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Foreword

This book goes to print as many of us who knew and worked with Lindsay Laird are
in the early stages of coming to terms with her death. Lindsay maintained her
engagement with this project right to the very end and it is entirely fitting that a book
which so ably mixes science with issues of public policy and practical management
should stand as her final contribution.

The salmon farming industry faces a number of major challenges. It is now an
international industry with major multinational involvement. International compe-
titive pressures are intense and likely to increase so the need for ‘value added’ and
product differentiation is great. The industry is subject to increasing environmental
scrutiny and, given both the physical environment in which it operates and the
significance of the wild salmon lobby, this is inevitable. The Scottish industry has
also recently confronted the threat of infectious salmon anemia.

Although the challenges are great the opportunity for the industry to continue to
make a contribution to the economic and social development of our more isolated
and vulnerable communities is equally great. Salmon farming should be the industry
that most closely fits the test of sustainable development: economic growth, social
development and environmental enhancement. To achieve that will require sustained
engagement: this handbook represents Lindays’s sustained engagement with the
industries and the issues that confront it.

Professor John Sewell
September 2001






Preface

In 1988 the handbook Salmon and Trout Farming was published; in their preface the
editors expressed the hope that the authors had produced a work that could be used
on the farm; judging by the response to the book their wish has been fulfilled.
Although now out of print and out of date there are still frequent requests for copies.

To reprint Salmon and Trout Farming or even update it would have been a
mistake; so much has changed since 1988. It was therefore decided to prepare a
completely new work, taking into account the huge changes that have occurred
over that period. The first major decision was to restrict the book almost entirely
to the commercial culture of Atlantic salmon for the food market; trout, ranching,
production for restocking and some technologies such as recirculation deserve their
own volumes. The growth of aquaculture has resulted in specialisation comparable
with that of agriculture — only the most basic text would cover both pigs and cattle.

The salmon farming industry has expanded massively both in volume and in
geographical range. Such changes are demonstrated by the fact that Chile, a
southern-hemisphere, Pacific country has become the second biggest producer of
(North) Atlantic salmon. Technological advances have affected all stages of the
production cycle, from hatchery to processing. Such changes include control of
environmental factors (light, temperature, water quality), holding facilities (bigger,
stronger cages, recirculation systems) and the use of computers to plan production
and control feeding and oxygenation. Better understanding of health management
and the development and use of vaccines have improved stock survival. Improved
knowledge of genetic tools for stock selection and improved feed formulation and
manufacturing processes have contributed to better overall performance. This has
led to more predictable growth and survival and facilitated the management of farms
in business terms. One of the most noticeable changes in terms of ownership of
salmon farms is that there has been a shift from smaller and sometimes individually
run units to larger production systems that are owned by multinational companies.

Other changes over the past decade include increased interest on the part of the
public in the way that food is produced and greater demands placed on food safety.
The aquaculture industry is increasingly working towards improving the public
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image of its products such as salmon, particularly in light of negative media
coverage. Changes include the development of new regulations and legislation,
routine inspections concerning environmental impacts of aquaculture and the
quality of the product when marketed. A major shift is that salmon are no longer
marketed only as fresh, frozen or smoked fish but are also sold in a variety of
prepared forms including ready made meals, competing with other convenience
foods.

The growth and increase in complexity of the salmon farming industry is being
accompanied and aided by specialists in fish health, feed technology, fish physiology,
marketing and many other areas. It is clear that there is still a great deal of progress
to be made. With this in mind we invited some of these experts to produce chapters
detailing current and possible future developments in their diverse fields. Allowing
specialists a relatively free rein has resulted in a fascinating range of up to date
chapters. Because of the choice of topics it is inevitable that there is a small
degree of overlap; however, this allows the presentation of more than one view
and emphasises that a definite recipe for success in salmon farming does not yet
exist. Perhaps this is something for the next edition in 2012 or beyond!

Selina Stead and Lindsay Laird
Aberdeen, 2001
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1

Biology of salmon

1.1 INTRODUCTION

Animal husbandry depends on meeting the food and environmental requirements of
the species concerned in a protected environment in order to realise enhanced
survival and growth compared with that which would be obtained by harvesting
from the wild. Most terrestrial farm animals such as poultry, sheep and cattle have
been selectively bred and farmed since Neolithic times, whereas cultivation of the
entire life cycle of the Atlantic salmon (Salmo salar L.) within captivity has only been
widely practised within the last 30 years. Enclosing salmon that would otherwise
migrate over possibly thousands of kilometres during the course of their life cycle
places a greater responsibility on the aquaculturist for animal welfare than is normal
in most terrestrial animal husbandry. The support of salmon in captivity requires
monitoring and control of temperature, oxygen, light and water flow in a way that
would be totally alien to upland sheep farmers in tending their stocks. Success in
salmon farming can only be achieved through detailed knowledge of the fishes’
biological requirements. In this chapter we consider the basic anatomy and physi-
ology of the salmon in relation to aquaculture.

Zoologists divide the fishes into three Classes: the Agnatha (jawless fish,
lampreys and hagfish), the Chondrichthyes (cartilaginous fish, sharks and rays)
and the Osteichthyes (bony fishes, a group that includes most of the familiar fish
species). The bony fishes, from which land vertebrate animals are descended, have a
long evolutionary history going back to heavily-armoured forms that lived in the
seas in the Devonian era 500 million years ago. The salmon belongs to a modern
group of bony fish known as the Teleostei that first appeared 150 million years ago
during the Jurassic when large reptiles dominated on land prior to the emergence of
mammals. The evolution of about 20,000 species of teleost fishes that now occupy all
aquatic environments on Earth from the deepest oceans to the highest mountain
streams has been contemporary with the spread of birds and mammals. The diversity
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of teleosts is immense: it includes tiny guppies (Poecilia), the enormous blue fin tuna
(Thunnus thynnus), flying fish (Exocetus), deep-sea angler fishes (Ceratioidei) and
bottom-living forms such as sole (Solea). Amongst this tremendous variation the
salmon has a very basic primitive body form little changed from that of the first fossil
teleosts from the Jurassic.

1.2 ANATOMY

1.2.1 External features

The salmon has two kinds of fins: the median fins and the paired fins. The paired fins
are the pectoral fins, which are attached to the pectoral girdle just behind the head,
and the pelvic fins, which are attached to the pelvic girdle half way along the body.
The pelvic fins have an axillary process, which fills the angle between the fin and the
body, aiding streamlining. The main median fins are the dorsal fin, anal or ventral fin
and the caudal fin (Figure 1.1). Bony rays support all these fins. The rays are
remarkably complex structures, each with at least two pairs of muscles at the
base: one pair tilts the ray to the left or right and a second pair erects the ray
forwards to down and backwards. In this way the fin can be moved and waved in
complex ways for purposes of swimming and display. The rays are made up of stacks
of small bones threaded together by tendons which enable the rays to be bent or
stiffened by the action of the basal muscles (Figure 1.2). Quite subtle movements are
possible. In addition to the rayed fins, the salmon has an adipose fin which has no
rays and is made up of fatty and connective tissue just like the pelvic axillary process.

The adipose fin is often clipped in order to batch mark groups of fish and, by
international convention, is used to denote the presence of coded internal tags in wild
Atlantic salmon. Clipping axillary processes is inconspicuous and provides a useful
‘confidential’ mark for special purposes. Even if clipped as parr or smolts, adults
never regenerate the adipose fin. Other fins can be partially clipped for marking
purposes; they are capable of regeneration but discontinuities in the rays remain
evident. In farmed conditions persistent damage to fins with constant minor infec-
tions often leads to stunted or missing fins. The status of the fins is a good indicator

Figure 1.1. External features of salmon parr. cf: caudal fin; adf: adipose fin; df: dorsal fin; 11:
lateral line; o: operculum (gill cover); ptf: pectoral fin (paired); pf: pelvic fin (paired): v: vent;
vf: ventral or anal fin.




Sec. 1.2] Anatomy 3

(b)

Figure 1.2. The branching or ‘soft’ ray as found in fins of the salmon. (a) Side (lateral) view of
one fin ray showing the branching structure made up of numerous small bones. (b) Anterior
view showing how the ray is made up of two identical halves. (c) The same view as (b)
indicating how muscle tension on the base of one side results in bending. Other muscles can
move the ray fore and aft to erect and retract the fin respectively. (After Videler, 1993.)

of the quality of the past husbandry history of the individual fish; the aquaculturist
should strive to produce fish with well-developed fins with straight rays.

Three sets of sense organs are visible externally: the nostrils, eyes and the lateral
lines (Figure 1.3). On the dorsal surface of the snout there are openings to the

Figure 1.3. Detail of the head of a salmon parr with the mouth open. cl: cleithrum; ma:
mandible; m: maxilla; pm: premaxilla; n: nostril.
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olfactory organs. On each side is a forward-directed opening into which water
normally flows, and a backward-directed opening out of which water flows.
Beneath the pair of pores on each side there is a cavity with a floor covered with
much folded sensory epithelium known as the olfactory rosette. This is connected to
the forebrain by the first cranial olfactory nerve. The fish thus samples the water
flowing over its snout by using the extremely sensitive olfactory organ which detects
substances dissolved in the water and passes that information directly to the
forebrain. There is no connection between the olfactory chambers and the buccal
(mouth) cavity as in mammals. Recent research has suggested that the magnetic
sensitivity which enables the salmon to use compass direction to navigate during
migration is located in the olfactory rosette. It is thought that magnetite particles in
the epithelium generate a signal in the olfactory nerve.

The salmon has a conventional pair of vertebrate eyes lying in orbital sockets on
either side of the head. Muscles attached to the eyeball can move the eye to a certain
extent within the orbit. There are no eyelids; the eyes remain permanently open. The
field of view of each eye is wide, with a binocular overlap zone between the two eyes
in the forward direction and ability to look up and down. The only entirely blind
area is directly behind. The eye has a spherical lens beneath the cornea, surrounded
by an iris with limited ability to change aperture. The retina is equipped with both
colour-sensing cones and dark/light-sensing rods. The cones are of four types with
colour sensitivity extending from the red (long wavelengths) to ultra-violet (short
wavelengths). During development, changes take place in the colour sensitivity of the
eye. Ultra-violet sensitivity is only present in juveniles, and when adapting to
seawater conditions at smoltification the rods and cones change their light-sensing
pigments to shorter wavelengths enhancing the blue sensitivity that is necessary for
oceanic life. It is thought that this is reversed upon migration back into freshwater.

In contrast to the human eye where the cones with colour sensitivity are con-
centrated in a central fovea area of the retina, the salmon eye has more-or-less equal
colour sensitivity over the whole retina so the fish would be able to identify correctly
food items and potential danger from whatever direction of approach. Each eye is
connected to the brain by a large optic nerve (II) running directly to the mid-brain
tectum.

Along each side of the fish is a lateral line organ. This consists of a tube lying
under the skin connected at frequent intervals to the surrounding water. Vibrations
or movements in the surrounding water are transmitted directly to the lateral line
canal in which lie clustered hair cell sensors that detect movement and transmit
information via a lateral line nerve to the hind brain. The lateral line organ works
like a low-frequency hearing organ; it can detect and locate movements of other fish,
for example, and enable the fish to maintain its position in a shoal in the dark simply
by following the vibrations of adjacent fish. The organ makes the salmon very
sensitive to changes in water flow, which is so important in successfully negotiating
obstacles to migration in rivers. When branding or marking fish it is obviously
undesirable to damage the lateral line.

The skin of the salmon is a very important structure since this is the primary
barrier between the animal and the surrounding environment. In contrast to
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Figure 1.4. Diagram of a longitudinal section through the skin. The scales lie beneath the
epidermis in pockets penetrating into the dermis.

mammals, in teleost fishes the outer layer of skin is not a dead cornified layer but a
thin layer of transparent living cells known as the epidermis (Figure 1.4). The scales
lie beneath the epidermis so it is the epidermis which is the first line of protection for
the fish and keeps out bacteria, viruses and fungi. Loss of scales or damage to the
epidermis leave the fish vulnerable to infection. Wounds, however, close up very
quickly; for example a new layer of cells grows over a missing scale within 24
hours. This thin emergency epithelium immediately begins to regulate salt and
water balance across the skin while longer-term repair, including growth of replace-
ment scales, occurs beneath the protection of this barrier. Loss of an excessive area
of skin is lethal owing to the amount of salts and water lost, depending on whether
the fish is in fresh, brackish or salt water. The epidermis has mucous cells that open
to the surface and exude the mucus which covers the surface of a healthy fish. The
mucus has mild bactericidal and fungicidal properties, providing some protection
against infection. In times of stress mucus production can be excessive.

The skin is also responsible for the external colour and appearance of the fish.
The epidermis itself is transparent—a layer of needle-like guanine crystals in the
dermis imparts the characteristic silvery appearance of the salmon. Overlying this
are colour pigment cells known as chromatophores. The chromatophores can
expand and contract in diameter. When contracted, they are almost invisible and
reveal the underlying silver layer. When expanded, however, they darken the appear-
ance of the fish. Particularly in freshwater it is normal for fish to adopt coloration
that matches the background as closely as possible. Fish kept in light colour tanks
adopt a much paler appearance than is normal. When stressed through disease or
low rank in a dominance hierarchy they tend to become dark as a result of the effect
of stress hormones expanding the chromatophores. Thus runts or diseased fish in
tanks can often be recognised by their dark coloration. A similar darkening occurs
during anaesthesia. Post-mortem, the skin goes through a series of colour changes
before the chromatophores finally stop working; this often gives freshly-harvested
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fish a blotchy appearance, with some parts dark and others silvery, until all the
chromatophores contract and the fish is silvery all over.

The scales are solid calcareous structures embedded in pockets in the tough
lower dermal layer of the skin. Most of the body, excluding the head region, is
covered in scales which overlap one another like slates on a roof so that only 20%
of each scale is visible. In the region of the lateral line the scales have pores through
which the lateral line canal passes—the Atlantic salmon has 114-130 such pored
scales in a row from the head to tail. If the skin is scraped, scales can be torn out of
their pockets and examined under a microscope. The visible part normally has
epidermis and chromatophores attached but the ‘root’ part of the scale has con-
centric lines on it that reflect the growth history of the individual. The lines or circuli
are hard ridges on the upper surface of the scale. They are not directly analogous to
the annual growth rings on trees; each year is marked by a number of circuli. When
growth is fast the circuli are far apart, but when growth is slow the circuli are close
together. Annual rings allowing ageing of fish therefore appear as dense bands of
circuli close together, reflecting slow growth during the winter. In salmon the number
of winters in freshwater and then the acceleration in growth on transfer to seawater
is very distinct. The annual rings in a farmed fish, which has a more continuous food
supply and selection for a short life cycle, are never as distinct as in wild fish. Farmed
fish also have a tendency to lose scales, and replacement scales can be recognised by
the absence of circuli during the phase before the new scale reaches the correct size.
Further growth then has circuli. The scale may regress in size and show erosion if a
fish is starved, or during the spawning season. Subsequent growth is not concentric
with the original circuli so a permanent record of the growth check is evident in the
scale. Skilled reading of a selection of scales (never use just one scale) can reveal
much about the history of the individual fish (Figure 1.5).

The mouth of the salmon opens directly into the buccal cavity on either side of
which are four gill arches (Figure 1.6 ). During normal breathing the salmon takes in
water through the mouth which is then passed out on either side of the buccal cavity
through the gills and out under the opercular flaps on either side of the head. This
flow of water is sustained by movements of the jaws and the sides of the head and the
operculum (Figure 1.3). First the buccal cavity expands to suck water in through the
mouth, next the mouth closes and the floor of the buccal cavity moves upwards to
compress the volume of water taken in which is then forced out through the gills.
The operculi also exert a suction effect, which depends on a flexible layer of skin
along the margin of the operculum that acts as a non-return valve. If the margin of
the operculum is damaged, as sometimes occurs during poor husbandry, the
salmon’s breathing movements will be laboured to compensate for the back
leakage that occurs. When swimming at speed or resting in fast water flows there
is no need for respiratory movements of the mouth and operculum; the fish can use
ram ventilation, holding the mouth open so that water flows through the gills
naturally.

Feeding uses an exaggerated breathing movement. To pick up a pellet of food
the salmon swims towards it, at the same time sucking in water so that the food item
moves towards its mouth instead of being swept away by the bow wave of the head.
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Figure 1.5. Scales of wild Atlantic salmon showing growth rings. The circuli, ridges on the
scale, are visible on the ‘root’ portion of the scale which is normally embedded in the dermis.
(a) This fish spent three winters in freshwater before going to sea. The bands corresponding to
two winters at sea are visible. This fish is described as 3.2+. (b) Scale showing a spawning
mark. This fish has spawned previously, and the erosion of the scale correlated with starvation
and loss in weight during spawning is evident. The scale has then regrown as the fish recovered
upon return to seawater, but the discontinuity is evident in the circuli.
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Figure 1.6. View into the right opercular cavity of a salmon parr. gf: gill filaments; o:
operculum; psb: pseudobranch; ga: gill arch; bsr: brachiostegal rays.

Figure 1.7. First gill arch of an Atlantic salmon parr. gr: gill rakers; gf: gill filaments. The full
complement of gill rakers is not visible.

