mass) or acts of
conspecific aggression (in the form of dorsal fin bites and subsequent damage) that are
normally observed when Arctic charr are held at low biodensities (Wallace et al., 1988;
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Jørgensen and Jobling, 1993; Jørgensen et al., 1993). Even more intriguing was the
fact that dorsal fin damage was not correlated with increased levels of cortisol which
could suggest resilience to conspecific aggression, though further behavioural analyses
are required to support this hypothesis.
As we have seen, the two approaches provide slightly different suggestions for
an optimal biodensity. The economics approach suggests stocking at densities greater
than 30 kg/m3 and less than 90 kg/m3 for the benefit of producing product of similar
quality while improving feed efficiency and growth. However, stocking at higher
densities (150 kg/m3) resulted in reduced stress which is highly associated with the
welfare status of farmed animals (Turnbull et al., 2008). Therefore, using a combination
of an economics and ethics based approach, the suggested biodensity for Arctic charr
aquaculture is somewhere in the range of 60 – 90 kg/m3. Within this range, Arctic charr
exhibited optimal feed efficiency and growth while maintaining cortisol levels below the
10 ng/ml implied for stressed salmonids (Pickering, and Pottinger, 1989).
Future studies could expand on the results observed here and either support or
refute the suggested optimum density range of 60 – 90 kg/m3. White muscle samples
from this study are stored at -80°C for future proteomic analyses which will give a
deeper understanding of the underlying processes of muscle growth in Arctic charr.
Determination of DNA concentrations within these tissues will expand on the results
outlined in Section 4.4 to allow for the classification of growth, be it via hyperplasia (as
would be associated with younger fish) or hypertrophy (main class of muscle growth in
adult fish) (Peragon et al., 2001). Sampling in future studies may include composite and
dry mass analyses of white muscle samples in order to determine the water and fat
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content of the muscle samples. This would expand on the findings reported here for
white muscle protein content as the data used for this study utilized wet mass of
samples which may underestimate the protein content in fish that exhibit increased
water retention. The degree of water retention in cultured fish can provide a deeper
understanding of the underlying processes of growth which may expand upon the
results of the production and welfare parameters examined in the current study.
Furthermore, liver samples are also being stored at -30°C for genomic analyses of
growth. Expression of insulin-like growth factor (IGF1 and IGF2) and growth hormone
receptor (GHR) will be determined using digital droplet polymerase chain reaction (ddPCR) in order to further examine the genetic effects of biodensity on Arctic charr
growth. This would allow for growth analyses spanning measurements of population
(growth (TGC), feed efficiency, etc.), morphological (mass, length, etc.), physiological
(muscle protein content, synthesis capacity, etc.) and genetic (IGF, GHR) data.

Finally, this study was performed on juvenile Arctic charr (average mass of 177.2
g) and was run for a period of 91 days after which the average mass was 478.9 g,
significantly less than the average market weight (0.9 – 1.4 kg) (Ojima et al., 2009;
Eriksson et al., 2010; Gunnarsson et al., 2014). This leaves a large gap in the
development of these animals towards market weight in which the effects of biodensity
could vary from those reported here. Thus, future studies could begin with fingerling fish
and continue sampling and observation throughout the entire life cycle of Arctic charr in
aquaculture systems.
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APPENDICES
Appendix 1.0 - Validation of Handheld Glucometers
Handheld glucometers were used as a more convenient and efficient method of
plasma glucose determination and as such, the use of these units in the current study
was validated using laboratory methods of glucose determination. Laboratory
determination of plasma glucose concentrations was conducted using a Biosen C-Line
Clinic glucose and lactate analyzer (EKF Diagnostics, Wales, UK). A subsample of
Arctic charr and rainbow trout (n = 10 each) were obtained from AARS station stock,
euthanized with a lethal dose of MS-222 and handheld glucometers were used to
determine plasma glucose concentrations. The fish were further sampled for whole
blood which was stored in containers treated with heparin to reduce potential
coagulation during transport to the University of Guelph Animal Biosciences department
for analysis with the laboratory glucose analyzer.
Rainbow trout and Arctic charr samples were collected and assessed against
literature values for this species due to the species’ popularity in the published literature.
This allowed for comparisons to be made with published, peer-reviewed data,
examining the results from both laboratory and handheld methods.
The results of the validation for the use of handheld glucometers in place of
standard laboratory methods are depicted in the following Table:
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Appendix: Table 1 - Results of the validation of the handheld method for the determination of
plasma glucose (mmol/l; mM), in Arctic charr; values obtained from both handheld and laboratory
methods are reported for both rainbow trout and Arctic charr and comparable ranges from peere
reviewed literature; values marked with superscript ‘ ’ indicate where a value has been
estimated/converted from a figure when exact values were not reported.

