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Abstract The Arctic charr (Salvelinus alpinus) is a
relativelystenothermal fish that displays a high degree
of biological plasticity. Although primarily a fresh-
water fish, there are anadromous populations at the
northernmost limits of the distributional range. Devel-
opmental plasticity has both advantages and disad-
vantages for establishment in culture, with variable
growth rates and early onset of sexual maturation at
small size being distinctly disadvantageous. In addi-
tion, a requirement for water of low temperature for
egg production (4-7°C) and early development limits
the possibilities of farming Arctic charr outside of its
natural distributional range. On the other hand, a
tolerance of high stocking density (60—150 kg m ™)
makes it a candidate for rearing in recirculation
systems where effective use of both water and rearing
unit volume are at a premium. It is possible to farm
some strains of charr in either fresh water or brackish
water (20 %o) throughout the year, but year-round
farming in full-strength seawater (33-35 %o) does not
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seem to be feasible. Photo-thermal manipulation can
be used to influence feeding, growth, salinity tolerance
and the reproductive cycle. Water quality require-
ments seem to be similar to those of other salmonids.
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Introduction

Arctic charr (Salvelinus alpinus) has the most northern
distribution of all freshwater fishes and it is the most
cold-adapted species within the salmonid family (John-
son, 1980). Due to its occurrence at high latitudes, the
Arctic charr experiences large seasonal changes in
environmental conditions and the species is well-adapted
to exploit the associated changes in resource availability
(Johnson, 1980; Jgrgensen & Johnsen, 2014). Arctic
charr has a high degree of biological plasticity, life-
history patterns can vary within groups of siblings, and
growth is highly variable (Johnson, 1980; Hammer,
1984, 2014; Damsgard et al., 1999; Klemetsen et al.,
2003; Klemetsen, 2013; Jgrgensen & Johnsen, 2014;
Knudsen et al., 2015).

The Arctic charr is primarily a freshwater fish, and
although many populations are landlocked, typically
within deep lakes, others occur in watercourses with
access to the sea. Here some of the fish may adopt an
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anadromous life-style. Anadromous Arctic charr typ-
ically occur towards the northern limit of the distri-
bution range, and both anadromous and resident, non-
migratory charr often occur in the same watercourses
(Johnson, 1980; Jonsson & Jonsson, 2001; Klemetsen
et al., 2003; Rikardsen et al., 2004; Klemetsen, 2013;
Hammar, 2014). Lake-dwelling Arctic charr are often
polymorphic, with habitat segregation and variations
in body form between morphs. This is often related to
the food upon which the fish feed, resulting in trophic
polymorphism, but morphs usually differ in several
biological characteristics (Jonsson & Jonsson, 2001;
Klemetsen et al., 2003; Klemetsen, 2013; Hammar,
2014; Knudsen et al., 2015). Some lakes may contain
four sympatric morphs—planktivorous, small and
large benthivorous, and piscivorous—which have
some degree of reproductive isolation from each
other. The inherent developmental plasticity of the
Arctic charr has both advantages and disadvantages
for the establishment of the species in culture. For
example, the ability to adapt to a range of feeding
regimes may be advantageous, but variability in
growth rates and size and age at sexual maturity may
be disadvantageous for aquaculture production.

At present, charr from several sources, and from
both anadromous and landlocked populations, are
used for commercial farming. Small-scale producers
may rely upon farming fish taken from local waters,
but domestication and selective breeding programmes
have been carried out in some countries, e.g. Sweden,
Iceland and Canada, so commercial producers may
have access to selected stocks for on-growing (John-
ston, 2002; Didlecadet et al., 2006; Nilsson et al.,
2010). Although farming of Arctic charr is commer-
cially viable in several countries, production in areas
outside its native range is often problematic (Jobling
et al., 1993, 1998, 2010; Johnston, 2002). One major
problem that hinders the establishment of Arctic charr
farming in some regions relates to the requirement of
the species for water of low temperature. Low water
temperatures are required particularly during the final
stages of the reproductive cycle, during egg incubation
and for the early development of the hatchlings. This
means that the successful holding of broodstock, and
hatchery operations, are only possible in locations
where river and lake temperatures are low at the
appropriate times of the year, or where suitable well-
bore water is available (Jobling et al., 2010; Gillet
et al., 2011; Jeuthe et al., 2013, 2015).
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Global aquaculture production of Arctic charr is
6000-10,000 metric tonnes, with all main producers
located in northern Europe (Sather et al.,, 2013).
Farming of Arctic charr in the Nordic countries
constitutes more than 90% of the European produc-
tion, with 45-50 farms of different sizes using a range
of production strategies (Sather et al., 2013).The
farms use floating net cages in fresh water or brackish
water, flow-through tank systems and recirculation
systems (RAS) (Johnston, 2002; Eriksson et al., 2010;
Jobling et al., 2010; Sather et al., 2013).

The purpose of this short review is to describe current
knowledge of water quality requirements of Arctic charr
and provide information about environmental factors that
have major influences on production.