When the mouth opens, the upper jaw maxilla bones swing downwards to close the
side of the mouth, aiding the suction effect from the forward direction (Figure 1.3).
Suction feeding is important, particularly in young fish picking up food from the
bottom. Using pure suction salmon can pick up items from some distance in front of
the head without having to move the whole body. Damage to jaws and operculi not
only makes breathing difficult, it also makes feeding inefficient (Figure 1.7).
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The gill arches are equipped with rakers, 17-24 on each side of the first gill arch
in Atlantic salmon. These act as filters, retaining food in the buccal cavity while
water flows out across the gills. The distance between the gill rakers gives an indica-
tion of the minimum size of food particles upon which the salmon can efficiently
feed. The fish can reverse the water flow over the gills by using a distinctive
‘coughing’” movement. This is used to clear detritus and mucus from the gills and
excessive coughing is indicative of poor water quality. The breathing rate of salmon
varies according to fish size (slower in bigger fish) and temperature (faster with
increase in temperature). Individuals with abnormally high breathing rates are
showing evidence of stress, perhaps from recent handling, or it may be evidence of
disease. High breathing rates may be compensating for gill damage, anaemia or
other disorders.

The urinary ducts, genital openings and the anus all open together at the vent
just in front of the ventral or anal fin. This marks the end of the body and behind the
vent is the tail region of the fish (Figure 1.1).

1.2.2 Internal structures
1.2.2.1 The skeleton

The salmon backbone is made up of 59-60 vertebrae, which are approximately
equal in size from head to tail. The last few vertebrae in the tail curve upwards
to support epiural plates above and hypural plates below to which tail fin rays
and muscles are attached. The upward curvature of the spine, hidden by overlying
muscles and tendons, is a link with the primitive heterocercal tail arrangement of
the teleost ancestors. The brain is enclosed in a protective cranium mounted on
the front end of the spine and the spinal cord runs back along the body through
neural arches on the upper (dorsal) surface of the vertebrae. The centrum, or body,
of each vertebra is made up of two hollow, bony cones lined up apex to apex into
the recesses of which fit the connective cushioning that separates the vertebrae
one from another. In X-rays this biconal arrangement gives healthy salmon
vertebrae a distinctive ‘X’ appearance. Damage through handling, disease or
malnutrition is readily evident in X-radiographs (Figure 1.8). In the region of the
body cavity two ribs are attached to each vertebra, providing support for the
muscular body wall on either side. Posterior to the body cavity, in the tail region
each vertebra carries a haemal arch ventral to the septum. Within the canal formed
by the haemal arch are found the caudal artery, caudal vein and caudal lymphatic
vessels. The neural and haemal arches are extended into spines that support the
median septum above and below the vertebral column to which the muscle blocks
on either side of the fish are attached. Supports of the median fins are articulated to
these spines.

The paired fins are mounted on the pectoral and pelvic girdles. The pectoral
girdle is attached to the cleithral bone, which forms the posterior margin of the
opercular cavity. The pelvic girdle is not attached to any other part of the
skeleton but is embedded in the ventral muscle two-thirds of the way along the
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ptg sb pg

Figure 1.8. X-radiograph image of a young salmon post-smolt. so: sagittal otolith, conspic-
tious within the skull; ptg: pectoral girdle; sb: swimbladder; pg: pelvic girdle; ve: vertebrae; cv:
caudal vertebrate (note how terminal vertebrae curl upward in the tail region). (Image
courtesy of Professor D.F. Houlihan, University of Aberdeen.)

body cavity. This bone obstructs the ventral incision normally used when gutting
salmon.

The skull in salmon, as in most fish, is exceedingly complex with numerous
bones capable of moving relative to one another to achieve the feeding and respira-
tory movements (Figure 1.8). The eyes are mounted in orbital sockets on either side
of the cranium but are surrounded by the mobile cheekbones.

The bones of teleost fish are solid, without any marrow spaces and are acellular
(once the bone is laid down it cannot be readily reabsorbed). Starved fish therefore
lose muscle and fat but the size of the head and length of the body remain the same,
giving a ‘pin-head’ appearance.

1.2.2.2 The muscles

In many respects the muscles are the most important part of the fish, since this is
the part of interest to the consumer. The main muscle blocks, or myotomes, are
arranged in blocks on either side of the median septum formed by the neural and
haemal spines of the vertebrae. There is also a horizontal septum separating the
upper (dorsal) epaxial muscles from the ventral hypaxial muscle. In a salmon
steak (transverse section), therefore, the muscle falls into four main parts: the left
and right epaxial and hypaxial muscles. From head to tail the muscle is divided
by myosepta into segments, known as myotomes. The muscle fibres run roughly
fore and aft between the myosepta, which transmit the force of contraction to the
skin and backbone. The muscle fibres are conventional vertebrate striated muscle
fibres as described in most elementary biology textbooks. When the meat is cooked,
the myosepta dissolve away, freeing the myotomes to form the flakey appearance
typical of fish meat. Swimming is achieved by a coordinated series of contractions of
the myotomes in sequence from head to tail. By alternating the wave of contraction
between the left and right side the body executes a bending motion, resulting in
movement of the tail from side to side transmitting thrust to the water like a
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Figure 1.9. Cross-section of the tail of the salmon in the region of the anal fin. ha: haemal arch
of the vertebra through which run the caudal artery, caudal vein and caudal lymph vessels; v:
vertebra (centrum); sc: spinal cord; wm: white muscle fibres; im: intermediate muscle fibres;
rm: red muscle fibres. The white muscle occupies most of the cross-section of the fish in this
region.

propeller. A full tail beat with a movement of the tail from left to right and back
again is known as a ‘stride’. Typically the fish moves forward seven-tenths of the
body length for each stride. Thus a 50 cm long fish swimming at two tail beats per
second would be moving at 0.7 metres per second or 1.4 body lengths per second.
One body length per second is a slow, sustainable cruising speed for a fish. Smaller
fish can do more body lengths per second than large fish and smaller fish tend to use
more tail beats per second. However, the shorter stride means that small fish cannot
travel as fast as big fish. Typically speeds of 1-2 body lengths per second can be
sustained indefinitely. Maximum burst speeds are about ten body lengths per second,
which means 5 metres per second for a 50 cm fish.

The bulk of fish muscle differs from that of most vertebrates (e.g., beef) in that it
has a poor blood supply and no oxygen binding pigment, myoglobin. This gives the
muscle its characteristic pale white or creamy colour. The pink coloration of most
salmon is derived from carotenoid pigments in the crustacean diet that colour the
flesh, notably in the fat droplets deposited between the muscle fibres. In aquaculture,
if the consumer desires pink flesh, the pigment has to be provided in the diet. The
main bulk of the pale pink flesh in salmon is known as ‘white muscle’ and is made up
of relatively large-diameter fibres capable of fast contraction but having poor
endurance (Figure 1.9). This is the muscle used when the salmon leaps up waterfalls
and it can generate very high power outputs, converting the sugar, glycogen into
lactic acid without need for oxygen. However, this results in a build up of lactic acid
in the muscle fibres and the cost of getting rid of this is the ‘oxygen debt’ the fish has
to repay after a burst of exercise. This is what happens when fish struggle during
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grading or netting; it may take them 24 hours to get back to normal after exhausting
exercise and it is not unusual for fish to die from acidosis associated with handling
stress if they are not allowed to recover properly. If fish are allowed to struggle too
much during slaughter or if CO; is used for killing, there is danger that such acidosis
can lead to post mortem reduction in flesh quality. As long as they are not chilled or
frozen, the fillets can recover to some extent because the enzyme systems continue to
function even after death.

For normal swimming during migration or cruising round a tank the fish does
not incur an oxygen debt but uses a thin strip of dark muscle (known as ‘red’ muscle)
which lies close to the skin beneath the lateral line on either side of the fish. This
muscle is rich in myoglobin and has a good blood supply feeding oxygen to the
working fibres. This muscle tastes more ‘gamey’ than the main muscle of the fish fillet
or steak. The red fibres are smaller in diameter and capable of slow contractions. The
small fibre diameter aids diffusion of oxygen into the muscle, supplying the high
density of mitochondria that are responsible for producing high-energy phosphates
which drive muscle contraction. Between these two layers of muscle the salmon also
has intermediate fibres that can be used during fast cruising without invoking the
massive fast twitches of the main musculature.

It seems remarkable that the small amount of red muscle is sufficient to
account for all the routine swimming activity of the fish. However, it is a character-
istic of ship (and fish) propulsion systems that at slow speeds a very small motor
can push a large load but for high speeds the power requirements are very high
(power required is proportional to velocity cubed). White muscle is hardly used
most of the time and represents the main energy store in the fish. Thus, instead of
storing large lumps of fat, the fish in nature tends to store its energy as excess muscle,
which is useful in emergencies for fast escape responses and to provide power for
leaping waterfalls. In fact, fish fed on a high lipid diet do store fat around the guts
but this does not normally occur in the wild. The power output of red muscle
depends on temperature. In cold weather fish have difficulty ascending fast-flowing
rivers. To some extent this power deficit can be made up for by using the sprint
white muscle but this can result in rapid exhaustion. In the salmon intermediate
muscle fibres lie between the red and white muscle layers; these fibres are mixed in
composition and are capable of fast contraction but without the rapid exhaustion of
white muscle.

The metabolism of salmon is geared to using protein as a major energy source;
carbohydrate is relatively unimportant. Because white muscle is a food store its
composition and quality is variable. The main components are protein, lipid (fat
or oil) and water. The lipid is in droplets dispersed between the muscle fibres and
contributes to the textural feel, particularly of smoked fish. A well-fed growing fish
will have high protein and lipid contents and relatively low water content. If the fish
starves then lipid is lost first and replaced by water. Such fish show greater weight
loss in smoking and cooking. In nature, prior to spawning fish cease to feed and
transfer lipid and protein from the muscles to the ova or milt in the gonads. Thus as
sexual maturation proceeds, flesh quality falls and kelts (post-spawning salmon) are
not normally considered edible.
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Figure 1.10. Dissection of a salmon parr showing the main internal organs. a: anus; i:
intestine; s: spleen; pc: pyloric caecae; Ir: liver; h: heart; g: gills; os: oesophagus; cs: stomach
(cardiac part); ps: stomach (pyloric part); sb: swimbladder.

1.2.2.3 The gut and associated organs

A fish has a single main body cavity, extending from behind the head to the vent,
which contains the gut, liver and associated organs (Figure 1.10). A salmon’s gut is
very simple. Food passes from the mouth down a very short oesophagus into the
stomach. The stomach is a J-shaped bag with an exit at the pyloric sphincter, the end
of the shorter limb of the stomach. Food passes into the intestine through the pyloric
sphincter, which has a ring of muscle controlling stomach emptying. The first part of
the intestine has numerous blind-ending side branches known as pyloric caecae.
These are the main site of protein digestion. Digestive enzymes are secreted by the
pancreas, which is a diffuse, pale-coloured tissue surrounding the pyloric caecae. Fat
deposits also lie around the caecae and have a more translucent appearance than the
pancreas itself. This part of the gut is favoured by parasitic worms because of the
high concentrations of partially-digested food.

The gut beyond the pyloric caecae has a simple, straight, tubular large intestine
leading to the anus. Loosely attached to the stomach is the spleen, a red-coloured
organ responsible for production of blood cells. Some salmon have more than one
spleen.

When the body cavity of an immature fish is opened the liver, lying at the
anterior end, is the most prominent organ apart from the gut itself. In healthy fish
the liver should appear dark red or brown. There is a gall bladder, which normally in
growing fish should not be very visible. This stores a green coloured bile, which is
released via a duct into the intestine to neutralise stomach acids as the food moves
from the stomach to the intestine. The gall bladder in a feeding fish therefore empties
at frequent intervals. If the gall bladder is full and distended this usually indicates
that the fish has not fed for several days.
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Figure 1.11. Dissection of a salmon parr with the viscera and swim bladder removed to reveal
the kidney. ub: urinary bladder; ud: urinary ducts; k: kidney; sbv: segmental blood vessel.

When mature salmon return to freshwater they cease feeding and may starve for
up to 12 to 14 months before spawning. The gut becomes reduced in size and the
internal lining becomes keratinised and impermeable to food and water.

Above the gut is the swim bladder, a transparent air-filled sac extending along
the whole length of the body cavity. The appearance is very variable according to the.
degree of inflation of the bladder. The bladder acts as a buoyancy organ and in
salmon is connected through a pneumatic duct to the oesophagus. This duct enables
fish to expel excess gas or gulp air to help fill the bladder. During harvesting fish
sometimes emit a croaking sound as the swim bladder is squeezed during handling.

Above the swim bladder is a long streak of red tissue running right from the
anterior end of the head region along the whole length of the body cavity. People
cleaning gutted fish often think that this is a blood clot but this is, in fact, the kidney
(Figure 1.11). In fish, the kidney is a multi-function organ. On the shiny lower
surface two urine-collecting ducts are visible to the naked eye. These carry urine
from the kidney to the bladder situated near the vent at the posterior end of the body
cavity. The urine is produced in conventional kidney tubules that occupy most of the
bulk of the kidney. When in fresh water, the fish continually takes in water through
the gills and by drinking; this is compensated for by production of large volumes of
dilute urine, almost pure water. In seawater, the kidneys virtually close down and
produce very little water. In teleost fish, nitrogen is not excreted as urea but as
ammonia, excreted directly into the water from the blood stream via the gills.

In between the kidney tubules, particularly in the head region, are the
haemopoietic tissue and the hormone-secreting cells. The haemopoietic tissue
duplicates the functions of mammalian bone marrow in producing new blood
cells. The hormone-secreting cells are chromaffin tissue, which secretes adrenaline
and noradrenaline (epinephrine and norepinephrine) and cortisol-secreting cells.
These duplicate the functions of adrenal glands of higher animals, traditionally
described as preparing the animal for flight or fight. The salmon kidney therefore
combines the functions found in the bone marrow and adrenal glands as well as the
kidney in the mammals.
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Figure 1.12. Dissection of a sexually mature male salmon parr showing the testes ventral to
the swim bladder. i: intestine; m: milt (sperm) leaking out of the intestine; t: testis; Ir: liver.
Precocious maturation of males as parr is quite common in many wild stocks of Atlantic
salmon.

The ovaries and testes lie just below the swim bladder in the salmon. In the
immature fish the left and right gonads appear as streaks of tissue running from the
head to tail region on the surface of the swim bladder and the two sexes are
indistinguishable to the naked eye. Development starts at the anterior end and the
gonad gradually thickens up and swells along its length. The ovary becomes recog-
nisable by a bright yellow/orange yolky colour and granular texture as the oocytes
develop. The testis has a smooth grey appearance. At maturity the testes are swollen
and white in colour with sperm leaking out if the membranes are ruptured (Figure
1.12). In the mature female the two ovaries become unrecognisable as eggs (4-5 mm
diameter) are released loose into the body cavity. There are no external sex organs-
eggs and sperm are simply released into the surrounding water through openings at
the vent.

1.2.2.4 The circulation system

The heart of the salmon lies in its own cavity just in front of the abdominal cavity
below the oesophagus, and is protected by the bones of the pectoral girdle. The heart
has four chambers arranged in sequence so that blood returning from the veins flows
in the sinus venosus, the atrium, the ventricle and finally the bulbus arteriosus
(Figure 1.13). The sinus venosus is a collecting chamber where the main veins
from the rest of the body collect the blood before it flows in the heart; the pace-
maker cells that control heart rate are situated where the sinus connects to the
atrium. The atrium has thin muscular walls and contracts under the influence of
the pace-maker, pushing blood into the ventricle. The ventricle has a thick wall with
two layers of muscle, the inner spongy layer and outer compact layer. The surface of
the heart has coronary arteries that supply oxygen to the hard-working compact
layer. Blood is expelled from the ventricle in a high-pressure pulse that fills the
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Figure 1.13. The heart. a: atrium; ve: ventricle; ca: coronary artery; ba: bulbus arteriosus; va:
ventral aorta; sv: sinus venosus.

bulbus arteriosus. The bulbus is white in colour and is composed almost entirely of
elastic tissue. When cut out of a harvested salmon and dropped on a hard surface,
the bulbus bounces with high rebound efficiency. The elastic walls of the bulbus store
the energy generated by the ventricle. The blood-filled bulbus gradually empties by
elastic rebound, thus keeping a continuous flow of blood through the gills which are
located just in front of the heart. The coronary blood vessel feeding oxygenated
blood back from the gills to the heart is very conspicuous on the ventral surface
of the bulbus.

As the heart works, it produces electrical impulses which can be recorded as an
electrocardiogram very similar to that in mammals. There is an initial P wave
denoting contraction of the atrium, followed by the QRS wave of the ventricle
contraction and finally the T wave denoting ventricular filling whilst the bulbus
maintains the blood flow. The ECG can be recorded and telemetered in wild
salmon. Typical heart rate in salmon during their spawning migration varies
between 10 and 50 beats per minute. In the female, heart rate is between 15 and
25 during rest and slow movements and increases to the maximum during spawning.
Males tend to be hyperactive, with hearts rates between 25 and 40 for much of the
spawning season (Altimiras et al., 1996). The range of heart rates is influenced by
temperature, with higher heart rates in warmer water.