Mean Wet Mass
(g)
Sampled S. alpinus
Values
Frøiland et al., 2012
Sampled O. Mykiss
Values
Procarione et al., 1999
Wells & Pankhurst, 1999
Polakof et al., 2010

49.43 ± 0.37

Mean Plasma Glucose
(mmol/l)
5.9 ± 0.4 (Handheld)
6.2 ± 0.4 (Laboratory)

S. alpinus Literature Ranges
146 ± 15
6.1 - 10.2e
4.5 ± 0.3 (Handheld)
50.03 ± 0.60
4.7 ± 0.3 (Laboratory
e

O. Mykiss Literature Ranges
79.4 ± 5.0e
4.4 - 6.1e
449 ± 24
3.8 - 10.0e
200 ± 10
5.8 - 9.7e

The concentrations reported from the Verio One-Touch handheld glucometers
were similar to those obtained from the laboratory method with the Biosen C-Line Clinic
glucose analyzer for both species assessed. The values obtained from using both
methods on rainbow trout were consistent with plasma glucose concentrations reported
by Procarione et al. (1999) in 6-12 month old juvenile rainbow trout at approximately 80110 mg/dl (4.4-6.1 mmol/l). The mean plasma glucose concentrations also lie within the
ranges reported by Wells and Pankhurst (1999) and Polakof et al. (2010) in more
mature rainbow trout. Finally, the mean plasma glucose concentrations for Arctic charr
were consistent with the ranges observed in a study by Frøiland et al. (2012) on more
mature fish of greater mass.
Due to the fact that the results of the handheld and laboratory methods did not
differ significantly and that the results are consistent with those published in primary
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literature for the same species, handheld glucometer units should be a valid method for
the determination of plasma glucose concentrations in salmonids.

Appendix 2.0 - Lowry Protein and Schmidt-Thanhauser RNA
Validation for Arctic charr
To date, there has been little focus into the study of biochemical growth indices in
Arctic charr within the primary literature. Thus, to our knowledge, this is one of the first
studies to examine the concentrations of protein and RNA within the white muscle of
fish of this species. As such, the methods for the determination of protein and RNA
concentrations were validated for Arctic charr using measurements from a related
species using identical methods (as outlined in Sections 2.5 and 2.6).
Prior to the beginning of experimental trials, 10 each of Arctic charr (avg wt =
50.0 ± 0.59 g) and rainbow trout (avg wt = 49.4 ± 0.37 g) were randomly sampled from
AARS station stock and assessed for white muscle protein and RNA concentrations.
Average concentrations of protein and RNA in the rainbow trout samples were
compared to results from similar studies that have been published on rainbow trout of
similar size and age.
The results of the validations for the Lowry and Schmidt-Thanhauser methods
can be found in Appendix: Table 2a; values of white muscle protein content (protein :
sample wet mass) and RNA : protein were converted to mg/g of tissue for comparison
to literature values and are reported as mean (± SEM).
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Appendix: Table 2a – Results of the validation of the Lowry and Schmidt-Thanhauser methods for
the determination of white muscle protein and RNA concentrations, respectively, in Arctic charr;
values converted to mg/g for comparison against reported values of peer reviewed articles in a
similar species (rainbow trout, in this case) of similar size, age and life history.
Mean Wet Mass
(g)