Farmed fish and their environment

Many abiotic and biotic factors combine to make the
rearing environment to which farmed fish are exposed;
all influence the physiology, behaviour, and perfor-
mance of the fish to a greater or lesser extent. Fish
within culture units can be exposed to various hazards
that are capable of having adverse effects upon
feeding, growth, health, and welfare (Colt, 2006;
Lekang, 2007; Branson, 2008; Harmon, 2009; Jobling,
2010). These may be categorized as physical, chem-
ical, and biological hazards. Physical hazards include
those associated with handling and transport, unfa-
vourable temperatures, and particulate matter and
suspended solids present in the water. Chemical
hazards include water with low concentrations of
dissolved oxygen (hypoxic or anoxic water), accumu-
lated metabolic wastes, organic and inorganic pollu-
tants and contaminants, such as heavy metals, and
residues of disinfectants and other chemicals used on
the farm. Biological hazards may range from patho-
gens and parasites to competitors and predators.
Farmed fish face the challenge of temporally
variable exposure to combinations of hazards, making
the defining of characteristics that represent a good
rearing environment a difficult undertaking. For
example, factors that influence and define water
quality include concentrations of dissolved oxygen,
concentrations of metabolic waste products (ammonia
and carbon dioxide), water pH, and the presence of
toxicants, such as heavy metals or organic pollutants.
In addition, requirements, such as those for water
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temperature, dissolved gas concentrations, and ionic
concentrations, vary with the life-history stage of the
fish, and environmental factors may interact to influ-
ence physiological and behavioural responses in a
variety of ways (Jobling, 1994, 2010; Colt, 2006;
Lekang, 2007; Branson, 2008; Harmon, 2009). In the
final reckoning, the environment to which farmed fish
are exposed will represent a compromise between
what is desirable and what is feasible within the
confines of the technology available and the economic
constraints placed upon the producer.

Temperature

How temperature influences a fish depends on its
thermal history, so short-term (acute) thermal

tolerances and preferences depend on the recent
thermal conditions experienced by the fish (Jobling,
1994, 2010). On the other hand, the ultimate upper and
lower incipient lethal temperatures are independent of
recent thermal history and acclimation, and reflect the
limits for survival. For Arctic charr, which is a
relatively stenothermal cold-water fish, the limits span
0-24°C (Table 1) (Lyttikdinen et al., 1997a; Thyrel
etal., 1999; Johnston, 2002). Arctic charr prefer colder
water, in the region of 10-12°C (Larsson, 2005;
Siikavuopio et al., 2014), than trout (Salmo trutta),
Atlantic salmon (Salmo salar), and European white-
fish (Coregonus lavaretus). They grow more effi-
ciently than both brown trout and salmon at
temperatures below 10°C (Larsson, 2005; Elliott &
Elliott, 2010; Jobling et al., 2010; Siikavuopio et al.,
2010), and charr can grow in water with a temperature

Table 1 Environmental and water quality thresholds and requirements for intensive rearing of Arctic charr (Salvelinus alpinus)

Environmental factor

Sources

Temperature

Thermal range 0-24°C
Broodstock 4-7°C
Egg incubation (to eyed stage) <6°C
Egg incubation (eyed stage to hatch) <l12°C
Start-feeding 8-10°C
Juveniles 14-16°C
On-growing 11-12°C

Salinity (Anadromous charr)
Summer Up to 33-35 %o
Year-round Up to 20 %o
Water quality
Dissolved gases
Oxygen saturation 70%
Carbon dioxide 10-15 mg 17
pH 6.5-8.5

Metabolic wastes

Total ammonia (TAN) <l mgl17!
Ammonia (NH3) <0.015 mg 17!
Nitrite <0.1 mg 17!
Nitrate (egg incubation) 1 mgl™!
Suspended solids <25 mg 1!

Lyytikiinen et al. (1997a), Johnston (2002)

Gillet (1991), Jobling et al. (1995), Jeuthe et al. (2013)
Jeuthe et al. (2013), Janhunen et al. (2010)

Johnston (2002)

Johnston (2002)

Jobling et al. (1993), Lyytikdinenet al. (1997b)
Larsson (2005), Siikavuopio et al. (2013)

Jobling (1994), Duston et al. (2007)
Jobling (1994), Arnason et al. (2014), Gunnarsson et al. (2014)

Jobling (1994)
Johnston (2002), Maclntyre et al. (2008)
Jobling (1994), Maclntyre et al. (2008)

Jobling (1994), Maclntyre et al. (2008)
Jobling (1994), Maclntyre et al. (2008)
Jobling (1994) , Maclntyre et al. (2008)
Maclntyre et al. (2008)
Maclntyre et al. (2008)

General recommendations for farmed salmonids

Sources: [1] Lyytikdinen et al. (1997a); [2] Johnston (2002); [3] Gillet (1991); [4] Jobling et al. (1995); [5] Jeuthe et al. (2013); [6]
Janhunen et al. (2010); [7] Jobling et al. (1993); [,8] Lyytikdinenet al. (1997b); [9] Larsson (2005); [10] Siikavuopio et al. (2013); [11]
Jobling (1994); [12] Duston et al. (2007); [13] Arnason et al. (2014); [14] Gunnarsson et al. (2014); [15] Maclntyre et al. (2008)
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as low as 0.3°C (Brannis & Wiklund, 1992; Siikavuo-
pio et al., 2009a).