The bulbus arteriosus directs blood immediately into the ventral aorta which
feeds blood to the gills. This blood vessel is very short and divides into four pairs of
afferent branchial arteries to the gills (Figure 1.14). From the gills, the corresponding
four pairs of efferent branchial arteries just below the cranium connect together to
feed blood into the dorsal aorta that distributes blood to the rest of the body.
Arteries branch off to the brain and the eyes and the main dorsal aorta passes
back along the body immediately beneath the vertebral column to which it is
closely attached. Near the liver, a major branch, the anterior mesenteric artery
supplies blood to the guts and other abdominal organs. The dorsal aorta itself is
flattened so that it is five times as wide as it is high and within it is a remarkable
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Figure 1.14. Diagram of the blood circulatory system of the Salmon. (After Smith and Bell
1976). Solid lines or arrows are arteries, dotted lines or arrows are veins. Blood flows
anteriorly along the ventral aorta to the gills. The coronary artery is attached to the ventral
aorta feeding oxygenated blood back to the heart.
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Figure 1.15. Diagrammatic cross-section of the dorsal aorta of the salmon. This blood vessel
lies below the backbone and above the kidney. It is divided into two halves along its length by
the ligament that automatically pumps blood when the fish is swimming (After Priede, 1975).

elastic ligament, the dorsal aorta ligament that acts as a secondary heart. As the
aorta moves from side to side during the fish’s swimming movements, blood is
pumped back along the vessel and propelled into arterial branches to the muscles
on either side (Figures 1.15, 1.16). The dorsal aorta tapers in width towards the tail
and ends up as the caudal artery within the haemal arches of the tail vertebrae
(Figure 1.9). Blood is returned to the heart from all parts of the body by a system
of veins but also by lymphatic vessels. The blood volume of fishes is relatively low
compared with mammals, and tissues such as the white muscle depend largely on
lymph circulation comprised of blood plasma without red blood cells to supply
nutrients and remove wastes. The blood of salmon is very similar in salt concentra-
tion to human blood but, unlike humans, the erythrocytes, or red blood cells, retain
a nucleus and are rounded/oval in shape. The iron-containing pigment, haemo-
globin, is present in the erythrocytes and carries oxygen. The absence of the
oxygen-carrying capacity of red blood cells in lymph is no handicap to white
muscle that operates only during sprinting.
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Figure 1.16. Dissection of a salmon parr as in Fig. 1.11 but with the kidney removed to reveal
the dorsal aorta. da: dorsal aorta; lig: ligament visible through the transparent wall of the
blood vessel. Swimming movements automatically propel blood backwards along the body of
the fish.

1.2.2.5 The gills, respiration and excretion

The primary site of gaseous exchange with the environment is in the gills. Oxygen is
taken up from the water and carbon dioxide is excreted.

The salmon has four gill arches on either side of the head. There is an additional
‘false gill’, or pseudobranch, under the operculum just in front of the gill arches
(Figures 1.6, 1.7). The pseudobranch is thought to act as a sensor which monitors
blood pressure, oxygen content and other parameters. The surface of the true gills is
composed of very fine lamellae arranged on filaments which are hinged onto the gill
arches (Figure 1.17). There are two rows of filaments on each gill arch. Blood is fed
to each gill from the afferent branchial artery and a branch runs along the outer edge
of each gill filament. The blood then flows through secondary lamellae located above
and below each filament. The interior of each lamella is hollow, the thickness (15pum)
corresponding to the diameter of an erythrocyte. This means that oxygen can diffuse
through the gill membrane into the erythrocyte from the water on either side of the
secondary lamella over a distance of less than 5um. Pillar cells connect the
membranes together on either side of the lamella to prevent swelling as blood
pressure is applied.

Blood flow through the gills is varied according to the requirements of the
animal. During gentle exercise the blood flows preferentially through the first
(anterior) gill arches. As oxygen requirement increases, so more gill filaments are
perfused until at maximum activity all the gill area is in use. The thin gill membrane
allows free interchange of water between the blood and the environment by osmosis.
Thus in freshwater there is an inward flow of water tending to dilute the blood and a
contrary flow in seawater leading to loss of water. Avoiding blood flow to the entire
gill unless absolutely necessary reduces the water loss or gain. The gills should
appear bright red in healthy fish. The water flow over the gill is driven by the
buccal and opercular pumps with the flow rate regulated to meet necessary oxygen
requirements.



Sec. 1.2] Anatomy 19

Buccal cavity

gifl arch q
efferent artery 3] ﬁ afferent artery

U
Opergular
cavity

secondary
lamellae

Figure 1.17. Structure of gills. This diagram shows a section of gill arch as viewed from the
opercular cavity looking inwards towards the buccal or mouth cavity. Each gill arch carries
two rows of filaments. Oxygen uptake occurs in the secondary lamellae, which are filled with
blood and are arranged in rows on the upper and lower surfaces of each filament. Tiny muscles
swivel the filaments so that they lie across the water current. Water flows through the tiny
spaces between the lamellae and the blood flows in the opposite direction, thus ensuring
efficient exchange of oxygen across the single layer of cells separating blood from water.
(For clarity only three pairs of filaments are shown and the number of secondary lamellae
has been reduced.)

Oxygen is taken up by haemoglobin in the erythrocytes as the blood flows
through the secondary lamellae. In the body tissues, oxygen is off-loaded by a
reverse reaction which is aided by the low pH (acidity) and high carbon dioxide
concentration in actively metabolising regions of the body. It has been found that
fish can alter their haemoglobins to suit different conditions and to adapt to different
temperatures.

As the blood returns in the veins its pH is low and the level of dissolved carbon
dioxide is high. The blood is also loaded with ammonia (NH;) excreted by the cells
as a result of protein breakdown in different parts of the body. Both the carbon
dioxide and ammonia pass out into the water via the gills in a complex series of
exchanges.

In the gill cell the ammonia is ionised:

NH; + H,0 = NH, " + OH™
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The ammonium ion is then excreted in exchange for an incoming sodium ion.
NH, " ~ Na* This aids maintenance of electro-neutrality.
Meanwhile the hydroxyl ion can combine with carbon dioxide:
OH + CO, = HCO;~

This provides a source of bicarbonate ions which are exchanged across the gill
membrane for incoming chloride ions:

HCO; ™ ~CI

Thus the fish achieves excretion of carbon dioxide (CO,) and ammonia (NH3) in
exchange for taking up salt (NaCl). Since in freshwater salt is continuously lost by
diffusion as water is being gained, the ability to actively take up salt is very
important. These exchanges, however, are also influenced by pH.

In the gill epithelium excess carbon dioxide in the presence of the enzyme
carbonic anhydrase is transformed into bicarbonate:

CO, + H,0 = H,CO;~ = H" + HCO; ™

The bicarbonate can be excreted in exchange for chloride ions but the hydroxyl ion
(proton) can be exhanged for an incoming sodium jon (Na*). As H" ions are
excreted this provides a means of reducing blood pH so the fish can regulate pH
via the gill. Thus in the gill of the freshwater fish regulation of pH, excretion of CO,
and ammonia are all interconnected. In acid waters, where the fish may have diffi-
culty in regulating pH if it falls too low, the haemoglobin may not be able to take up
oxygen. The electro-neutral exchanges NH, * ~ Na*, HCO;~ ~ CI” and H* ~ Na®
are all thought to be driven by ion pumps at the outer membrane of the gill; enzyme
protein molecules sit in the lipid membrane. The most important of these ion pumps
is the Na© ~ Kt ATPase that excretes sodium from cells and takes up potassium.
This is active on the inside of the gill epithelium transporting salt into the blood
(Figure 1.18).

In seawater, the function of the gill has to be reversed so that, instead of uptake,
salt is excreted. Salt transport out across the gill epithelium seems to occur mainly in
chloride cells found at the base of the secondary lamellae of the gills. These cells are
in contact with blood on the inner side and water on the outer side. On the outer side
of each cell is an apical pit into which salt is excreted. The inner side is perforated by
a tubular system that connects with the blood and branches out throughout the cell
which is packed with mitochondria. The mitochondria consume oxygen and generate
adenosine triphosphate (ATP) to provide energy for the salt pump, Nat ~K*
ATPase. The precise mode of action is not fully understood but sodium is
pumped from the cell into the tubular system generating very high Na* ion con-
centrations. Where the tubular system runs close to the apical pit, sodium diffuses
from the tubular system into the apical pit and thence into the surrounding water.
Chloride follows by a cotransport process that is not fully understood. Salt transport
is an energy-demanding process and the concentration of mitochondria in the
chloride cells is greater than in any other cells in the body of the fish (Figure 1.19).
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Figure 1.18. Transport mechanisms in a gill cell of a fish in freshwater. Salt uptake is linked to
carbon dioxide, hydrogen ion and ammonia excretion. Circles in the cell membranes denote
active exchange processes. (After Rankin and Davenport, 1981.)

1.2.2.6 The nervous system and sense organs

The salmon brain lies on the floor of a protective cranium inside the skull. It is
divided into three parts: the forebrain, midbrain and hind brain. The forebrain has
two main olfactory nerves that connect to the olfactory rosettes beneath the nostrils
on the fish’s snout. The forebrain is thus predominantly concerned with the sense of
smell or chemoreception. The midbrain is dominated by the optic lobes and optic
nerves from the eyes that are connected to this region on either side. The pineal stalk
projects upwards between the optic lobes and the end of the pineal is attached to
the underside of the roof of cranium. The pineal is sensitive to light, and a window in
the skull admits light to this region. Beneath the mid brain lies the pituitary gland.
The hind brain is dominated by the cerebellum and the medulla, or brain stem, which
connects to the spinal cord. The lateral line nerve enters the brain in this region as a
branch of the vagus (X) nerve (Figure 1.20).

The hearing and balance organs lie on either side of the hind brain and are
connected to the brain via the auditory nerve. The salmon ear on each side has
three semicircular canals, similar to those in mammals, which detect rotational
motions in three planes. The canals are connected to a series of sacs equipped
with sensitive hair-cells for hearing. Fish can predominantly hear at frequencies up
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Figure 1.19. Appearance of a chloride cell in the gill of a fish in seawater. These cells occur at
the bases of the secondary lamellae. Salt is excreted into the apical pit by processes involving
active transport across the membranes of the tubular system using energy provided by the
mitochondria. (For clarity the numbers of mitochondria and tubules are greatly reduced in
this diagram). Continuous function of these cells is necessary to ensure survival. (After Rankin
and Davenport, 1981.)

to about 1kHz, mostly at lower frequencies corresponding to knocks and grunts.
They cannot perceive whistling-type pure tones in the upper part of the human
auditory spectrum. Living in water, sound travels directly from the surrounding
medium into the interior of the fish, so there is no need for the external ear, ear
canal, ear drums or ossicles for impedance matching as in land animals. The presence
of the swim bladder enhances hearing by converting the pressure component of the
sound wave into a motion of the swim bladder wall which is transmitted to and
stimulates the hair cells of the inner ear which would otherwise not detect this aspect
of sound energy in water. Some freshwater fishes (e.g., the carp family) have ossicles
connecting the swim bladder to the ear to enhance this effect.

In addition to the semicircular canals on either side, the salmon ear is equipped
with otoliths, or ear stones, which are suspended on hair cells within the fluid-filled
chambers of the ear. The largest of the otoliths is the sagitta, which lies at the base of
the sacculus. There is one on either side and this is the otolith that is commonly
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Figure 1.20. The brain of salmon. (a) Lateral view from the right hand side. The pituitary is
located in a chamber in the cranium below the brain. The pineal is attached to the room of the
skull. (b) The same view but showing the position of the acoustico-vestibular (inner ear)
system of the right side. (After Smith and Bell, 1976 and Meek and Nieuwenhuys, 1998.)

extracted for age determination in fish. The growth of the otolith is proportional to
growth of the whole fish and rings are apparent from slow growth in winter. Isotopic
analysis of zones in the otolith can be used to determine the length of time the fish
spent in freshwater and seawater and the past thermal history of the individual. In
Atlantic salmon, scale reading is more commonly used than otolith studies but
otoliths can be extracted from stomach contents and faeces of predators such as
birds or seals. Identification and measurement of otoliths provides a means of
assessing the number and size of salmon lost to predation. In the living fish, the
otolith provides a means of detecting linear acceleration. The salmon therefore has
an acoustico-lateralis system comprising semi-circular canals, otoliths, hearing
region (no cochlea) and the lateral lines, all concerned with detection of sound,
vibrations and accelerations.

In the hind brain, one on either side, are two very large nerve cells characteristic
of teleost fish, known as the mauthner neurons. These are connected to fibres that
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run the length of the spinal cord and are concerned with generating fast sprint starts
by stimulating the white muscle mass at maximum speed. An automatic reflex, which
can be set off by a variety of alarm inputs to the mauthner cells, enables the fish to
sprint forward rapidly to escape danger.

The spinal cord sends off branches to the muscle segments all the way along the
body. Nerve fibres to the red muscle fibres are capable of generating graded
responses but the nerve terminations on the white muscle are of the end plate
type, generating ‘all or nothing’ twitches.

1.2.2.7 Endocrine system

In addition to coordination of bodily function by the nervous system, the salmon
has a full complement of vertebrate endocrine glands that secrete hormones
(Figure 1.21).

The pituitary lies ventral to the midbrain and produces a suite of hormones
under control from the brain. Prolactin is secreted in freshwater and is responsible
for reducing the water permeability of the skin and increasing urine production.
Thyrotropin (TSH) stimulates the thyroid tissue and is thus important in growth
and metabolism. Growth hormone (GH), or somatotropin, stimulates growth and
manipulation of this system is the aim of some biotechnology research in transgenic
fish. Adrenocorticotrophic hormone (ACTH) is responsible for stimulating corticos-
teroid release from the kidney interrenal tissue. Gonadotropin (GTH, I & II) stimu-
lates sex seroid production by the gonads and is thus involved in regulation of sexual
maturation, ovulation and spermiation.

chromaffin Stannius ‘
tissue corpuscles urophysis
(caudal neurosecretory

system)

interrenal
tissue

tissue  yitimobranchial
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Figure 1.21. The approximate position of the main endocrine glandular tissues in the salmon.
The interrenal, chromaffin tissue and Stannius corpuscles are located in the kidney.
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The pineal is the site of secretion of melatonin, which occurs during hours of
darkness. More melatonin is therefore secreted during the winter than in summer
and it provides the means by which the day night and seasonal cycles are transduced
to the different functional systems of the fish. Melatonin therefore influences growth,
activity and sexual maturation. This is the means by which artificial day-length
manipulation results in changes in growth, smolting and sexual development.

The urophysis is a neurosecretory organ unique to teleost fish. It is found at the
end of the spinal cord in the tail region of the fish, a kind of ‘pituitary of the tail’. Its
secretions influence ion regulation acting in tandem with prolactin.

The pancreas of salmon contains pancreatic islet cells. As in most vertebrates,
these secrete hormones concerned with regulation of carbohydrate metabolism:
insulin that lowers blood sugar and glucagon that elevates blood sugar.

In the salmon kidney are various hormone-secreting tissues; the interrenal corti-
costeroid-secreting cells and chromaffin tissue (adrenaline secreting, increases heart
rate and increases blood glucose) have already been mentioned. The corpuscles of
Stannius secrete hypocalcin that lowers blood calcium. Associated with the kidney
tubule glomerulae are the juxtaglomerular cells that secrete renin, or angiotensins
that are involved with regulation of blood pressure, water balance and blood elec-
trolyte equilibrium.

The salmon has thyroid tissue located between the lower jaws anterior to the
heart that secretes two main hormones known as T, (Thyroxine) and T; (triio-
dothyronine); molecules with three and four iodine atoms respectively. These are
involved in regulation of metabolism, growth and metamorphosis.

The gonads, ovaries and testes secrete hormones concerned with regulation of
gametogenesis (production of eggs and sperm), vitellogenisis (production of yolk),
sexual maturation and development of the secondary sexual characteristics.
Androgens—testosterone  (T), 11-ketotestosterone (11-kT)—are the male
hormones, and oestrogens—173-oestrodiol, and progestins—are the female
hormones.

Development of gonads is therefore controlled by release of GTHs from the
pituitary gland. The hormones travel through the blood stream to the gonads. The
GTH is controlled to a large extent by the pineal gland, which alters its output of
melatonin in response to seasonal changes in day length. Within the gonads them-
selves sex steroids are released to help control gonad development and development
of the secondary sexual characteristics such as the hook jaw, or kype, in the lower
jaw of the male salmon. It is possible to release GTH artificially by removing
pituitary glands from slaughtered fish, grinding them up and injecting an extract
into other fish. This will induce these fish to spawn, and the method is often used in
the management of broodstock which cannot be induced to spawn by manipulation
of day length or environment. Similarly, administration of sex steroids can be used to
change the sex of salmon; for example administration of testosterone to female fish
will convert the ovary into a testis which will produce sperm. Use of such sperm to
fertilise eggs will result in all-female offspring.

Associated with sexual maturation is an increase in mucus production and
weakening of the skin. Maturation is associated with stress, and manifests itself by
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secretion of corticosteroids. These have the effect of suppressing the immune system
and reducing resistance to disease. Sexually-mature fish tend to be more susceptible
to fungal and bacterial infections.