Protein : Sample Weight
(mg/g)

RNA : Protein
(mg/g)

49.43 ± 0.37

112.51 ± 5.60

18.35 ± 1.33

50.03 ± 0.60

153.74 ± 4.41

6.64 ± 0.57

Houlihan and Laurent, 1987 (unreported)

63.21 ± 2.30

182.0 ± 4.77

-

Valente et al., 1998 (25 weeks)

50.88 ± 17.00

-

1.17 ± 0.34

Peragon et al., 2001 (28 weeks)

42.27 ± 0.68

146.9 ± 7.77

9.66 ± 0.85

Sampled Arctic char (S. alpinus ) Values
(29 weeks)

Sampled rainbow trout (O. Mykiss ) Values
(26 weeks)

Rainbow trout Literature Ranges
Peer-Reviewed Reference, year (fish age)

White muscle protein concentration (protein : sample wet mass; mg/g) in the
rainbow trout samples were consistently lower than those reported by Houlihan and
Laurent (1987). Peragon et al. (2001) and similar studies have shown that white muscle
protein content (mg/g) is dynamic throughout the lifecycle of fingerling and juvenile
rainbow trout which could account for the discrepancy between the reported values. A
summary of the results published by Peragon et al. (2001) are reported in the following
table:
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Appendix: Table 2b – Results of the study by Peragon et al., (2001), examining protein-turnover
and nucleic-acid concentrations in rainbow trout. White muscle protein concentration (mg/g
tissue) and synthesis capacity (mg RNA/g protein) of trout at different development stages; values
reported as mean ± SEM.

Mean body weight (g)

Age (weeks)
14
7.38 ± 0.04

24
43.46 ± 0.15

28
64.10 ± 0.22

40
68.50 ± 0.70

96
421.29 ± 1.11

146.42 ± 7.77

167.82 ± 6.53

142.41 ± 7.02

9.66 ± 0.85

6.14 ± 0.33

3.27 ± 0.14

White muscle analyses
Protein concentration
-1

(mg g tissue )
Protein synthesis capacity
(mg RNA g protein-1)

139.03 ± 13.97 133.42± 15.11

16.11 ± 0.16

12.37 ± 0.85

The muscle protein results of the current study are consistent with those
published by Peragon et al. (2001) when examining 28 week old (64.10 ± 0.22 g)
rainbow trout. The results of the Peragon et al. (2001) study suggest that protein
content and synthesis capacity (RNA : Protein) are dynamic during rainbow trout
development. The values of RNA : protein (mg/g) observed in rainbow trout white
muscle during this study are slightly lower than those published by Peragon et al.
(2001), though the fish used in this study were larger and older than those used by
Peragon et al. (2001). As reported in their study, Peragon et al. (2001) found that the
concentration of RNA : Protein decreases as rainbow trout mature, accounting for the
difference in mean RNA : protein between their results and those published here. As
seen in Table 4.1c, fingerlings (14 weeks of age) were found to have an average RNA :
protein ratio of 16.11 ± 0.16 mg/g tissue which was found to consistently decline with
each sampling period (Peragon et al., 2001). By the end of their study, this ratio
declined to a mean of 3.27 ± 0.14 mg/g tissue in adult rainbow trout (96 weeks of age)
(Peragon et al., 2001).
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The mean RNA : protein observed in rainbow trout was lower than that reported
by Valente et al. (1998), however their study was performed under a different set of
husbandry conditions, at a higher water temperature than the current study, and utilized
slow-growing strains of rainbow trout.
Therefore, the Lowry method for total protein determination and SchmidtThanhauser method for quantifying RNA concentrations have been validated for
rainbow trout. Finally, since the standards and procedures of sampling/analyses were
not altered for charr, the results obtained using these methods on Arctic charr white
muscle should prove reliable.