Optimal temperatures for raising Arctic charr
change with life-history stage. Maturing females have
narrow tolerance limits because low water tempera-
tures (4—7°C) are required for oocyte development and
the final stages of egg maturation (Jobling et al., 1995;
Jeuthe et al., 2013, 2015). Ovulation of females held at
8°C is delayed compared to females kept at 5°C and is
completely inhibited at 11°C (Gillet, 1991; Gillet
et al., 2011). Exposure of the eggs to temperatures
over 10°C is deleterious to development and survival
(Jobling et al., 2010), and reduced hatching success of
eggs has been reported for incubation temperatures as
low as 6°C (Table 1) (Janhunen et al., 2010).

Growth rates for fingerlings and juveniles peak at
14-16°C (Table 1) (Jobling et al., 1993; Lyttikdinen
et al., 1997b; Siikavuopio et al., 2013), although the
fish may be able to sustain quite good growth within a
range of 10-18°C. Larsson (2005) and Siikavuopio
et al. (2013) reported that Arctic charr in the on-
growing stage perform well at 11-12°C, with the fish
combining high growth rates, good feed utilization,
and low occurrence of diseases and fungal attack.

Both the short-term thermal history (acclimation
temperature) and life stage need to be considered in
temperature management under farming conditions,
and it should be remembered that the optimal temper-
ature for growth is not optimal for feed utilization
(Jobling, 2010). If fish are to be subjected to changes in
temperature during production, they should be
allowed to gradually acclimate by stepwise change
of 1-2°C per day.

Salinity

Growth of anadromous Arctic charr held in seawater is
variable and is seasonally dependent (Duston et al.,
2007), although it may be possible to raise charr in
saline water year-round provided that an adequate
salinity acclimation protocol is adopted (Arnesen
et al., 1994, Arnason et al., 2014; Gunnarsson et al.,
2014). In the wild, anadromous charr spend most of
the year in fresh water. They migrate to the sea in late-
spring, and return to fresh water after spending
6-8 weeks in coastal waters (Jobling et al., 2010;
Jgrgensen & Johnsen, 2014). Such waters often have
salinities that are lower than full-strength seawater
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(33-35 %0). When farmed charr are transferred to
seawater in spring or early summer some fail to
resume feeding and lose weight, despite appearing to
maintain ion and water balance (Arnesen et al., 1993a,
b). By contrast, others start to feed after a few days and
grow well, particularly during the summer (Delabbio
etal., 1990; Arnesen et al., 1993b). As summer turns to
autumn, and then to winter the growth and survival of
Arctic charr cultured in seawater can be compromised
(Arnesen et al., 1994). Charr have reduced salinity
tolerance at this time, and wild anadromous charr will
have returned to fresh water to overwinter by late
summer or early autumn (Jobling et al., 2010;
Jgrgensen & Johnsen, 2014). Factors implicated in
the loss of salinity tolerance include the seasonal
changes in temperature and photoperiod along with
the onset of sexual maturation, but the relative
importance of each factor remains uncertain (Delabbio
et al., 1990; Eliassen et al., 1998; Duston et al., 2007;
Jgrgensen & Johnsen, 2014).

Anadromous charr seem to undergo a parr-smolt
transformation that resembles that seen in other
anadromous salmonids (Jgrgensen & Johnsen, 2014)
and they tolerate full-strength seawater (33-35 %o)
during an approximately 2-month long period during
summer. Charr of some strains may be able to cope
well with being reared in brackish water (20 %o) for the
remainder of the year (Amason et al., 2014; Gun-
narsson et al., 2014). The ability to tolerate exposure to
saline water year-round is also dependent on fish size
and temperature (Johnston, 2002; Duston et al., 2007).
Salinity tolerance of small fish may be poor, partic-
ularly at low temperature.

Whether non-anadromous Arctic charr can develop
seawater tolerance has been a matter of debate.
Offspring of landlocked strains of Arctic charr reared
in captivity have shown limited ability to hypo-
osmoregulate when transferred to full-strength sea-
water in spring, and mortality has often been high
(Staurnes et al., 1992; Eliassen et al., 1998; Ojima
et al., 2009). Ojima et al. (2009) were able to improve
the hypo-osmoregulatory capacity of landlocked charr
by treating them with growth hormone and cortisol.
These are hormones that are implicated in the
promotion of increased hypo-osmoregulatory ability
in anadromous salmonids during the parr-smolt trans-
formation (McCormick, 2013), and anadromous charr
have elevated plasma titres of growth hormone and
cortisol during the spring (Jorgensen & Johnsen,
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2014). This suggests that the lack of development of
hypo-osmoregulatory ability often seen in landlocked
populations of Arctic charr may depend, at least partly,
on a lack of the hormonal activation seen in anadro-
mous populations (Ojima et al., 2009).

Dissolved gases

The solubility of gases in water depends on temperature,
salinity, and their individual partial pressure gradients
across the surface (Lekang, 2007). The dissolved gases
that are of primary interest for fish production and water
management are oxygen and carbon dioxide.