1.3 INTEGRATED FUNCTION

1.3.1 Smoltification and transfer between fresh and salt water

One of the most important events in the life cycle of the Atlantic salmon is the
transition from freshwater to life in the sea. This is not essential, since some
stocks of salmon are land-locked but, generally, migration into the sea provides
access to greatly-enhanced food resources and growth rate rapidly increases
compared to growth performance in freshwater. If salmon parr are transferred
into seawater the effect is as lethal as for any freshwater fish. It is at the smolt
stage, while still in freshwater, that the salmon acquires the ability to survive in
seawater. Once this stage has been attained, transfer into seawater can be instanta-
neous; in nature this would often occur as fish migrate through a stratified estuary
with freshwater on the surface and seawater underneath. Smolts swimming deep to
avoid predation would need to move from freshwater into full-strength saline water
within seconds.

Seawater contains approximately 35 parts per thousand of salt, which is equiva-
lent to an osmotic concentration of 1050 mOsm.I"' (milliosmoles per litre). The
blood of salmon has a concentration of approximately 300 mOsm.1"!. This means
that in freshwater (0-20 mOsm.1"") water is taken up through the permeable gill
membranes by osmosis. To compensate for this, the parr produces large quantities
of dilute urine, but loss of salt is a problem. The parr reduces water intake by not
drinking and the skin is impermeable to water. Salt is taken up actively in the gills
and some salt can also be absorbed from the diet. As explained in Section 1.2.2.5, the
salt uptake is related to carbon dioxide and ammonia excretion and is influenced by
pH. In acidic waters the fish may not be able to regulate its salt and water balance.
When the salmon is in seawater the blood salt concentration is approximately the
same, but the effect of osmosis across the gill now results in a continuous loss of
water. The salmon in seawater is effectively dehydrated—the same as shipwrecked
humans who have only seawater to drink. The salmon compensates by drinking
seawater but, unlike humans, is capable of excreting the excess salt through the
chloride cells in the gills. The urine flow ceases almost completely; only a small
amount of urine is produced with a high concentration of particularly divalent
ions such as Mg™ " (Figure 1.22).

In the parr-to-smolt transformation the smolt is pre-adapted to the incipient
transfer to seawater. Several external morphological changes occur: the body
becomes more elongated and the skin looses its parr marks and becomes more
silvery, an appropriate camouflage for life in the sea. Even the retinal pigments
change to make the eyes more blue-sensitive to match the light in the open
oceans. The fins become more transparent and acquire black margins. The scales
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Figure 1.22. Comparison of the salt and water exchanges for salmon in freshwater and salt
water through three pathways: the gut (drinking and feeding), the gills and the kidneys. Open
arrows are passive processes. Black arrows are active processes.

become looser and are shed more easily, resulting in some of the problems of
handling smolts during transfer. The behaviour of the fish also changes from the
territoriality of wild parr to shoaling behaviour appropriate for an oceanic life style.

In Atlantic salmon, young fish in nature can spend 1-5 years in freshwater. The
‘decision’ whether to smoltify in a particular year takes place in the September—
October prior to the fish going to sea. It seems that if, the fish has grown to a
critical size and is in good condition during this time window, the smoltification
sequence is triggered by the decrease in day length. For most European stocks of
Atlantic salmon, the critical size is 7.5-8.5cm, whereupon those fish destined to
become smolts show a spurt of growth, reaching a size of 12c¢m or more before
the next spring. The remaining fish do not grow and remain as parr capable of
smoltifying the following season if they reach the critical size during the following
summer. The age of smolts is therefore largely determined by food supply, and in
aquaculture effort is directed to producing viable smolts at the youngest possible age.

The changes associated with smoltification are almost certainly internally under
the control of hormones (Figure 1.23). In measurements of changes in the blood
plasma the first effect is an increase in insulin, in the December some 4-5 months
before going to sea. Following the increase in insulin there is a massive increase in
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Figure 1.23. Changes in the concentrations of different hormones in the blood plasma during
the process of smoltification in Atlantic salmon in the northern hemisphere under normal day
length conditions. Note the sequence of hormonal surges. (After Stefanson and Hansen, 1998.)

GH, followed by T5 and T, thyroid hormones. Cortisol reaches a maximum around
the time of going to sea and catecholamines, adrenaline and noradrenaloine continue
to increase. Endocrinologically, at the time of seawater transfer the smolt is a
hyperactive, stressed fish and its suppressed immune system makes it susceptible
to disease. Prolactin is the one hormone that decreases during smoltification; this
is associated with the decreased need of urine production in the sea.

Amongst all the changes that take place during the smolting process the critical
factor is the ability of smolts to survive in seawater. By manipulation of day length,
temperature and food supply it is possible to produce smolts less than one year old,
so-called 0+ smolts. However, silveriness and external smolt-like characteristics do
not necessarily mean that the animal can osmoregulate in seawater, and it is possible
to produce ‘pseudo smolts’. Pseudo smolts can be distinguished from true smolts by
a seawater challenge test. The test fish are placed in full strength seawater (35%o) for
24h and then blood samples are taken. The plasma Na* and CI~ concentrations are
then measured. In a pre-smolt, typically the fish will have lost water and gained salt
so that plasma chloride will increase to approximately 200mM. A healthy smolt
should be able to regulate its blood chloride to 140mM (Figure 1.24). This can be
confirmed by measurement of gill Na*, K*-ATPase activity, which rises tenfold at
the time of smolting owing to proliferation of functional chloride cells in the gills
(Figure 1.25).

In successful smolting there is a period of about a month when the fish can be
transferred to seawater. The precise timing of this smolting window is dependent on
temperature with higher temperatures leading to earlier transferral. If fish are not
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Figure 1.24. Results of seawater challenge tests on young salmon. The values given are the
concentrations of sodium (Na™) and choride (C17) ions in blood plasma samples taken 24
hours after transfer from freshwater to seawater (35%o). In December the blood takes up salt
but during the smolt window in May the fish is capable of maintaining low salt concentrations
in the plasma and hence is fit to go to sea during this time. (After Stefanson and Hansen,
1998.)
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Figure 1.25. Sodium-potassium ATP-ase activity in the gills of young salmon kept in

freshwater during the period of smoltification. Note that during the smolt window period
ATP-ase activity is at a maximum. (After Stefanson and Hansen, 1998.)
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transferred to seawater (or in nature fail to find a route to the sea) then a reverse
process known as desmoltification takes place, and by midsummer the fish will have
completely lost their ability to survive in seawater. Such fish can resmoltify the
following year and make another attempt to find the sea.

1.3.2 Oxygen consumption and metabolism

The basic requirements for keeping fish alive are water and oxygen. Gills take up
oxygen dissolved in the surrounding water. From the point of view of living space
fish do not require very much water; many fish will shoal at very high densities,
especially if the water is circulated so that fish can swim continuously all pointing in
the same direction. The problem in aquaculture is to replace the oxygen or water at
an appropriate rate.

A major problem for aquaculture is that water contains remarkably little
oxygen. At 15°C, one litre of air-saturated fresh water contains about 10mg of
oxygen, equivalent to 10 parts per million by weight. The 10mg available in one
litre is sufficient to keep a 1 kg weight salmon alive for only three minutes and, since
the fish gills can remove only about a third to half of the oxygen from the water, 1 kg
of water is only sufficient for about one minute. A single fish requires about 1.5
tonnes of newly oxygenated water per day.

The oxygen in the water is replaced by diffusion from the atmosphere, which can
be aided by agitation or aeration of the water, and from oxygen produced by algae
and aquatic plants as a result of photosynthesis during daylight hours. In aqua-
culture the approach to supply of oxygen is either to supply water at an appropriate
rate flowing through tanks and cages so that sufficient oxygen is delivered to the
system or to directly inject air or oxygen into the water contained with the system.

There are several ways of expressing the dissolved oxygen concentration in
water.

1.3.2.1 Partial pressure (pO2)

The Earth’s atmosphere is 20% oxygen and 80% nitrogen (ignoring minor consti-
tuents). Therefore oxygen contributes 20% of the pressure of the atmosphere so the
partial pressure of the oxygen in the atmosphere is said to be 0.2 atmospheres which
is equivalent to 200 millibar or 0.2 bar. Expressed in millimetres of mercury the value
is 76mm x 0.2 = 152 mm Hg. Oxygen tension is also used as an alternative term for
partial pressure. If a container of water is left open to the air, oxygen will diffuse into
the water until the water is air saturated and the pO, is equal to that in the atmo-
sphere above. This will vary slightly according to weather conditions, as the
barometer reading changes. At high altitudes, the pO, also decreases but this is of
no concern to salmon farms which, except for some smolt units, are mostly at sea
level. Partial pressure is not used very much in aquaculture as a means of measuring
oxygen but it is important to note that most commercial oxygen meters work on the
principle of measuring the partial pressure. This is then transformed with the aid of
temperature information (often using an internal microprocessor) into absolute
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oxygen content units. It is always worthwhile checking an oxygen meter in well-
aerated water or simply waving the moist probe in air to check that it gives the
expected reading. Partial pressure is also important because gasses always diffuse
down the partial pressure gradient, i.e., from high partial pressure to low partial
pressure, not from high concentration to low concentration. This can be important
in the design of oxygenation systems and sorting out problems particularly when
waters of different temperatures are being mixed.

1.3.2.2 Air saturation value (ASV)

A simple way of expressing the oxygen content of water supplies is in terms of air
saturation value (ASV). If a water sample is in equilibrium with the air the water is
said to be 100% saturated. Salmon can survive in ASV values of 50% and above but
values of 70-80% are desirable for good growth.

1.3.2.3 Oxygen content

Unfortunately the ASV or partial pressure gives no information on the actual
quantity of oxygen in water. The amount of oxygen dissolved in water at 100%
air saturation varies according to salinity and temperature (Table 1.1). As tempera-
ture and salinity increase so the amount of oxygen in water at saturation decreases.
Using an oxygen meter measuring percent saturation the oxygen content of the water
can be simply calculated:

Oxygen content = solubility x % saturation/100

The tables are often built into the meter together with a temperature sensor so that
an automatic read-out is given in parts per million (ppm) which is equivalent to
mg.l .

The most precise measurements of oxygen in water are achieved using the
Winkler titration, the standard method used in most water quality laboratories.
The true oxygen content is obtained without the need to know the temperature or
salinity of the sample at the time of collection. Oxygen content is sometime expressed
by volume (ml) or by weight (mg). To convert between these two systems:

1.428mg = 1 ml
0.7ml = I mg

For practical purposes, oxygen content of water in a salmonid farm should never
drop below 5mg.1”" whilst for good growth a minimum of 7mg.1”" is essential.

1.3.3 Oxygen requirements of salmon

During their growth from newly-hatched alevin to the adult, salmon undergo more
than a 1000-fold change in weight. Most bodily functions vary according to the size
of an animal, for example the legs of a mouse work much faster than the legs of an
elephant and the heart rate of a mouse is faster than the heart rate of an elephant.
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Table 1.1. Oxygen solubility in water.

The amount of oxygen dissolved in water milligrams per litre (mg/l) in relation to salinity
and temperature. Atmosphere at Standard Pressure (760 mm Hg), relative humidity 100%
and oxygen content 20.94%.

Salinity (parts per thousand)

Temp
°C) 0 5 10 15 20 25 30 35
0.5 14.42 13.83 13.61 12.74 12.55 12.36 11.60 11.42
1 14.22 13.65 13.44 12.60 12.41 12.21 11.45 11.28
2 13.82 13.29 13.09 12.28 12.10 11.93 11.18 11.01
3 13.44 12.94 12.75 11.98 11.80 11.63 10.91 10.74
4 13.08 12.59 12.41 11.68 11.50 11.33 10.64 10.49
5 12.72 12.26 12.09 11.38 11.21 11.05 10.38 10.23
6 12.40 11.95 11.78 11.09 10.93 10.78 10.13 9.98
7 12.08 11.65 11.49 10.82 10.67 10.52 9.89 9.75
8 11.80 11.36 11.21 10.56 10.41 10.26 9.67 9.53
9 11.51 11.09 10.94 10.30 10.16 10.02 9.45 9.31
10 11.25 10.84 10.70 10.07 9.93 9.79 9.23 9.11
11 11.01 10.60 10.45 9.84 9.71 9.58 9.03 8.91
12 11.05 10.37 10.22 9.63 9.50 9.36 8.84 8.72
13 10.55 10.14 10.00 9.41 9.29 9.16 8.65 8.54
14 10.32 9.94 9.80 9.21 9.09 8.97 8.47 8.36
15 10.10 9.73 9.59 9.03 8.90 8.78 8.31 8.20
16 9.88 9.52 9.39 8.85 8.73 8.61 8.15 8.05
17 9.67 9.32 9.19 8.67 8.55 8.44 7.98 7.88
18 9.45 9.13 9.01 8.51 8.40 8.28 7.83 7.73
19 9.27 8.94 8.82 8.34 8.23 8.13 7.69 7.59
20 9.08 8.77 8.65 8.18 8.07 7.97 7.56 7.46
21 8.90 8.60 8.48 8.03 7.93 7.83 7.42 7.31
22 8.73 8.43 8.33 7.88 7.78 7.68 7.28 7.20
23 8.57 8.28 8.17 7.73 7.64 7.54 7.15 7.07
24 8.40 8.12 8.01 7.59 7.49 7.40 7.04 6.95
25 8.24 797 7.87 7.46 7.37 7.27 6.91 6.83
26 8.10 7.83 1.73 7.32 7.23 7.14 6.79 6.71
27 7.95 7.68 7.59 7.19 7.10 7.02 6.68 6.60
28 7.81 7.56 7.46 7.08 6.99 6.90 6.56 6.49
29 7.67 7.42 7.33 6.95 6.87 6.79 6.45 6.37
30 7.54 7.29 7.21 6.83 6.75 6.67 6.34 6.26

Values are derived from Table 4 in Carpenter (1966) by interpolation and application of the following
conversions:

Oxygen at STP 1.428mg = 1 ml

Salinity %o = 0.030 + 1.805 Chlorinity %o (Knudsen relationship, Harvey 1966)

At high altitudes or for atmospheric pressures deviating from 760 mm these figures must be adjusted. mg/1
0, = R x AP/760, R = reading from table. AP = Local barometer reading in mm mercury.
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Figure 1.26. Oxygen consumption of salmonid fish (per kg body weight) in relation to fish
(body) weight and water temperature. (After Liao, 1971.)

There is a general law in biology that energy expenditure (R) varies according to
animal size in the following way:

R = oW’

where « is a constant, W is body weight, and 3 is constant with values between 0.6
and 0.75. Since [ is <1 energy expenditure per unit body weight decreases with
increase in body weight. Energy expenditure is often expressed in terms of oxygen
consumption necessary to release that energy, and in the case of fish farming is of
direct concern since engineering systems must be installed to deliver the appropriate
quantity of oxygen. Thus a 200 g fish does not consume twice as much oxygen as a
100 g fish. In fact if a 100 g fish consumes 20mgh ™' a 200 g fish consumes 34 mgh".
Thus a tonne of 100g fish (10,000 individuals) will require 10,000 x 20mg of
oxygen =200 g oxygen per hour, compared with a tonne of 200g fish (5000 indi-
viduals) which will require 5000 x 34 mg=170g oxygen per hour. Thus a water
supply just sufficient to sustain one tonne of 100g fish will be able to hold 200/
170 =1.18 tonnes of 200 g fish. In general, therefore, the smallest fish on a farm
require the best oxygenated and greatest water supply, and are most susceptible to
oxygen shortages (Figure 1.26).

The other main factor influencing energy expenditure and, hence, oxygen con-
sumption is temperature. Atlantic salmon can survive at temperatures between 0°C
and about 23°C. The latter is the upper lethal temperature, which varies slightly from
stock to stock and previous history of the individual. The optimum range of tem-
peratures for growth is 12-15°C. Between 6 and 16°C is the range over which
reasonable growth can be expected and a temperature change of this magnitude
results in an approximate doubling in oxygen consumption. The oxygen content at
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Figure 1.27. Metabolic scope of salmon in relation to temperature. Note that at 15°C the
difference between standard (resting) and active (maximum) metabolic rate is the greatest. This
is the optimum temperature for growth and activity. (After Beamish, 1978.)

saturation, comparing 6°C and 16°C, shows a decrease from 14 to 9mg.l™" fresh-
water. This means with temperature increase resulting in doubling of oxygen require-
ment the oxygen available in the water decreases by 35%. Thus to sustain the fish
over this temperature increase, the water supply has to be increased approximately
threefold.

The food consumption and growth rate of fish generally increase in parallel with
the change in oxygen consumption. Thus fish consume approximately twice as much
food over 10°C increase in temperature within the optimum range. Small fish require
more food per tonne than bigger fish.

The oxygen consumption of fish at any temperature varies between limits. Since
salmon never or rarely remain static, there is a problem with defining resting or basal
metabolic rate. The term ‘standard metabolic rate’ (SMR) is used to refer to a
theoretical resting or quiescent metabolic rate. This is the oxygen consumption of
a fish with an empty stomach but is not in a starved state and there is no discernible
activity (Figure 1.27).

Swimming activity can increase metabolic rate so that at maximum sustained
swimming speed the maximum oxygen consumption is reached; this is by convention
known as the ‘active metabolic rate’ (AMR). The difference between the AMR and
the SMR is known as the metabolic scope, within which the fish has to do all its
work. In general, the SMR increases with temperature whereas the AMR shows a
dome-shaped relationship. At high temperatures the gills cannot extract as much
oxygen from the water which is decreasing in oxygen content, so the AMR is
progressively decreased until the upper lethal temperature is reached. When the
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metabolic scope becomes zero the animal cannot survive. The SMR corresponds
approximately to the maintenance ration energy expenditure.