Dissolved O, (DO)

Oxygen is required to sustain basic bodily functions,
and is considered to be the most important water
quality parameter in aquaculture production. It is
difficult to specify critical dissolved concentrations
because the response to low DO is a continuum of
effects that are influenced by exposure time, the size
and health of the fish, water temperature, and several
other environmental factors (Jobling, 1994, 2010;
Lekang, 2007; MaclIntyre et al., 2008; Harmon, 2009).
When considering the DO supply to the fish in the
rearing units it is essential to remember that fish
require more oxygen in warm water than in cool,
because metabolic rate increases as temperature is
increased. Fish that are well-fed will require more
oxygen than those that are fasting, as a result of the
increase in metabolic rate that accompanies feeding,
and small fish use more oxygen per unit weight than
larger fish. This means that the amount of DO to be
supplied to a rearing unit will not only depend upon the
number of fish present, but also upon their size and
feeding state, and upon water temperature (Jobling,
1994, 2010; Lekang, 2007; Maclntyre et al., 2008).
As is the case for other fish species the oxygen
consumption of Arctic charr varies with body weight,
feeding and growth rates, activity levels and swim-
ming speed, water temperature, and stress levels. For
juvenile Arctic charr (30-100 g) held at temperatures
of 6-10°C oxygen consumption will usually fall
within the range 100-200 mg O, kg~' h™' (Chris-
tiansen et al., 1991; Jgrgensen et al., 1993). Fish that
are feeding well and have good growth rates have an
average oxygen consumption above 150 mg O, kg™

h™', and shortly after the completion of a meal oxygen
demand may be 40-50% above the average.

The transfer of oxygen from the water to the blood
over the gills is passive, and depends on the partial
pressure that the gas contributes to the total pressure.
When oxygen concentrations and partial pressures are
low (hypoxia), the fish can compensate by increasing
water flow over the gills, increasing functional gill
surface area (lamellar recruitment) and/or can reduce
oxygen demand by decreasing activity or by reducing the
amount of food eaten (Jobling, 1994, 2010). The latter has
the consequence of reducing the rate of growth. There
may not be any negative effects on feeding and growth
when DO falls from 100 to 70% saturation, but below
70% saturation both feed intake and growth generally
decline (Table 1). Recent results indicate that Arctic
charr can tolerate DO down to 60% saturation without
any reduction in growth rate, but at 60% saturation feed
conversion was poorer than at higher DO (Beuvard &
Thoraresen, unpublished data). In cases where there is a
risk that the fish may be exposed to hypoxic water,
remedial measures can include supplementary oxygena-
tion, reducing or stopping feeding, and lowering water
temperature; the latter to reduce the metabolic rates of the
fish and, thereby, reduce oxygen demand.

Super saturation of water with oxygen (hyperoxia) is
not usually a problem, but it can sometimes arise during
handling and transport when it is common practice to
oxygenate the water (Lekang, 2007; Maclntyre et al.,
2008; Harmon, 2009). This reduces water needs, which
may be favourable and even necessary under some
conditions. By removing nitrogen before adding oxy-
gen, the total gas saturation may be kept under 100%
even though the DO content per se is increased (Lekang,
2007).

Carbon dioxide (CO,)

Production of carbon dioxide is directly related to
oxygen consumption, since it is an end product of
aerobic metabolism in tissues, and CO, that is carried
from the tissues in the blood diffuses over the gills into
the water that surrounds the fish (Jobling, 1994). The
dynamics of the reactions of CO, with water are
complex, and they are influenced by pH and alkalinity
(Summerfelt et al., 2000; Maclntyre et al., 2008). The
CO, in the water will be present as free, dissolved
carbon dioxide gas, carbonic acid (H,COj), and
bicarbonate (HCOY) and carbonate (COY) ions:
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CO, + H,0 < H,CO; —~ H" + HCOg
— 2H" + CO/3/

As hydrogen ions are released, the pH of the water
is reduced, i.e. acidity increases, and this determines
the amount of each component present. At a pH of
below 6, free CO, will dominate, at a pH of 7-9
bicarbonate is the dominant form, and at pH 11 the
carbonate ion makes up the highest percentage. Thus,
to avoid accumulation of free CO, the pH of the water
should be held above 6. The pH should also be kept
stable because changes in pH initiate complex water
quality changes that may cause harm to the fish,
especially their gills. Salmonids can tolerate pH within
the range 5-9, and water with a pH between 6.5 and
8.5 seems suitable for good production (Jobling, 1994;
Maclntyre et al., 2008).

If the concentration of free CO, in the water
increases to a level where it interferes with the ability
of the fish to excrete CO, then CO, can accumulate in
the blood and the pH of the blood will be lowered
(acidosis). This, in turn, reduces the affinity of
haemoglobin to bind oxygen and can result in a life-
threatening situation (Jobling, 1994; Maclntyre et al.,
2008). The fact that carbon dioxide has been used as an
anaesthetic and for killing fish attests to the ability of
this gas to interfere with, and disrupt, physiological
functions. The anaesthetic effects of CO, are observed
at total concentrations of 150-200 mg 17", but there is
arisk of blood acidosis and reduced growth following
prolonged exposure to much lower concentrations (20
and 45 mg 17", respectively).

Although carbon dioxide is highly soluble in water,
the concentrations present as free gas are usually low
(1-6 mg 17') even though total levels may be
50-60 mg 17'. Sometimes, high concentrations of
free CO, can occur in fish rearing units, particularly in
recirculating water systems (RAS) when there has
been inadequate degassing (Colt, 2006; Colt et al.,
2009). In Arctic charr culture, levels of CO, should be
kept below 10 mg 17! when the alkalinity of the water
is less than 100 mg 1~", and below 15 mg 1™ "'at higher
alkalinities (Table 1) (Johnston, 2002).

Ammonia, nitrite and nitrate

Ammonia (NHj3) is the primary waste metabolite
produced when amino acids present in feed proteins
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are deaminated and catabolized. The fish excrete the
majority of their nitrogenous wastes over the gills as
ammonia (NHj3), some ammonia is converted to the
ammonium ion (NH}) and is excreted in this form, and
there is also some production and excretion of urea
(Jobling, 1994). The excreted ammonia is usually
rapidly diluted to non-toxic concentrations in the
surrounding water, and some of the ammonia is also
ionized to the ammonium ion. Within fish rearing
units, ammonia can also arise as the result of
decomposition of uneaten feed, but this will usually
be much less than the amounts excreted by the fish.

The proportions of total ammonia nitrogen (TAN)
present as ammonia and the ammonium ion depend
upon pH, temperature, and salinity (Jobling, 1994; Colt,
2006; Lekang, 2007; Maclntyre et al., 2008). The
proportion of the most toxic form, ammonia, increases
as pH and water temperature are increased. At high
external ammonia concentrations there is a slowing of
the rate of outward diffusion of ammonia over the gills
of the fish and blood ammonia concentrations may start
to rise (Jobling, 1994, 2010; Maclntyre et al., 2008).
Ammonia toxicity manifests as increased ventilation
rates, muscle spasms and erratic swimming, loss of
equilibrium, convulsions, and eventually death of the
fish (Jobling, 1994; Maclntyre et al., 2008).

In intensive closed or semi-closed rearing systems,
there is often accumulation of nitrogenous compounds
and metabolites, such as ammonia (NHj), nitrite
(NO)), and nitrate (NOY}), even when there is frequent
water exchange (Colt, 2006; Lekang, 2007; Maclntyre
et al., 2008; Colt et al., 2009). High concentrations of
ammonia and nitrite in the water are potentially toxic,
can induce stress and lead to fish mortality if remedial
measures are not taken. Control over ammonia
concentrations can be achieved by a combination of
measures. These include reducing the amounts of
waste feed to a minimum to limit nitrogen input,
regulation of carbon dioxide concentration and pH to
reduce the proportion of TAN present as NH; and
maintaining control over fish stocking densities to
ensure that rates of ammonia excretion are not
excessive. When fish are held in intensive rearing
systems the water is usually treated to remove
ammonia (Colt, 2006; Lekang, 2007; Colt et al.,
2009).

The removal of ammonia from water generally
occurs through the conversion of ammonia (NH3) to
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nitrite (NOY}), and then to nitrate (NO}) by bacteria. In
intensive re-use or recirculation systems (RAS) nitrite
concentrations may become elevated. This occurs
when rates of oxidation of ammonia to nitrite exceed
the rates of oxidation of nitrite to nitrate. Increases in
nitrite concentrations are of concern because nitrite is
toxic to fish, and there may be negative effects on the
fish at concentrations as low as 0.1 mg 1=' (Jensen,
2003; Lekang, 2007; Maclntyre et al., 2008). Nitrite is
toxic to salmonids at relatively low concentrations,
because it reduces the oxygen transport capacity of the
blood. Nitrite oxidizes the iron in the haemoglobin
(Hb with Fe”) resulting in the formation of
methaemoglobin (metHb with Fe*'). When blood
metHb content is high the blood is brown, rather than
red. MetHb does not have the ability to bind to oxygen,
so the formation of metHb leads to a decrease in the
oxygen-carrying capacity of the blood and this is the
cause of nitrite toxicity (Jensen, 2003; Maclntyre
et al., 2008; Jobling, 2010). Factors that affect either
oxygen availability or the oxygen demand of the fish
change the levels of nitrite that are toxic. Thus, nitrite
is more toxic when fish are held under hypoxic
conditions (when oxygen concentrations are low), or
when they have high metabolic rates. Addition of
common salt (sodium chloride, NaCl) to the water
may be used as a mitigation measure, because chloride
ions will reduce the rate at which nitrite is taken up
over the gills of fish in freshwater. Brackish water and
seawater contain high concentrations of chloride ions,
and this reduces the toxicity of nitrite to fish held in
saline water.