In salmon and other fishes, feeding also increases the metabolic rate. During
growth, synthesising new proteins requires energy and the functioning of the
digestive system and so on also requires energy. Thus in a feeding and growing
fish the oxygen consumption is typically 2-3 times the SMR. This post-prandial
increase in metabolism is known as specific dynamic action (SDA). SDA is very
important from the point of view of the management of an aquaculture unit.
During feeding the oxygen and or water supply to a system must be increased.
Furthermore, it is evident that at high temperatures, where the metabolic scope is
restricted, SDA alone may use the whole of the scope and leave no capacity for
swimming activity. At high temperatures, feeding can result in mortalities through
the fish being unable to take in enough oxygen through their gills. The gills (and
heart and blood system) are often incapable of delivering oxygen to supply the needs
of both activity and feeding metabolism. In nature, fish have to make a choice and
this may be one reason why fish ascending rivers do not feed, reserving their full
metabolic scope for the energy requirements of swimming activity. In Figure 1.27 it
is evident that the optimum temperature for growth is where the metabolic scope is
greatest—the fish is able to swim actively and process the maximum amount of food.

Handling fish increases their metabolic rate, as does stress. If the fish also have
full stomachs the combination of high temperature, SDA, stress and activity may
lead to tissue hypoxia and death. In the management of a fish stock the additive
nature of the different metabolic loading factors must be taken into consideration
together with the limiting nature of the metabolic scope. Many diseases lead to
anaemia and/or damage to the gills or the heart, which may decrease the
metabolic scope of the individuals. Such impaired fish will tend to feed less in
order to maintain some spare metabolic scope and, although the effects may not
be directly lethal, growth rate will be reduced. An important means of reducing
oxygen consumption of a stock of fish if problems arise, such as failure of water
supply or fouling of sea cage meshes, is to cease feeding. This can ensure survival of a
stock that would otherwise have to be slaughtered. It can be tempting to increase
aeration to the extent that water becomes supersaturated. This is dangerous since gas
bubbles can form in the fishes’ blood vessels and internal organs, resulting in death.
Supersaturation often occurs if cool water with high oxygen content is heated in
attempts to accelerate growth or development rates. Supersaturation can also
sometimes occur in some pumping or supply systems in which gas becomes
entrained at high pressure. The gas is then rereleased when pressure is reduced to
ambient in tanks. In such situations the water should be agitated to release excess gas
before it reaches the fish tanks.

1.4 CONCLUSIONS

In the culture of salmon the farmer is obliged to provide a complete life-support
system for the animal, supplying food, oxygen, disposal of waste, etc. Particularly in
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the case of the water and oxygen supply, failure can be lethal to the stock within
minutes. The system needs to be in excess of 99.99% reliable, of the order required in
the chemical process or nuclear power industries. The fact that this level of success is
widely achieved in the industry is a tribute to the ingenuity and care with which fish
farm systems have been designed and operated. It is only with intimate knowledge of
requirements of the species and understanding of basic biology that progress can be
made.
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Production I: broodstock management and early
freshwater stages

2.1 BROODSTOCK MANAGEMENT

2.1.1 Introduction

In the early days of salmon farming, the industry obtained its stocks by stripping ova
from wild salmon. While these stocks were adequate for a fledgling industry, a rapid
expansion necessitated the development of reared broodstock to cope with the
increased demand for ova. Initially the broodstock was produced from Scotland’s
native stocks, but in the modern industry many brood fish are of Norwegian origin
and have been produced through selective breeding programmes (see Chapter 12)
aimed at providing the performance needed today. The worldwide production of
farmed Atlantic salmon has continued to rise steeply in recent years and is associated
with a steady reduction in farm gate prices. In order to remain viable, companies
have had to increase efficiency in various ways in order to maximise the tonnage of
salmon produced in relation to production costs.

Although improved feeds and feeding technology have resulted in better growth
rates and food conversion rates (FCR), and a better understanding of fish health
combined with the availability of more effective medicines has greatly reduced the
level of mortalities, careful stock selection is fundamental to achieving these benefits.
By rearing individual families of fish, the performance of each family can be carefully
monitored so that broodstock selections can be made for particular traits such as
growth rate, late maturity (which allows larger fish to be marketed before the onset
of maturation) and disease resistance.

Initial selections are made at the egg stage. Egg batches stripped early in the
spawning season will produce a broodstock that will also produce early season eggs.
These eggs result in early hatching and feeding fry which are essential for the
production of S0+ smolts (smolts produced in less than one year) and will
increase the size of S1+ smolts. Eggs that demonstrate high levels of fertility and
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survival are also selected. Further selections are made as the selected families are
tracked through their life cycles.

Since it is desirable to obtain the highest possible growth rates, therefore
maximising ova production, it is necessary to transfer the fish at the smolt stage
into sea water. Fungal infections can also be a problem when salmon are held back
in freshwater and this can be avoided with a transfer into sea water.

2.1.2 Vaccination

All salmon selected to become potential broodstock will have come from a certified
disease-free stock and been kept throughout the freshwater stages in an environment
free of any pathogens that cause diseases such as infectious pancreatic necrosis (IPN)
and bacterial kidney disease (BKD). The presence of these pathogens would prevent
the salmon being used as broodstock since both can be vertically transmitted to eggs.
However, once the salmon are transferred into sea water there is a risk of that they
can contract diseases carried from other sites or farms either via fish or in the water.
Disease may be carried by fish escaping from another fish farm or by wild fish.
Certain pathogens can survive for a limited length of time in sea water and can
therefore be carried in tidal currents to a marine fish farm and then infect the fish.

One disease which may be carried both ways is furunculosis, caused by the
bacterium Aeromonas salmonicida. This disease, once a major problem for the
salmon farming industry, is no longer such a threat, largely owing to the develop-
ment of highly-effective vaccines. Vaccination takes place at the pre-smolt stage at
least six weeks before transfer to the sea, and is now a procedure carried out
universally throughout the salmon farming industry. The vaccination process is
carried out by anaesthetising each individual fish and injecting the vaccine intraper-
itoneally (into the body cavity anterior to the pelvic fins). The anaesthetics most
commonly used are MS222, or benzocaine which has to be pre-dissolved in either
acetone or alcohol (100 g of powder in 2.51). While this vaccination will protect the
fish from furunculosis for its full marine growing cycle (from smolt to harvest), the
process does have an adverse effect. The vaccine can cause adhesions within the body
cavity. In the case of the gonads, for example, if the vaccine comes into contact with
the developing ovary, a ‘skin’ may form over the ovary which prevents the ova being
released into the body cavity at the time of full maturity, thus making it impossible
to strip the eggs from the fish.

In order to avoid this problem, it is advisable to adopt a different approach when
vaccinating fish destined to become broodstock. To ensure that the vaccine does not
come into contact with the ovaries, a different injection site can be used, and the
favoured location is the space between the muscle blocks posterior to the dorsal fin.
Here there is a slight depression into which the vaccine can be injected, taking care to
avoid the muscles. Since brood salmon will be kept in sea water a year or more
longer than production fish, it may be advisable to give them a boost with a second
vaccination. The timing of this boost will depend on the length of time for which
protection is given by the initial vaccination and should give additional protection
through to full maturity. It should not be done at a time when the fish are likely to be
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stressed easily, for example when sea temperatures are high. This operation is carried
out as close to the broodstock rearing unit as possible in order to reduce unnecessary
handling and transport.

2.1.3 Holding facilities and environmenta! conditions

Once the potential broodstock has reached the smolt stage, there are two options for
the marine phase. The smolts can be transferred either into pens in the sea or into
tanks filled with sea water by pumping.

2.1.3.1 Sea pens

The pens used for broodstock are exactly the same as those used for growing salmon
for the market place, generally being made either of plastic or steel frames. The mesh
size of the nets is increased as the fish grow, although meshes greater than 20 mm are
not used in order to prevent cock fish getting their kypes (hooked lower jaw) caught.
Nets are cleaned or changed as often as is necessary to prevent the build-up of
fouling and therefore to maximise water flows and oxygen levels and maintain
water quality.

Anti-predator devices, such as nets and scarers, should be employed to protect
this valuable stock from herons, cormorants and seals (Europe) and great vigilance
must be maintained regarding the presence of the sea louse, Lepeophtheirus salmonis.
Monitoring and treatments, when necessary, must be carried out to ensure that this
parasite causes no stress or damage to the fish.

It is particularly important that brood fish are reared in a stress-free environ-
ment in order to maximise the survival of the fish and the quality of the ova
produced from them. In view of this, stocking density is held at a low level with a
recommended maximum of 7kgm . The location of the broodstock pens is
important: they must be safe from potential storm damage and have a good sepa-
ration from any other pen sites. Ideally the site should be used exclusively for brood-
stock. Since salmon broodstock are normally held in the sea over either two or three
winters before they reach maturity, it is necessary to have more than one generation
in the sea at the same time to maintain continuity of egg supply. It is advisable not to
mix year classes on the same site, so it is preferable to operate with at least two
separate broodstock sites. If this is not possible, each year class should be held in a
separate pen group as far apart as the site will allow.

2.1.3.2 Pump-ashore tanks

The alternative to pens are land-based tanks into which sea water is pumped. These
tanks are built of concrete or glass reinforced concrete (GRC) and are very large (a
minimum of 12m in diameter and 2m in depth) since brood salmon can weigh at
least 20 kg as they approach maturity. It is important that all internal surfaces of the
brood tanks are maintained to a smooth finish and that any fouling is removed
regularly to prevent the risk of damage to the fish. Water flows should be maintained
at a level that provides a minimum oxygen level of 6mgl™' (continuously
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monitored), removes waste products through a central screen, gives the fish a degree
of exercise and facilitates feeding. When making a choice between tanks and pens for
broodstock, although the capital and running costs of tanks are higher, they have
advantages over pens:

a greater degree of management control;

less possibility of cross infection;

protection from predators is easier;

sea lice should not be a problem;

environmental conditions can be manipulated; and
tanks are less affected by the weather.

While salmon can attain full maturity in sea water, there are advantages in mirroring
the natural cycle, especially in that the viability of eggs and sperm is higher if the
broodstock is held in freshwater prior to spawning. In terms of managing the
spawning process, it is much easier to work in freshwater, especially if the fish are
held close to the incubation facility. The freshwater brood site can be either pens in a
freshwater loch or tanks. These pens or tanks will be similar to those used for the
marine phase although, in both cases, they may be smaller since the fish will be kept
in them for a relatively short time.

A significant advantage of pump-ashore tanks is that the change to freshwater
can be achieved simply by switching the water supply gradually from sea water to
freshwater with the fish staying in the same tanks. By the time the first fish are ripe
and ready for stripping, the broodstock is in freshwater.

2.1.3.3 Transferring fish

When transferring broodstock from sea pens, great care must be taken to handle the
fish carefully, thereby keeping stress levels to a minimum in order to prevent a
decrease in egg quality and possible mortalities of the fish themselves.

Broodstock should be netted one at a time in soft-meshed nets and should be
kept in the water as much as possible. Damage to fish may also result in Saprolegnia
infections (fungus) before the fish can be spawned. Transfer from the sea is often
accomplished using helicopters which, although expensive, speeds up the process,
thus keeping stress to a minimum and reducing the risk of mortalities of very
valuable fish. Transfer will normally take place no more than one month before
the earliest fish are due to ripen. Any earlier and there is a greater risk of Saprolegnia
problems since maturing fish in freshwater are very susceptible to fungal infections.
Any later and there is a risk that some of the hens may have already ovulated and
ova may be shed during transport. Before transfer, any immature fish can be
removed as the stock is sorted and cocks and hens can be separated, although this
may also be done at a later stage once the fish are in freshwater.

2.1.4 Broodstock feeding

When considering the feeding of broodstock, two aspects need to be covered:
first, the choice of diet and second, the method of delivering the feed to the fish.
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Since the success of the broodstock will determine the success of the next
generation of stock, the choice of diet is important. Although salmon broodstock
can perform adequately on ordinary grower feed, broodstock diets are specially
formulated to take into consideration the increased requirements for specific
nutrients during gonad development. Hence, only the highest-quality ingredients
are used in the manufacture of brood diets, which contain boosted levels of
vitamins, especially vitamins C and E. High levels of pigment (typically 75 ppm
Astaxanthin) are also contained in the feed and give the eggs their deep orange
colour, mirroring that of eggs produced from wild salmon. It is thought that
pigment in the eggs helps to protect them from light. Broodstock will normally be
changed from a grower to a brood diet approximately eight months before they are
due to be spawned.

The feeding method has to take account of the differences between production
salmon and broodstock. Since the brood salmon are held at lower stocking densities
(7Tkg m™3), the preferred method is handfeeding; the fish are fed slowly and carefully
to ensure that they all get the same feeding opportunity and that the risk of fighting,
particularly between males, is reduced. An added benefit of this feeding method is
that it enables the fish to be observed and monitored daily during the feeding process
with particular attention being paid to behaviour, condition and health status. Given
the value of the fish, it is time well spent. Regarding the frequency of feeding, brood
salmon normally require one or two meals per day.

To ensure good-quality eggs, brood salmon should be fed throughout their
marine phase for as long as they are willing to accept feed. This may be until
nearly the time when they are transferred to freshwater as they approach full
maturity, characterised by changes in external appearance (colour and shape).
However, appetite decreases as they reach this stage, and feeding rates are reduced
accordingly. Salmon are no longer fed once they are in freshwater prior to spawning
because they will no longer accept food.

2.1.5 Broodstock health testing

To help prevent the spread of disease between farms it is important to ensure that
brood salmon and, therefore, the eggs that they produce are free from certain
diseases. Indeed, under EU legislation all farms with broodstock must be
inspected at least once per year and tested for viral haemorrhagic septicaemia
(VHS) and infectious haematopoietic necrosis (IHN) at least once every two years.
Under UK legislation, if IPN is present on a site, then all broodstock must be tested
and eggs from positive fish destroyed. For internal (UK) use of eggs, the testing
authority' recommends that testing is carried out for indigenous pathogens that may
be vertically transmitted (within eggs), i.e., IPN and BKD. For export, tests need to
satisfy the requirements of the importing country. For example, Chile requires
certification for a list of diseases including VHS, IHN, epizootic haematopoietic

'Scottish Executive Rural Affairs Department, Fisheries Research Services, Marine
Laboratory, Aberdeen, Scotland.
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necrosis (EHN), infectious salmon anaemia (ISA), IPN, BKD and salmon rickettsial
syndrome (SRS). Some of these (VHS, IHN and EHN) can be certified ‘freedom as a
zone’ without testing.

Anyone embarking on a broodstock programme should contact their regulating
body at an early stage to discuss an appropriate testing regime. A programme can
then be agreed whereby the broodstock are sampled and tested throughout their lives
up to and including the time when they are spawned. For both voluntary UK
certification and for export, at least 150 fish—or all fish if there are less than 150
on site—need to be tested. However, in some situations all broodstock have to be
tested for certain diseases. For voluntary certification the tests can be carried out by
anyone who is competent to do so, whereas for statutory purposes and export it must
be done by an inspector (in the case of Scotland, from the FRS Marine Laboratory).
For export certification, in the case of ISA and BKD an element of testing involves
visual examination and this must be done by a Marine Laboratory inspector or
under the supervision of a veterinary surgeon. For IPN and SRS, a proportion of
samples must be taken by an inspector but if 100% of fish are being tested, the
farmer may do the majority of the sampling. Advice and training in sampling tech-
niques can be obtained from the FRS Marine Laboratory staff in Aberdeen.

At the time of spawning, the priority regarding broodstock is to produce eggs of
the highest possible quality. Nothing should be allowed to jeopardise this goal.
However, health testing is also important and must be carried out correctly.
Therefore it is necessary for the two operations to run smoothly without compromis-
ing one another.

Good planning is essential. In situations where all the broodstock are tested it is
important to label individual fish which can be matched to egg batches. If egg
batches are incubated separately from one another, then in the event of a fish
coming up with a positive test, the eggs from that fish can be identified and
destroyed without affecting the others. Since all test results are available within
four weeks they are known to the farmer before eggs are either laid down for
hatching or despatched to other farms.

2.2 STRIPPING OF BROODSTOCK

2.2.1 Assessing ripeness

As salmon approach maturity, changes in external appearance occur that distinguish
males (cocks) from females (hens) and maturing from non-maturing fish. These
changes can be observed from early in the summer and become more pronounced
as autumn approaches. By the time the salmon are fully mature and ready for
spawning in November, the differences are obvious. These visual changes enable
broodstock to be sorted prior to spawning. Maturing cocks become dark in
colour, develop a kype (hook) on the lower jaw and have an extended upper jaw
(Figure 2.1). In contrast, the maturing hens darken, but less so than cocks, have a
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Figure 2.1. A typical mature cock salmon illustrating a well-developed kype on the lower jaw
and an extended upper jaw.

smaller head, develop a rounded belly caused by the increasing egg mass and become
extended at the vent.