Safe levels of ammonia, nitrite, and nitrate for Arctic
charr are unknown. However, based on the experience
of using recirculating aquaculture systems (RAS) to
farm Arctic charr, and the recommendations for Atlantic
salmon (Salmo salar) and other salmonids, ammonia
levels in fresh water should not exceed 0.015 mg 171,
and TAN should be below 1 mg 1", Nitrite should
preferably be below 0.1 mg 17" and not be allowed to
exceed 0.2 mg1~" (Maclntyre et al., 2008; Skybakmoen
et al., 2009). For Arctic charr held in seawater, safe
levels will be somewhat higher (Johnston, 2002). Nitrate
will probably not be a threat to most of the life-history
stages, but exposure of eggs to nitrate can result in
developmental problems in salmonids. Therefore, a
maximum of 1 mg 1™" nitrate is probably advisable in
water used for egg incubation (MaclIntyre et al., 2008).

Suspended solids

Suspended solids are particles that have a diameter
greater than 1 pm. They are complexes of organic
materials, such as faeces, uneaten feed and mucus,
bone fragments, inorganic particulate matter, such as
clay and soil sediments, and microbial communities
composed of micro-organisms, cellular debris, and
organic polymers (Lekang, 2007; Maclntyre et al.,
2008). Particles in the size range 1-100 pm are super
colloidal and those that are larger than 100 pm are
settleable solids. Exposure of fish to suspended solids
can give gill damage, abrade the skin, induce stress,
and reduce feeding (MaclIntyre et al., 2008). Chronic
exposure to low levels of suspended solids, in the form
of waste feed and faeces, gave rise to gill irritation and
precipitated an outbreak of bacterial gill disease in
juvenile Arctic charr (Siikavuopio et al., 2009b).
According to Johnston (2002), suspended solids from
waste feed and faeces should not exceed 15 mg 17!
over the background present in the inflow water, and
there is a general recommendation that total suspended
solids in rearing units for salmonids should be kept
below 25 mg 17" if possible (MaclIntyre et al., 2008).

Water currents

Sustained exercise invoked by inducing the fish to
swim against a current, results in improved growth of
Arctic charr (Table 2) (Christiansen & Jobling, 1990;
Christiansen et al., 1992; Jobling, 1995). The reasons
for the growth improvement are probably complex and
multifactorial. One hypothesis is that active swimming
induces muscle hypertrophy and protein synthesis at
the expense of fat deposition, which results in
increased weight gain. A second possibility is that
the increased growth is the result of a decrease in
aggressive behaviour. In standing water or at low
current speeds, the charr swim in a disorganised
manner and seem to engage in more aggressive
interactions than when swimming against a current.
Dominant fish attempt to hold territories, preferably
nearby feeding stations. In contrast, at higher water
current speeds, the fish orientate against the current
and start to school. The fish are then evenly distributed
and less occupied with social interactions and aggres-
sive behaviour, and this results in less fin damage
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Table 2 Manipulation of
rearing conditions

Fish with bite Growth metric

: marks (%) .
influences welfare, growth, Growth rate Variation
and size dispersion of (SGR, %d™") (CV, %)
farmed charr (adapted from
Jobling, 1995) Current speed
0 77 0.50 246
6.5cms ! (0.5BLs™ Y 79 0.61 115
13ecms ' (1 BLs™ 51 0.85 65
Specific growth rate 195cms ' (1.5BLs™Y) 50 0.86 63
(SGR) = [(In Final 1 1
weight — In Initial weight)/ 26ems (2 BLsT) 14 144 42
Time (days))] x 100 Stocking density
Coefficient of variation 15 kg m~’ 26 0.13 401
(CV) = (Standard 60 kg m™> 6 1.00 50
deviation/Population mean 120 kg m ™3 13 1.07 4

weight) x 100

(Table 2) (Christiansen & Jobling, 1990; Jobling,
1995). The water current also helps to distribute the
feed more evenly in the water column, and gives
feeding opportunities to all of the fish. The conse-
quences of this are homogeneous growth and a
reduction in size dispersion (Table 2) along with
improved feed utilization. As the fish prefer to hold the
same position in the tank when schooling, due to their
rheotactic response, the water current speed also
becomes the swimming speed of the fish.

The threshold swimming speed to induce schooling
seems to be between 0.5 and 1 body length per second
(BL sfl) and, for small, juvenile charr, growth
increases up to speeds in excess of 1.75 BL s "
(Table 2) (Christiansen & Jobling, 1990; Jobling,
1995). Having circumferential water currents in tanks
can, therefore, serve several purposes; self-cleaning of
the tank, distribution of feed, reduction of aggression,
and fin damage as a result of schooling, providing
exercise for the fish and the promotion of good growth
and feed utilization. Water currents are necessary for
the self-cleaning of most tank systems, and circular
tanks require a minimum water flow of 4-6 cm s
which is below the threshold that gives growth and fish
welfare benefits. It is not possible to create a circular
water current in a net cage, but if stocked at
appropriate densities the charr will form schools.

Stocking density

Stocking density may influence the behaviour of fish
in a number of ways. On one hand, problems
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associated with the formation of social (dominance)
hierarchies may be reduced as stocking density
increases (Grant, 1997). On the other hand, for some
species, there may be problems relating to stress, fin
damage, and health when stocking density is high.
Arctic charr tolerate high densities without any
apparent negative effects on feed intake and growth
(Jorgensen et al., 1993), and low densities should be
avoided because they can lead to increased social
interactions, aggression, fin damage, depressed
growth, and size disparity (Table 2) (Jobling, 1995;
Siikavuopio & Jobling, 1995). Arctic charr are robust
with regard to high stocking densities, and growth is
better than at low density when stocking densities are
higher than 60 kgm > (Table 2). The upper limit is
uncertain, but it seems that stocking densities of at
least 150 kg m~> may not be problematic (Jorgensen
et al.,, 1993). The recommended rearing density is
60-150 kgm_3(Jobling et al., 1993; Jobling, 1995;
Siikavuopio & Jobling, 1995; Johnston, 2002). At
these densities the charr form schools, thereby reduc-
ing aggression and agonistic behaviour, growth is
improved, the proportion of fish with fin damage is
reduced, and the population is more homogeneous
(Table 2).

Photoperiod and light regime

The three characteristics of light that may influence
the performance of fish in culture are quality, quantity,
and duration. Light quality refers to the spectral
characteristics of the light with respect to wavelength,
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light quantity is illuminance or light intensity, and
light duration is the photoperiod, or the ratio of hours
of light to hours of darkness during a 24-h period. It is
the effects of photoperiod on fish physiology and
behaviour that have been studied most, with relatively
few studies covering the influences of light spectral
quality and intensity (Jobling, 2010). Salmonids are
generally considered to be visual feeders, locating
their food by sight, but Arctic charr can feed and grow
in the dark when they are given the opportunity to
pluck food items from the bottom (Jgrgensen &
Jobling, 1990). Feeding in darkness may have an
additional advantage in that the negative effects of
rearing at low stocking densities can be mitigated or
even eliminated (Jgrgensen & Jobling, 1993).

Photoperiod is known to influence several physio-
logical and behavioural responses that are of interest
when farming fish (Jobling, 1994, 2010). For example,
the manipulation of photoperiod may be used to
influence the timing of parr-smolt transformation in
salmonids. Thermal and photoperiod manipulations
(photo-thermal manipulations) are often used in
combination to induce the fish to undergo parr-smolt
transformation much earlier than would be the case in
the wild (McCormick, 2013). Photo-thermal manipu-
lation may also be used to influence the reproductive
cycle, to accelerate or delay the timing of oocyte
growth and egg production. Exposure of fish to
continuous or extended periods of light has been used
to delay the onset of puberty to ensure that the fish
reach market size before they become sexually mature
(Taranger et al., 2010). It is of particular interest that
increased growth is often observed when fish are
exposed to long days, i.e. continuous or extended
periods of light. Extended photoperiods may promote
feeding and growth via stimulation of the hypothala-
mic-pituitary axis leading to increased production and
secretion of growth hormone and induction of an
anabolic state.

In the wild, Arctic charr experience considerable
seasonal changes in photoperiod as a result of living at
high latitudes and the charr seems well-adapted to
exploit the associated changes in resource availability
(Johnson, 1980; Jgrgensen & Johnsen, 2014). Changes
in photoperiod are known to influence feeding,
growth, salinity tolerance, sexual maturation, and the
reproductive cycle of Arctic charr held in captivity
(Mortensen & Damsgard, 1993; Tveiten et al., 1996;
Damsgard et al., 1999; Johnsen et al., 2000; Frantzen

et al., 2004; Knudsen et al., 2015). Several of these
seasonal changes in biological responses probably
involve the entrainment of endogenous circannual
rhythms by the prevailing photoperiod, possibly using
patterns of melatonin secreted from the pineal gland as
an important hormonal mediator (Jgrgensen & John-
sen, 2014). For example, Sether et al. (1996)
presented evidence that temporal changes in food
intake and growth of Arctic charr held in captivity are
probably driven by endogenous rhythms, because
seasonal cycles persisted when the fish were exposed
to a combination of constant photoperiod (12L:12D)
and temperature (4°C).

In general, food intake and growth of Arctic charr
increase during early summer under conditions of
increasing day length, i.e. during the transition from a
short photoperiod to a long photoperiod, and are
highest in summer (Tveiten et al., 1996; Damsgard
et al., 1999; Johnston, 2002; Knudsen et al., 2015). It is
a change from short to long photoperiod that seems to
trigger the increase in feeding and growth, rather than
exposure to more hours of daylight per se. For
example, Mortensen & Damsgard (1993) demon-
strated that juvenile Arctic charr cultivated under
constant short- or long-day conditions grew at com-
parable rates, while growth rates of fish that experi-
enced short-day conditions followed by long-day
conditions were significantly higher. Enhanced
growth, relative to fish held under a continuous light
regime (24L:0D), was observed in Arctic charr that
were exposed to 6-week periods of short days
(8L:16D) during either the autumn or winter and then
returned to a 24L.:0D photoperiod (Gunnarsson et al.,
2012, 2014). Maturation rates were little affected by
the short photoperiod treatments, indicating that
application of a short photoperiod (8L:18D) over a
limited time (6 weeks) might be incorporated into a
production cycle to promote growth without inducing
increased rates of sexual maturation.