Although all the hen salmon in a particular population will mature over a
relatively short time, each individual has a specific time when it ripens. It is
important that each hen is stripped at this exact time in order to maximise the
survival of the eggs and the subsequent fry. It has been demonstrated that this
period lies between four and seven days after ovulation, when the ovarian tissue
breaks down and the eggs become free within the body cavity (Springate and
Bromage, 1984). Progressively poorer results are obtained if stripping is carried
out further from this period in either direction. In order to strip hens as close to
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Figure 2.2. A small ripe hen. In this vertical position the free eggs drop towards the head,
leaving a narrowing at the vent.

the peak time as possible, each hen should be checked for ripeness once per week.
More often would cause undue stress to the fish, with possible mortalities, and less
often would not guarantee getting close to the peak time. The most common method
used to assess ripeness in a hen is to anaesthetise the fish before lifting her up by the
tail into a vertical position with the head down. If the hen is ripe, the egg mass will
drop towards the head leaving a narrowing at the vent (Figure 2.2). The belly will
also be soft. While this method works well with small and medium-sized hens it is not
so suitable for large hens, which are not only more difficult to lift into a vertical
position but could also be damaged in the process. For these fish an alternative is to
hold the anaesthetised hen on a net top (Figure 2.3), and pull the tail back with one
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Figure 2.3. A table made of knotless netting acts as an ideal surface for checking the ripeness
of large hens.

hand while applying pressure to the forward part of the belly with the other. If the
hen is ripe, a few eggs will be extruded at the vent.

In the case of cocks, ripeness is easily assessed because they ripen in advance of
the hens and stay ripe throughout the spawning season. They can be checked by
gently rubbing their flanks close to the vent. If ripe, milt (white fluid containing
sperm) will run from the vent.

2.2.2 Stripping location

Although it is possible to strip salmon (remove eggs or milt) at any one of a number
of locations—such as river bank, barge or boat alongside freshwater pens, loch shore
or next to brood tanks—it is most appropriate to have a location as close as possible
to the site where the resultant eggs will be incubated. This reduces the transportation
needed for the post-strip eggs and therefore minimises unnecessary risks to the eggs.
Wherever the location, it is important that stripping is carried out in some form of
shelter where environmental conditions can be controlled to some extent. The
stripping season occurs at a time of year when weather conditions can be severe
and, since it is not possible to choose only the fine days for stripping, precautions
must be taken to protect both the eggs and the spawning operatives from low
temperatures, wind and rain. It is particularly important to keep rain off the eggs
(as will be explained later in this chapter) and conditions should be comfortable for
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the operatives. A cold, miserable operative with numb fingers cannot do an efficient
job. Egg quality will suffer.

2.2.3 Stripping methods

The dry manual method of stripping is practised widely and will give excellent results
if carried out correctly. It is important to establish a routine that produces consis-
tently good results and then stick rigidly to it. Any deviation from the routine may
result in poor batches of eggs. One routine that gives a consistently high degree of
success (up to 99.8% to the eyed stage for wild salmon) is outlined step-by-step as
follows:

1 A sufficient number of plastic basins or buckets are washed, disinfected using an
iodophor, rinsed and thoroughly dried in preparation for the stripping.

2 Ripe hens are crowded within their holding unit. It is advisable to sort out ripe
hens the previous day so that there are no delays on the stripping day.

3 Ripe hens are netted singly from the holding unit and placed in an anaesthetic
bath.

The floor of the bath should be wide enough to allow the hens to roll over on to their
sides once they are fully unconscious. The concentration of the anaesthetic should be
adjusted so that the hens are completely immobilised after one to two minutes (start
with a light concentration then strengthen it until the right one is reached). No
attempt should be made to strip a hen which is not immobilised since this can
result in damage to the hen and/or the eggs, is difficult for the operative and slows
up the process.

4 Once immobilised each hen is removed from the anaesthetic and rinsed in clean
freshwater to remove any anaesthetic.

5 Each hen is then taken to the operative and placed on a suitable surface (a net
top is ideal) where all water is removed using paper towelling. The hen should
not be rubbed too hard as this may result in skin damage.

6 The operative adopts a favoured position (sitting, kneeling or standing), holds
the caudal peduncle (wrist) of the hen with one hand positioning the vent above
a basin or bucket and then, keeping the hen as close to a vertical position as
possible, brings their other hand or arm firmly down the hen’s belly. Providing
that the hen is fully ripe, eggs will pour in a steady stream from the vent
(Figure 2.4). For large hens stripping might be a two-person operation, with
one operative holding the hen while the other removes the eggs. During the
removal of the eggs it is important not to apply pressure with the fingers near
to the vent as this may result in bursting eggs. Burst eggs, which appear as
creamy strands in the presence of water, greatly reduce the fertility of a batch
of eggs, which can drop to as low as 60%. It is also important to prevent water
getting on to the eggs since this would initiate water hardening before fertilisa-
tion can take place. During water hardening, water enters the egg through its
porous shell, increasing the volume by approximately 20%. As this happens the
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Figure 2.4. In a fully ripe hen, eggs readily flow from the vent when the hen is held as close to
the vertical as possible and pressure is applied to the abdomen.

single hole (the micropyle), through which a spermatozoan has to enter to
fertilise the egg, closes. If this occurs before a sperm can enter then the egg
can no longer be fertilised.

Normally the eggs from each hen will be stripped into a separate basin or bucket,
although it is possible to add the eggs from more than one hen into each container,
especially if the eggs are to be batched for incubation.

With the dry method, all the eggs for a particular day can be stripped before any
fertilisation needs to be done. Unfertilised eggs can be kept for several hours without
any adverse effects.
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Figure 2.5. Milt is easily squeezed from a ripe cock salmon into a basin of eggs.

Two approaches can be adopted for the fertilisation process. Either milt (white
fluid containing sperm) can be squeezed from at least two cocks directly on to
the batch of eggs (Figure 2.5); or the milt from several cocks can be extracted in
advance and kept chilled before being used (with great care to avoid contam-
inating the water). The second option is preferred in modern broodstock units
because it allows a sample of milt from each cock to be checked for sperm
motility before being used. To check motility, a small sample of milt is placed
under a raised coverslip on a microscope slide. When a drop of water or ovarian
fluid is introduced to the edge of the coverslip the spermatozoa are immediately
activated and, when viewed through the microscope, should show a high level of
activity for up to one minute. Milt showing poor activity can be discarded. This
option also enables milt from several cocks to be pooled before being used and a
precise amount to be added to each batch of eggs (2mls/10,000 eggs).

Once the required amount of milt is added to a batch of eggs, the eggs and
milt are mixed thoroughly using a clean hand. This operation must be done
quickly since the sperms only remain active for about one minute. After
mixing, the eggs are left to stand for exactly one minute.

The fertilised eggs are then added to an equal volume of clean fresh water and
left to stand for a further 1.5 minutes.

Excess milt is washed off quickly using no more than one bucket of clean
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Figure 2.6. After fertilisation and washing, the eggs can be added directly into an incubator —
—in this case a basket — for water hardening.

water. It is important not to prolong this washing operation as there is a danger
of moving eggs which are starting to water harden.

9  After washing there are two options. The eggs can either be added directly to an
incubator (Figure 2.6) or left in a full bucket of clean water for water hardening
to take place. The choice depends on whether it is possible to lay them down in
an incubator in advance of water hardening and whether there is the necessity to
disinfect the eggs before they are incubated to prevent the possible transfer of
pathogens. Whichever is chosen, under no circumstances should the eggs be
moved during water hardening. Even the slightest movement can result in
heavy losses. The hardening process takes up to one hour to complete; at the
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end point the eggs can be moved freely whereas before they adhered to one
another and the surfaces of the bucket or incubator during the process. Once
water hardening is complete, if not already in an incubator the eggs should be
moved to one as soon as possible. If eggs are added to an incubator for
hardening, account must be taken of the 20% increase in volume when
deciding on how many eggs to put in.

To prevent the possible transfer of pathogens carried on the external surface
of eggs either into the hatchery or between hatcheries, it is important to disinfect
the eggs at the appropriate stage. A buffered iodophor (such as Buffodine® in
which the active ingredient is iodine) is used to disinfect eggs either as newly
fertilised, water hardened or eyed. The buffering is essential since an iodophor
with a low pH will kill eggs. Plastic basins or buckets are suitable containers
for disinfecting eggs and should contain ten times as much diluted iodophor by
volume as the volume of eggs to be treated (i.e., 11 of eggs in 101 of disinfectant
solution).

To disinfect newly-fertilised eggs, the stripping and fertilisation procedure is
followed to stage 7, at which point the milt should be washed from the eggs using
a 0.9% solution of sodium chloride (i.e. 90 g to 101).

The clean eggs are then immersed in disinfectant solution made up of 90 g
sodium chloride and 100 mls Buffodine® in 101 of water. The 0.9% sodium
chloride prevents the iodine solution passing through into the egg (i.e., prevents
water hardening).

After ten minutes’ immersion, the eggs should be washed four or five times in a
solution of 0.9% sodium chloride before being transferred to an incubator. Some
mortalities may be expected when newly fertilized eggs are disinfected. For water
hardened and eyed eggs the disinfection procedure is the same but without the
necessity of sodium chloride.

Diluted iodophor may be used to disinfect successive batches of eggs provided it
does not become exhausted. To check on exhaustion, keep a full (white) cup of the
original iodophor dilution on one side and compare this with the used disinfectant
after every batch of eggs. As long as the disinfectant colour remains similar to that in
the cup, it may be used.

Although the manual method of stripping is widely practised and gives excellent
results, there are two other methods which can be employed. Since almost all salmon
broodstock are used for only one season they are killed at stripping time (the
exception being wild broodstock which are generally released after stripping).
Instead of anaesthetising these fish they may be immobilised by killing them prior
to stripping. It is obviously of vital importance that ripeness is confirmed before this
is done. Incision spawning may then be employed where the abdomen of the
recently-killed hen is cut from the vent to the pectoral fins while she is held vertically
with the vent positioned over a dry basin or bucket. The eggs are allowed to pour
out. Any contamination of the eggs with blood has no significant effect on fertility
and the blood can be removed when the eggs are washed after fertilisation. This
method of stripping is considered to be faster than the manual method and produces
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more eggs from each hen. Once the eggs have been stripped, subsequent procedures
are the same as for the manual method described above.

If very large brood hens are being stripped, a third method may be considered.
This is air spawning where compressed air at relatively low pressure is passed
through a hypodermic needle into the body cavity of a ripe hen. The pressure
forces the eggs from the vent. With this method the hen does not need to be lifted
into a vertical position for egg removal.

2.3 THE HATCHERY

Once the salmon eggs have been stripped, fertilised, water hardened and disinfected
they are carefully transferred to the egg incubation facility at the hatchery. Although
salmon hatcheries in some shape or form have existed for more than 150 years,
modern units are increasingly sophisticated. Traditional hatcheries were small and
used to handle wild eggs for restocking rivers, whereas most hatcheries today are
designed to service a salmon-farming industry which is becoming ever more
demanding in terms of stock requirements. These units are larger (the largest
caters for more than 30 million) and make full use of available materials and
technology to produce the stock at the time and the size required. The hatchery
comprises incubators for the eggs and alevins, and tanks for growing-on the fry
normally through to the smolt stage, and must be supplied from a reliable source
of high-quality freshwater.

This water supply can be one or more of four types: spring, borehole, river/
stream or loch; some hatcheries use both ground water and surface water to get the
benefits of both. Ground water is often used for eggs and alevins since it has a higher,
more constant temperature in the winter than surface water, is little affected by
spates caused by heavy rainfall (no suspended solids) and is unlikely to contain
pathogens.

However, to get good fry growth rates in the summer, a higher temperature
and more water are required, so surface water is the preferred option. Whatever
the water supply, it is advisable to carry out a full analysis before it is used to
ascertain whether or not it is suitable for incubating eggs and rearing fish. Of
particular importance are

e pH (eggs will fail to hatch at a pH of less than 5.5);

e the presence of heavy metals which can be toxic to fish; and

e the levels of dissolved gases (ground water is usually high in dissolved nitrogen
and low in oxygen).

While little can be done if heavy metals are present, both pH and dissolved gases can
be modified. pH can be raised by dosing the water with calcium carbonate while the
balance of gases can be improved by vigorous aeration (nitrogen is blown off and
replaced by oxygen). To prevent the risk of introducing pathogens, many hatcheries
treat the water either with UV light or ozone and filters are commonly used to
remove organic matter. It is particularly important to have high-quality water for
eggs and alevins.
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2.3.1 Egg incubation and development

Before introducing eggs to the hatchery, it is important to disinfect thoroughly all
equipment and facilities to ensure that there is no risk of an infection being passed
from a previous stock to the new stock. Iodophors are the most commonly-used
disinfectants with iodine as the active ingredient. Since disinfection is not carried
out merely as an exercise, procedures must be adopted which will ensure that
any pathogens present are killed. Equipment should be fully immersed for ten
minutes in a dilution of iodophor which has an iodine concentration of 200 ppm.
Larger equipment, incubators and tanks should be thoroughly wetted with an
iodophor dilution at the same iodine concentration, using either a sprayer or
brush. Foot baths (200 ppm iodine) should be used at the entrance to the
hatchery and within the hatchery where cross-contamination is to be avoided.
Any organic material must be washed off the equipment before disinfection
otherwise the procedure is not effective. This is particularly important with
boots. Although iodophors can be used on eggs, they are highly toxic to fish and
therefore must be disposed of responsibly after use. The best method of disposal is
via a soak-away.

At the time when eggs are laid down in incubators it is desirable to obtain an
approximation of their number and size so that correct stocking densities can be used
and an estimate made of production. Egg size is a function of age, with the size
increasing as the fish get older (i.e., eggs from grilse are smaller than eggs from MSW
salmon). Normally eggs are measured by volume and, since there is a direct relation-
ship between egg diameter and volume, by measuring the mean diameter of a sample
of eggs the number of eggs per unit volume can be calculated. In practice this is done
using the Brofeldt’s scale (Table 2.1) where a sample of water-hardened eggs is
spread along a ruler and the number per 25cms recorded. From the table the

Table 2.1. Brofeldt’s scale. Relationship between egg diameter and egg number per unit
volume.

Egg Number of eggs per 25cm

volume

(litres) 37 39 41 43 45 47 49 51 53
0.10 390 450 520 600 680 780 880 990 1120
0.20 780 900 1040 1200 1360 1560 1760 1980 2240
0.30 1170 1350 1560 1800 2040 2340 2640 2970 3360
0.40 1560 1800 2080 2400 2720 3120 3520 3960 4480
0.50 1950 2250 2600 3000 3400 3900 4400 4950 5600
0.60 2340 2700 3120 3600 4080 4680 5280 5940 6720
0.70 2730 3150 3640 4200 4760 5310 6160 6930 7840
0.80 3120 3600 4160 4800 5440 6240 7040 7920 8960
0.90 3510 4050 4680 5400 6120 7020 7920 8910 10,080

1.00 3900 4500 5200 6000 6800 7800 8800 9900 11,200
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number of eggs per litre can be obtained. For this exercise dry volume is used (eggs
only with no water). Atlantic salmon eggs normally lie between 4000 eggs 1! for
large eggs to 6000 eggs 1! for small eggs.

Although hatchery operators prefer to obtain eggs as large as possible, there is
no difference between large and small eggs in terms of survival either at the egg stage
or later fry stage. However, large eggs result in larger fry at the first feeding stage
than the equivalent from small eggs and therefore gives them a better start.

Although eggs can be incubated in a variety of ways, certain environmental
conditions (which should be continuously monitored to identify any fluctuations)
have to be met to achieve a good level of success:

e Water must be chemically suitable and have a low level of suspended solids.
While a thin layer of sediment on eggs in an upwelling system has no adverse
effect, excessive siltation may suffocate the eggs.

e The pH of the water should be as close to neutral (7) as possible and not below 6
(low pH may prevent hatching).

e The oxygen level at the incubator outflow should be a minimum of 7mgl~'.

e The incubation temperature should be chosen to achieve the desired result from
the eggs. Since the rate of egg development is controlled entirely by the water
temperature, then by altering the temperature, the rate of development and
hence the duration of incubation can be controlled. It comes down to a
balancing act since, on the one hand, eggs incubated at 6°C will have few
mortalities and a high success rate in terms of development at the alevin
stage, while on the other, eggs incubated at much higher temperatures (up to
12°C) will have more mortalities and a poor rate of successful development
combined with a higher level of abnormalities in later life. However, by incubat-
ing at a higher temperature the incubation period can be dramatically shortened,
resulting in first feeding taking place much earlier.

The knock-on effect is that a higher percentage of bigger SO+ and S1+ smolts
can be produced. Since most hatcheries require the water to be heated to achieve this
result, it is most economical to accelerate development at the egg stage when rela-
tively low water volumes are required. A good all-round result is obtained by
choosing a temperature of 8°C.

e Water flows must be high enough to provide oxygen and remove waste products,
but not so high as to disturb the eggs during the sensitive green stage.

e Flow patterns must be achieved to ensure that water flows evenly through all the
eggs. Air bubbles must not be allowed to accumulate below eggs because they
create dead areas and disrupt water flows, thus reducing the oxygen to the eggs
above.