Handling, transport, and harvesting

Fish are handled when they are moved within the farm
during the production cycle, for example from one
tank or cage to another. At harvest, the fish are moved
from the farm to the slaughterhouse, and this can often
involve transport over quite long distances by road
transport or air freight, or in well boats (Lekang, 2007;
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Table 3 Some problems experienced in charr farming and possible remediation measures

Environmental and rearing factors

Mitigation or remedial measure

Water quality e.g. oxygen, ammonia,
nitrite, pH, suspended solids

Interactions with conspecifics

Attack by predators
Diseases, pathogens, and parasites

Handling and transport

Harvest and slaughter

Water treatment (Oxygenation, Bio-filtration,
Disinfection) Water exchange rates

Tank design, colour, and water flow characteristics
Adjustment of stocking densities

Feeding routines

Preventive measures, e.g. protective nets, scaring devices
Water treatment; filtration and disinfection (UV, Ozone)
Good fish welfare, e.g. stocking densities, feeding routines
Nutritionally balanced, high-quality, formulated feeds
Vaccination

Sedation

Appropriate water quality, e.g. dilute saline, pH, oxygen
Minimum crowding and handling times

Minimize transport times

Effective stunning and exsanguination methods

Robb, 2008; Harmon, 2009). Intensively farmed
salmonids, including Arctic charr, may therefore be
subjected to a number of procedures that are poten-
tially stressful and can give rise to animal welfare
issues. The discussion that follows provides a brief
general overview of these procedures and problems
that may arise.

Handling and internal transport of fish within the
farm may relate to regulation of stocking density, size
grading and sorting, weight sampling, and vaccination
(Lekang, 2007; Harmon, 2009).This will almost
inevitably involve crowding the fish into a restricted
volume of water, followed by netting and transfer to a
transport tank, or by pumping the fish from one rearing
unit to another. Crowding may lead to the damage or
death of some fish due to insufficient dissolved oxygen
as a result of high levels of activity being displayed by
fish that have been crowded into too small a volume. If
nets are used, increased activity by crowded fish may
result in skin abrasions and scale loss, eye and snout
damage and bruising (Lines & Spence, 2012).

Harvesting involves fasting the fish to empty the
gut, crowding and capture, transport to the slaughter-
house and finally stunning and killing (Robb, 2008;
Lines & Spence, 2012). Fasting lowers the metabolic
rate, reduces oxygen consumption, and reduces the
rate at which ammonia and carbon dioxide build up in
the water. Fasting also ensures that the fish have an
empty gut, and this prevents the accumulation of
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faeces in tanks during transport, and eliminates the
risk of faecal contamination during processing; con-
tamination of the processed fish with faecal matter can
result in reduced shelf life. Crowding is usually a
prerequisite in harvesting. For fish grown in net cages,
this is achieved by slowly lifting part of the cage or by
inserting a second net into the water. In ponds,
raceways, and tanks, it is achieved using a seine net to
encircle the fish or by introducing moving partitions or
grids into the rearing unit. Once crowded, the fish are
moved by pumping or brailing. When pumping
distances are long hazards can arise as a result of
poor water quality or overcrowding (Lekang, 2007;
Robb, 2008; Lines & Spence, 2012). Fish are then
transported from the farm to the slaughterhouse, and it
is difficult to transport fish without imposing signif-
icant stress on them (Harmon, 2009).

Once at the slaughterhouse, the fish are stunned and
killed. Large numbers of fish are often killed in a short
period, and this requires special considerations. Pre-
viously it was common practice to kill fish by
asphyxiation in air or in ice slurry. To deprive fish of
oxygen as a method of slaughter is neither efficient nor
humane. Similarly, the beheading or bleeding of the
fish while still conscious is not humane. Immersion in
water infused with carbon dioxide is a well-estab-
lished method for killing fish, but the slow onset of
insensibility and behavioural indications of distress
have resulted in this method of killing being prohibited
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in some countries. Percussive stunning results in rapid
and permanent insensibility if the blow is strong
enough and is correctly applied. Similarly, electrical
stunning can result in rapid, prolonged insensibility if
the correct electrical parameters are used and they are
applied in a manner that avoids pre-stun shocks.
Electrical stunning can be carried out both in water
(wet stunning) and out of water (dry stunning).

What is clear is that fish are subject to negative
influences, and may become stressed, at each stage of
the harvesting process; crowding, transport, stunning,
and killing. Improved techniques need to be developed
to avoid as many of the stressors as possible, and these
need to be incorporated into industry guidelines and
codes of practice (Robb, 2008; Harmon, 2009; Lines
& Spence, 2012).

Conclusions

The purpose of this review has been to give an
overview of the water quality requirements (e.g.
oxygen, carbon dioxide, ammonia, and nitrite) and
other important abiotic and biotic factors (e.g. tem-
perature, water currents, stocking density) that affect
aquaculture production of Arctic charr. Knowledge
about threshold limits for dissolved gases and some
other water quality parameters is scarce and needs
further investigation. By comparison, knowledge
about thermal requirements and biotic factors that
influence production of Arctic charr is better. Com-
mercial producers of Arctic charr may experience
problems at all stages of the rearing process; there is
knowledge about remediation and mitigation mea-
sures that can be applied to solve some of these
problems (Table 3), but many challenges remain. In
addition, there is a need to develop clear guidelines
and codes of practice to cover the entire production
cycle, including all aspects of the harvesting process.
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