Premature hatching is often indicative of the presence of air bubbles (low oxygen
levels stimulate hatching). Bursting air bubbles can also disturb and kill eggs.

o Light levels must be kept very low (sunlight kills eggs). Egg incubation is
normally carried out in total darkness either by blacking out the hatchery
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completely or by using well-fitted covers on the incubators. Subdued daylight or
artificial light can be used when working on eggs with no adverse effects.

e Incubator materials manufactured specifically for use in hatcheries should be
used. Glass-reinforced plastic (fibreglass; GRP), plastic and aluminium are the
materials used in modern incubators.

Commercial incubators fall into four basic types, with the particular design resulting
in water flowing either vertically or horizontally through the eggs:
2.3.1.1 The hatching silo or cylinder

The hatching silo or cylinder (Figure 2.7). This incubator is used to take eggs
through to the eyed stage but, despite its name, it is not suitable for hatching

Figure 2.7. The hatching silo. The silo in the foreground shows the egg mesh attached to
the air pipe in a raised position. When pushed down to the bottom the silo can hold 30
litres of eggs.
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eggs. It is ideal for the production of eggs that are then passed on to other hatcheries
for hatching. The incubator is:

cylindrical in shape,

normally made of plastic,

can be free standing or supported round the collar,
can hold up to 30 1 of eggs in a column; and

is very economical both in terms of water and space.

Water enters at the bottom of the silo and flows up through the column of eggs
which are supported by an angled stainless steelmesh. A pipe running from the mesh
up through the centre of the silo is designed to prevent air bubbles forming under the
mesh. With this design all of the water entering the silo has to pass through the eggs;
however, it is important that, on entering the silo, the water is firstly directed
downwards using a 90° bend before it rises through the eggs, otherwise an uneven
flow will be produced and the eggs may be disturbed. Although a water flow of
8 1min ! is recommended, in practice the flow should be set by turning it up until the
eggs start to move and then turning it down enough to let them settle. This is then
the maximum flow which can be used and should not be altered throughout incuba-
tion. For this type of incubator it is important that egg quality is high with few
mortalities and that the water supply is well filtered to prevent any solids becoming
trapped under the egg mesh. Eggs can easily be removed from the silo using a siphon.
A smaller version of the hatching silo can be used when batches of eggs need to be
kept separate for health testing purposes. Five-litre buckets with a capacity of four
litres of eggs can be set up, each with its own water supply. With this system, if a
broodfish comes up positive, only a small number of eggs need to be destroyed.

2.3.1.2 Trough and basket

In the trough and basket (Californian principle) system, egg baskets are set up in a
GRP trough so that water flows up through each basket of eggs in sequence before
leaving the trough. Each basket comprises a small mesh floor, an alevin grid or
equivalent form of substrate and an egg tray (Figure 2.8). Troughs are generally
from 2-4m in length. When inserting the baskets, it is important that the front fits
tightly into the trough to force all the water up through the eggs, otherwise water will
by-pass the eggs and be wasted. This flow pattern can be checked using a dilute
solution of malachite green as a tracer dye. To reduce the risk of air bubbles forming
under the baskets, the inlet pipe should be positioned under the water surface to
avoid splashing. With tight-fitting baskets a flow of 121min "' is recommended. The
stocking density of these baskets depends on the developmental stage of the egg. For
incubation only, eggs can be stocked up to three layers deep, while for hatching they
must be reduced to a maximum of a single layer. This relates to the alevin density
once the eggs hatch. If the density is too high the alevins may suffocate one another,
resulting in very high mortalities.
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Figure 2.8. Californian-style trough and basket incubator. The near basket has an egg tray in
position, while in the second basket the egg tray has been removed to show the alevin grids
below.

2.3.1.3 Trough and flow (horizontal flow)

Although similar to the previous system, in this case the baskets are made entirely of
perforated aluminium with the water passing horizontally through the eggs. Since all
the water flowing down the trough does not pass through the eggs, water flows need
to be higher than for the Californian system. A minimum of 151min~" is recom-
mended. Stocking densities need to be lower, with a maximum of two layers for
incubation and less than a single layer for hatching (41 eggs m~2). Alevin grids or
equivalent substrate are positioned on the floor of the trough below the baskets.

2.3.1.4 The hexhatch

This system comprises a hexagonal frame with slotted aluminium egg grids which fits
inside a two-metre diameter tank. With the tank full of water and the frame pivoting
around a central stand-pipe close to the surface, water passes through the eggs before
leaving the tank via the stand-pipe. Each hexhatch can incubate 100,000 eggs or
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hatch approximately 30,000 eggs. Once hatched, the alevins drop through the egg
grids, either to the bottom of the tank or into baskets (if a silt build up is likely).
Once again, alevin grids or substrate should be employed. This system has the
advantage of combining egg incubation and fry rearing in the same unit but is not
recommended when a water supply has a high level of suspended solids.

2.3.2 Further development

Once laid down in an incubator, the eggs develop through three distinct stages before
they become feeding fry, with the duration of each stage—and hence the rate of
development—being controlled entirely by temperature. Therefore development can
be expressed as a function of temperature and time. This is referred to as day-degrees
(or degree-days) which is the number of days after fertilisation multiplied by water
temperature (°C) over a particular period (when dealing with a constant tempera-
ture). If the temperature varies, the day-degrees are recorded by tallying the tem-
perature for each day. An egg incubated at 5°C for ten days has a developmental
stage equivalent to 50 day-degrees, which is almost the same as an egg incubated at
10°C for five days. It should be noted that the day-degrees for a particular stage
decreases slightly if the incubation temperature is higher, and vice versa.

During the first stage of development the eggs are referred to as green eggs. This
stage commences approximately 24 hours after fertilisation and water hardening.
While it is possible to handle and move eggs gently for up to 24 hours after water
hardening without suffering losses, the same cannot be done during the green stage.
Even the slightest movement can result in mortalities, especially in the period im-
mediately after 70 day-degrees. For this reason, green eggs should be left completely
undisturbed apart from daily inspections to check on mortalities and water flows.
Dead eggs are easily recognised because they turn white (albumen precipitates as a
result of the yolk membrane rupturing). If dead eggs are left in the incubator, fungus
(Saprolegnia) will soon grow on them and, if the fungus is allowed to spread, this can
result in substantial losses of healthy eggs (good eggs are suffocated and water flows
are disrupted). It is possible for a full incubator of eggs to be lost if fungus is not
controlled.

Two approaches can be taken to prevent fungus problems. First, if only small
numbers of eggs are involved and are well spread in a basket, dead eggs can be
removed daily using a rubber pipette bulb and tube. This must be done carefully to
avoid touching live eggs. Clumsy egg picking will result in an increased number of
dead eggs the next day. Second, when either large numbers of eggs make daily
picking impractical or silos are being used, chemical treatments must be employed
to control fungus. Malachite green (for which a discharge consent must be obtained),
at a concentration of 2 ppm should be administered as a one-hour flowing treatment
by drip feeding the chemical into the water intake. Treatments should be given as
often as is judged necessary (every second day in bad cases) but should not be
overdone. The green stage lasts for 245 day-degrees (at 6°C) and finishes when the
black eyes can be clearly seen by the naked eye. The eggs are then referred to as eyed

eges.
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Although eggs can be handled and moved before fertilisation and immediately
after water hardening, it is during the eyed stage that most work is carried out on
them since at this stage they are most robust and not easily damaged by movement.
Unless eggs need to be handled early in the eyed stage, they should be left until
midway through the stage before being removed from the incubator and sorted.
They are removed either by pouring them from the basket into a bucket containing
about four litres of water, or by using a siphon (a short piece of garden hose is ideal).
A siphon needs to be used in silos.

Next, the eggs are stirred by hand for a few seconds. This, combined with the
pouring or siphoning, will result in any infertile or poor eggs turning white, the result
of the delicate yolk membrane rupturing from the movement. This process is known
as addling or shocking the eggs. After addling, the eggs should be returned to the
incubator for at least one hour to allow all the poor eggs to turn white before they
are removed either manually or, in the case of large batches of eggs, by using an egg-
sorting machine. This machine uses photocells to detect dead eggs, because light will
pass through a live egg but be reflected from a white one, and can handle at least
100,000 eggs per hour. Up to 5% of good eggs may turn white during the addling
process.

Once the eggs are sorted, the eyed eggs can either be laid down for hatching
or be dispatched to another hatchery. In both cases they need to be counted, which
can be done either with the use of an automatic counter or, more commonly, by
calculating the number of eggs in one litre and then measuring out the eggs by the
litre. A counting spoon or plate (a plastic plate with a known number of perfora-
tions) can be used to accurately count one litre of eggs (Figure 2.9).

Polystyrene boxes with a capacity of either 8 or 15 litres of eggs are used to
transport eyed eggs. Trays in the boxes are filled with eggs (no water) and the top
tray is filled with ice to keep the eggs cool and moist. Small holes in each tray allow
water from melting ice to trickle down through the eggs. A compartment at the
bottom of the box allows water to collect because, if eggs are allowed to sit in
static water, they will suffocate. Provided the egg boxes are kept reasonably cool,
a journey time of 24 hours has no adverse effect on the eggs.

Although eyed eggs are robust, all handling operations should be carried out
gently, and they should be kept in water as much as possible. After 265 day-degrees
at 6°C from the time the eyes are first visible, the eyed stage is completed.

2.3.3 Hatching

As the end of the eyed stage nears, all egg handling should stop and they are left
undisturbed for hatching. At this stage the shells become soft and the eggs can easily
be burst if handled. Hatching begins with a few premature fry appearing. These fish
are of poor quality and normally die. The bulk of the eggs will hatch over a 2-3 day
period, leaving a few late eggs which are also of poor quality and should be
discarded. The higher the temperature, the shorter the hatching period and vice
versa. Once hatched, the small fry, known as alevins or yolk-sac fry, drop down
through the slats of the egg tray and lie in the substrate below. At this stage empty
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Figure 2.9. Equipment used for counting and measuring eggs. In addition to the measuring
cylinder, measuring jug, counting plate and egg picker, an egg tray and alevin grid are shown.

shells will accumulate on the basket screens with the risk of blockages. Although the
shells dissolve, it is advisable to brush them off the screens to avoid the risk of
troughs overflowing.

A substrate for the alevins is particularly important since it prevents bunching
and reduces activity. Alevins like the comfort of solid surroundings (they are sur-
rounded by gravel in natural redds), and if there is no substrate they can only get this
comfort from each other by crowding into corners. Activity levels are high, which
results in the yolk-sac being wasted on activity and not going into growth. Mortality
levels amongst alevins can also be high, especially at elevated temperatures.
Examples of substrates are:

plastic grids;

rubber spikes on mats;

modified astro turf which has every second row of fronds cut out; and
gravel.

Other conditions for rearing alevins are the same as for incubating eggs, including
the absence of light, although it is advisable to increase the water flow gradually as
the alevins grow. Dead alevins, which turn white, should be removed daily to prevent
the risk of fungus. After 290 day-degrees (at 6°C), the yolk is almost completely
absorbed and the fry are ready for feeding. This makes a total of 800 day-degrees
from stripping to feeding.
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2.3.4 First feeding

Unlike rainbow trout, which actively move up into the water column when they are
ready to start feeding, young salmon do not display the equivalent swim-up
behaviour. Instead they remain on the bottom within the substrate. Although they
display a slight increase in activity, there is little behavioural change to help indicate
when feeding should commence. Instead physical appearance has to be used as the
indicator, with the decision being made when no less than 10% of the yolk-sac
remains. In practice, this can be judged by putting a few alevins into a glass jar
with water and viewing them from below. In this way the amount of yolk-sac can be
examined easily.

The timing of first feeding is important. If the young fish are put out too early,
they will bunch together (usually around the central screen) and can suffer from gill
problems associated with uneaten food. If they are put out too late, they may fail to
start feeding, resulting in starvation and eventual death as pin-heads.

Normally first feeding is carried out in GRP tanks. The size of the tanks varies
depending on the policy of the individual hatchery. While it is easier to manage early
feeding fry in small tanks (up to two metres in diameter) it is more cost effective to
use larger tanks that can be used to take the stock right through to the smolt stage.
In view of this, three and four metre diameter tanks are popular. These tanks are set
up with small mesh central screens (‘top hat’ type that has a large surface area), with
an inlet pipe or spray bar either above or below the surface. Initially young salmon
sit on the floor of the tank so there is no advantage in having deep water, and indeed
mortality removal and cleaning are accomplished more easily in shallow water. A
depth of 10cm in small tanks and 30cm in large tanks is appropriate. Deeper water
is necessary to allow adequate flushing time during cleaning in larger tanks. The
stocking density of early fry relates to tank floor space and therefore is expressed as
kgsm 2. An initial high density of 10,000 fry m 2 is recommended since it
encourages feeding through competition and by example.

First feeding is a critical time for young salmon because they have to learn how
to feed under a new set of environmental conditions. If these conditions are not met,
mortalities can be high. The important aspects of the environment necessary to
encourage fast growing, healthy fry are:

e Water quality. It is important that the water is free of anything, such as heavy
metals or suspended solids, which would have an adverse effect on the delicate
gills. Damage to gills can encourage bacterial invasion followed by hyperplasia
of the gill filaments and eventual death. Rapid and high mortalities can result
from gill damage. Another aspect of water quality involves the maintenance of
high standards of hygiene. Mortalities, uneaten food and faeces must be
removed at least once every day and the internal surface of the tank and
screen should be brushed regularly. Each tank should have its own mortality
removal net and brush to minimise the risk of cross-contamination, especially
from parasites.

e Ideally the pH should be between 6 and 7.
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e Water flows are important for the removal of waste products but perhaps less
important for the provision of oxygen since most modern hatcheries employ
sophisticated oxygen injection systems whereby oxygen levels are monitored
and maintained within set limits. However, attention has to be paid to flow
patterns, which should be adjusted so that the fry spread out over the floor of
the tank and are not swept backwards towards the screen.They should be able to
hold their position with little effort. The water current can be adjusted by
altering the angle of the intake pipe or spray bar. A flow of 201min~' is
adequate for up to 30,000 first feeding fry.

e  Water temperature. Under natural conditions salmon fry reach the feeding stage
in April or May when the temperature is starting to rise. They will come on to
feed slowly at temperatures between 8°C and 10°C. However, with the desire to
produce SO+ and large S1+ smolts, hatcheries accelerate development through
the egg stage by raising the temperature and have fry ready for feeding as early
as January when ambient temperatures can be close to freezing. Therefore the
temperature has to be raised substantially for feeding and will normally be set as
high as 14°C. While it is expensive to heat the water to such a degree, the benefits
are great: fry come on to feed rapidly, and rise quickly to utilise the whole of the
water column with few mortalities as a result of pin-heads. The temperature is
maintained artificially until the ambient reaches the equivalent. At this stage the
volume of water to be heated is still relatively small compared with that required
for later freshwater stages.

e Light acts as a stimulus for growth and should be utilised fully to encourage
maximum growth rates in early fry. When fry are put out for feeding they are
normally given 24 hour lighting at a level of 1,000 lux (normal daylight but not
as bright as sunlight). This can be achieved using strip lights close to the water
surface. When positioning the lights, care must be taken not to create any
shaded areas that would attract the fry. Even distribution throughout the
tank is important.

Since successful smolt production depends on fry getting off to a good start, great
attention has to be paid to starter diets and feeding regimes. While modern diets are
formulated to give rapid growth, the mechanics of feeding must be correct to reap
the benefits. Small quantities of food should be delivered continually (or at least
every five minutes) for the full 24 hours of light as soon as the fry are put out. This
spreads feeding activity out and prevents fish becoming hungry. Initially feeding
response is poor with most of the food finishing on the floor of the tank but, after
a few days, fry can be seen feeding actively. At this early stage fry only take particles
of food that come to them as they sit on the tank floor, so it is important that a slight
current is created to carry the food slowly round the tank.

Gradually, as the number of feeding fry increases, they swim up into the water
column and actively pursue their food. As this happens the water depth should be
increased gradually. Feeding is carried out using automatic feeders, an example of
which is a clockwork feeder (Figure 2.10). The feeder should be positioned as close to
the water surface as possible (without the risk of wetting the food) and in front of the
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Figure 2.10. Clockwork feeders require no external power source. The clockwork motor is
wound up by pulling the belt back. As the belt slowly recoils (up to 24 hours), food is
continuously tipped off into the tank.

spray bar if in use. This is to ensure that the food sinks slowly and is carried round
the tank, giving all the fry an opportunity to feed.

Although feeding tables can provide a useful guide for feeding rates, at this early
stage they are of limited use since it is impossible to calculate the biomass of feeding
fish until they are all feeding. In practice, feeding rates are determined in relation to
the amount of uneaten food accumulating on the floor of the tank each day. The
feeding rate is correct if a small amount is left each day. Too much may lead to
hygiene problems and too little may result in some fry starving.

2.3.5 Fry and parr

Once established on feed, the young salmon are known as fry. With favourable
conditions, from a starting weight of approximately 0.2g, growth is rapid. The
tank water is increased to full depth, which automatically increases the water
volume and therefore reduces the stocking density (expressed as total biomass of
fish in kgsm™>).

Water flows are established to give a good flushing effect and create a current
that allows the fish to hold position without having to work too hard. This is
best judged by spending some time observing fish behaviour. Oxygen levels are
maintained (minimum level of 7mgl™" at the outlet), either by adjusting the
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throughput of water or by adding oxygen, and 24-hour lighting is provided to
maximise growth.

Feeding should be continuous by automatic feeder, with feeding rate being
determined partly from feeding tables and by observation of waste food. In large
tanks it is advisable to use at least two feeders to give a better distribution of food
and ensure that all fish get an opportunity to feed. Visual observations of feeding
behaviour should be made at regular intervals throughout the day so that any
necessary adjustments can be made.

Hygiene must be maintained by daily removal of mortalities, flushing to remove
waste products and regular cleaning of screens and tank surfaces. Health checks
should be carried out regularly, particularly for the presence of ectoparasites such
as Costia, with particular attention being paid to the gills. Early diagnosis and early
treatment will greatly reduce the likelihood of losses.

In all fish populations fish grow at different rates; therefore, relatively soon after
first feeding, a variation in fry sizes becomes apparent. If nothing is done the
dominant fish will get larger at the expense of the smaller fish. This situation is
rectified by regular grading which can begin when the fry are 1-2g in size.
Grading is achieved by placing the fish on grids where the bars have a particular
spacing enabling small fish to fall through while large fish are retained on top.
Graders may be simple boxes with interchangeable grids to automatic grading
machines which can grade three to four sizes at the same time. Some large hatcheries
have grading stations to which fish are piped from their holding tanks, passed
through the automatic grader, batch weighed and then the different grades are
pumped back to particular tanks. Grading should be carried out as often as is
practicable to keep each population as uniform as possible. This results in a better
overall growth rate, reduces fin damage, eliminates cannibalism, enables better feed
management and has the combined effect of increasing the overall percentage of
smolts. However, grading should be avoided at times of high temperature since
handling may cause the fish undue stress and any skin damage may lead to fungal
infections. The final grade will normally be carried out when the pre-smolts are
vaccinated. At this time any fish which have not made the required size limit can
be rejected. These fish are of little value and are normally destroyed using a strong
anaesthetic. As fry grow quickly, the biomass in a tank will also increase quickly and
has to be carefully monitored to prevent stocking density becoming too high. This is
achieved by sample weighing batches of fish every week. Sample weights also enable
feeding rates to be calculated and give an indication of when it is appropriate to
move to a larger food size.

The changeover to a larger feed should be done over the period of a week so that
the smaller fish in the population are still catered for. In terms of stocking density,
the traditional maximum figure for parr and smolts was considered to be 30 kgsm *;
however, in modern hatcheries where environmental conditions can be controlled
totally, this figure tends to be much higher to optimise the use of the facilities. A
common figure is 60kgsm™> and in some cases the density may well be over
100 kgsm_3. It must be considered, however, that although fish will survive and
can grow well at these high densities (providing they can be adequately fed), fin
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condition is likely to suffer and disease outbreaks can have catastrophic effects. The
decision on density may come down to customer requirements in terms of smolt
quality.

There is a choice of holding facilities for fry and parr. At approximately 2g in
size, the fry can be transferred from tanks to freshwater pens. Transfer will normally
be in May in Scotland and northern parts of Europe and is often accomplished using
helicopters, which enables otherwise inaccessible lochs to be utilised. Loch culture of
smolts has its advantages, including high water volumes and good growing tempera-
tures, especially in the winter. It is not unusual for cage-cultured smolts to be well
over 100 g at transfer time. Fry can be reared through to smolts in large tanks (3-7m
diameter). For SO+ production, fry are reared on 24-hour light until they reach a
length of 8cm in the summer, at which time they are given an artificial winter of
short days to trigger smolting in the autumn. For S1+ production, fry and parr are
reared on 24-hour light until the end of September, after which time they are given
natural light for the remainder of the freshwater cycle. These fish will smolt in the
spring.

24 HATCHERY PERSONNEL

All the work associated with broodstock management and the rearing of young
salmon requires a high level of both practical skills and knowledge. Each is of
limited value without the other. As with the care of any livestock it must not be
considered as merely a job. Staff must be reliable, conscientious and show a high
level of dedication towards the fish in their care. They must understand the con-
sequences of any deviation from normal and the importance of accurate record
keeping. Any losses should be regarded as a personal loss and not simply a loss to
the company. As hatchery systems are becoming ever more complex it is important
that every staff member not only has all the husbandry skills but also the technical
ability to manage all the equipment. In the case of emergencies everyone must know
how to respond to avert potential disasters.

Staff training programmes should be in place to fill in any gaps, either in skills or
in knowledge. These programmes can take advantage of existing courses or training
can be provided in the workplace and should be on-going. Courses can deliver both
the practical skills and the underpinning knowledge needed to carry out these skills
successfully. No one in salmon farming is likely to reach a stage when some form of
training would not be an advantage. A well-trained, efficient staff is essential for the
production of high-quality young salmon.
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Production II: From egg to market size:
onrearing in freshwater and
marine environments

3.1 INTRODUCTION

The production of salmon in intensive aquaculture requires, at its most basic, that
the conditions ensuring completion of the species’ life cycle are created in the farming
environment. Thus, salmon farming consists of both a freshwater and a marine
phase.

In salmon farming, fertilised eggs obtained from broodstock must be incubated
in a hatchery phase (as fertilised wild eggs occur in gravel redds), then the hatched
young must be reared through the fry/parr stages (as juveniles are found in lotic
habitats) and they must grow and complete smoltification all in the freshwater en-
vironment. Similarly, following successful transfer of smolts to the marine environ-
ment (as they naturally migrate to sea), they must be onreared to market size and
harvested as marine produce for the markets.

Over the decades of active cultivation of the species, the collective knowledge
derived from both research and the practical experience of the farmers themselves
have ensured that the basic processes can be enhanced, thereby developing a more
efficient and effective system for delivering quality assured premium produce to the
consumer. In the wild, the time from fertilised egg to smolt can take from 18 months
(Southern European salmon rivers) up to several years (Arctic conditions), while in
the farmed situation this can be reduced to between 9-15 months. Likewise, wild
salmon may spend one or more winters at sea, returning as grilse or multi-sea winter
salmon, respectively, while in the farmed situation they can be reared until the
desired market size.

Through these various phases, the objective of the farmer is to optimise the
process and maximise use of resources and, given the wide geographic area of
salmon culture, this has resulted in local adaptations to the basic rearing scheme.
These adaptations, therefore, require specific arrays of equipment, materials and
skills to complete the life cycle.
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Moreover, it is logical that all phases of the culture cycle interact with each
other, in sequence, and the overall quality at any point is dependent on the imple-
mentation of appropriate control and assurance protocols in each successive phase.
The failure or poor performance at any individual step adversely affects the con-
tinuity to successive steps and negates the benefits of all previous elements.

Reflecting the natural cycle, the contents of this chapter are divided into a series
of major sections:

hatchery phase (egg to fry): Section 3.2;

freshwater onrearing: parr to smoltification: Section 3.3;
marine onrearing (smolt to market size): Section 3.4; and
the final intervention, harvesting: Section 3.5.

The basic processes are described in the following sections and thereafter any manip-
ulations/enhancements are discussed. As innovations in production techniques are
constantly being explored and implemented, it is important to view these within the
context of the potential tolerances and fundamental limitations of the natural cycle.

3.2 HATCHERY PHASE

3.2.1 Overview

Fertilised eggs may be considered as the start point of this phase of the rearing cycle:
the production of eggs from broodstock is dealt with in Chapter 2 since it may be
regarded as a more specialised portion of the overall production cycle.

The basic stages in the hatchery phase include the eggs being incubated from
fertilisation and their development, the hatching of eggs to give the alevin stage when
first feeding occurs and, finally, the transfer of fry from the hatchery to the fresh-
water ongrowing units. The objective of this portion of the cycle is to maximise the
yield of quality fry for onrearing to smolts with a survival rate of more than 90%
being the norm in today’s production units.

In many ways, the hatchery phase, while short lived, is probably the most
technically demanding and a high degree of organisation and planning is required
to achieve such maximal performance levels.

3.2.2 Fertilised eggs and initial incubation

Until they reach the eyed-egg stage, fertilised eggs during the incubation phase are
extremely sensitive and should be handled with special care at all times. Every effort
should be made to ensure that they are not over-exposed to air or mechanically
damaged, or subjected to varying/extreme environmental conditions during this
initial developmental phase. Even when it is possible, or if it proves necessary, to
manipulate eggs, they should still be handled gently under water. There are,
however, periods when the eggs can tolerate a certain degree of handling. This is
true of the period immediately post-fertilisation and again once they have reached
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the eyed-egg stage, i.e., when the major organs have been formed and the primordial
eye has developed. The greatest sensitivity to any form of shock is directly linked to
those periods of rapid cellular differentiation and organogenesis in the developing
embryo. The most sensitive stage of early development in salmon, at optimal tem-
peratures, would appear to be days 3 to 14 (approximately 20-120°C days).

The sensitivity of eggs increases dramatically post-fertilisation but there is a
short window (from 6 up to 36 hours) for movement/manipulation of the ova.
During this interval, the newly-fertilised eggs, often referred to as ‘green’ eggs,
must be transferred to the incubation facility, disinfected immediately on arrival
and all packaging materials destroyed. At the 2-cell stage, approximately 100
hour-degrees after fertilisation, the eggs can be checked to determine the levels of
fertilisation success. Because of the particular requirements of eggs at this early
stage, the incubation facility is normally a dedicated space and a high quarantine
area. It is recommended that an accurate assessment is made of the total volumes
and numbers of eggs (sub-sample estimates) that are being incubated. There are
several standard egg counting methods, using sub-samples, based on, for example,
volume displacement, mean ‘dry’ weights and egg diameter measurements (as
described in Chapter 2): though automated egg counters are also available they
can only be used with later stages (post eye-up). As a rule of thumb, it can be
taken that there are roughly 5000 ova per litre.

The success rate can also be assessed between 6 and 20 days after fertilisation. A
sample (n) of eggs (minimum, n=100) is treated with a clearing agent (e.g., acetic
acid) and they are examined under a microscope to confirm the numbers (and
percentage) that show development: a viable, developing, embryo is visible as a
white streak. Ideally, batches with very low fertilisation rates should be discarded
as there is some evidence that ongoing problems may occur through the cycle with
such batches. If such batches are retained it is good farming practice to check their
subsequent performance through the entire production cycle to see if they incur
higher-than-normal mortality rates or display poorer growth.

In most broodstock/egg production systems, the parental animals are culled
and/or tested for transmissible diseases following egg stripping. Consequently, the
fertilised eggs will be in the hatchery for some days before the findings of laboratory
tests are available. If disease conditions are detected in the broodstock, it is prefer-
able and often required by law that the eggs are destroyed (Table 3.1).

Salmon eggs are placed in special incubation units and normally allowed to
develop without disturbance until the eyed-egg stage (250-300°C/days). There are
only a limited number of incubation equipment designs, including stacked troughs/
trays, upwelling columns/baskets and moist incubation systems (as noted in
Chapter 2). As the eggs are surviving on their internal reserves there is no require-
ment for food during this period. The primary objectives of the farmer in the
incubation unit are to maintain the eggs in a clean, aerated water flow, in
darkness and with a stable temperature regime, thereby providing optimal
growing conditions. Eggs are very susceptible to damage from UV light in
sunlight and from fluorescent (blue) tubes. Ideally, there should be minimal
agitation or handling of the eggs to avoid mechanical damage.
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Table 3.1. Listing of some common notifiable
diseases™*

Infectious pancreatic necrosis (IPN)
Infectious hematopoietic necrosis (IHN)
Viral haemorrhagic septicaemia (VHS)
Enteric red mouth disease (ERM)
Gyrodactylosis (Gyrodactylus salaris)
Myxobolosis (Myxosomiasis)

* Specific national legislations may require notifica-
tion of different disease conditions.

The quality and flow of water is crucial to optimal development and overall
survival. Sufficient oxygen must be supplied and metabolic wastes must be removed.
In general, the oxygen (O,) saturation of the inflow water should be at or above
100% while the O, content of effluent water should not fall below a critical level of
c.7mgl™! or 80% saturation, whichever occurs first. Particular care should be taken
in adjusting flow rates and patterns to ensure that there are no ‘dead spots’ of low
oxygen, which could lead to localised mortalities. Trays can be carefully tilted at a
slight angle to allow air pockets—often the source of reduced water flow—to escape.
The levels of suspended solids (especially finer particulate matter) in the rearing
water have a dual impact on developing eggs as this material can prevent trans-
membrane oxygen uptake and eventually may suffocate the egg; in addition, a high
organic load implies a higher biological oxygen demand (BOD) requirement and
greater oxygen utilisation within the rearing unit. In units where particulate matter
occurs in the water, a very effective flushing regime must be implemented daily to
ensure that any settled deposits are removed. The flow rates of water should be fixed
at the desired level and checked regularly. Standard trough/tray systems require
roughly 121min~" per four tray/trough unit of about 20,000 eggs (approximately
0.51/min/5000 [1 litre] eggs). An excessive water flow through the unit causes
increased mechanical agitation and resultant mortalities.

The temperature of the water is extremely important and should be kept within a
specific range generally 8-10°C for salmon: development rate is temperature
dependent and the progression of the egg development is expressed as degree-days
(°C /days). Degree-days are calculated as the sum of the average (maximum and
minimum) daily temperatures. Outside of the optimal range, development is slowed
at lower temperatures down to 4°C and below this development may cease. At higher
temperatures, there is some evidence that deformities may result while values greater
than 16°C can cause direct mortalities.

Clearly, within and around the optimal range development will be delayed at the
lower and enhanced at the upper end. For example, the time taken to reach the eyed
egg (250-300°C days) and hatching (475-500°C days) stages at 7°C is 43 and 68 days,
respectively, but this is reduced to 30 and 47 days at 10°C. Another important factor
is the variability of the temperature regime as a stable regime ensures synchronisa-
tion of hatching. If there are temporal (daily or weekly) variations in temperature
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then there will be differential development among the individual eggs and develop-
ment will be variable over the egg batch. Thus, there will be greater predictability
and maybe greater efficiency and use of resources by having a relatively stable
temperature environment.

Accelerated egg development and early hatching also produces alevins/fry very
early in the season, thereby allowing greater time for growth and larger sized smolts
in the freshwater phase (this is considered in greater detail below).

Ambient freshwater sources (riverine and lake sources) generally tend to have
variable conditions in the spring during egg incubation periods, with significant
fluctuations in temperature. Rapid and large fluctuations in water temperatures
are not tolerated by eggs and this may result in mortality or oedema (water absorp-
tion into the yolk sac leading to distended sac) of the developing embryo. To provide
stable water quality conditions, it is common to provide heated, treated, filtered
water to these units: of a specific temperature, free from particulate matter and
with sufficient oxygen. Very often, stable cold (>5 and <10°C) groundwater
sources are used as the supply for the hatchery phase. If using such spring
sources, it is also necessary to ensure that there are no heavy metal contaminants
(e.g., iron and zinc) or elevated gas pressures, particularly nitrogen and carbon
dioxide. If there is gas supersaturation in the rearing medium, the excess gasses
may be absorbed by the egg, giving rise to gas bubble disease, characterised by
the occurrence of gas emboli in various tissues. Ideally, all hatchery units, but es-
pecially those using groundwater, should have a de-gassing system in place to ensure
there is gas equilibration with atmospheric levels.

Healthy eggs maintain their orange-red colour, but once they are infected or die
the proteins turn an opaque whitish colour and can be readily identified. The most
commonly encountered disease condition is the fungus Saprolegnia, which can
progress rapidly if left unchecked. The incubation units must be monitored on a
regular basis and any infected or dead eggs removed by hand (tweezers or suction
pipettes). A helpful husbandry practice is to use hand lights (in red/yellow colour
range), on low-voltage supply, when monitoring and picking eggs during this phase.
In addition, it is usual to treat the eggs, via the flow through supply water or by dip,
on a regular basis with a suitable fungicide to protect against such potential disease
problems. Any damaged, infected or sub-standard eggs should be immediately
removed. Removing dead eggs may, however, become a self-defeating process as
damage to healthy eggs may induce further mortality, in particular during sensitive
periods of development. Care must be taken to avoid disturbing healthy eggs, and it
may be better to limit removing dead eggs during the more sensitive developmental
periods. It is not possible to remove dead eggs from cylinder-type incubators.

The secret of success in this first phase of the cycle would appear to be the
provision of a stable aquatic rearing medium with careful ongoing monitoring
rather than relying on ambient conditions with dramatic intervention. At a
minimum, the farmer should pick eggs and flush trays as well as checking egg
status, water flow, oxygen concentrations, and temperatures on two occasions
(morning and afternoon) per day. The optimal conditions and water quality require-
ments for successful egg rearing are listed in Tables 3.2 and 3.3.



70 Production II: from egg to market size: onrearing in freshwater and seawater [Ch. 3

Table 3.2. Summary of key rearing conditions for salmon egg incubation.

Rearing conditions

Considerations for development

Steady flow of clean, aerated, water

Temperature in the range (6-10°C).
Negligible particulate matter/chemicals

Ova held in darkness.
Stability of environmental conditions

Routine checks and regular treatments

Laminar flow giving low agitation; avoids
mechanical damage and provides high O3
levels needed for development.

Optimum for development with lower 4°C)
and upper (16°C) lethal limits.

Egg test is particularly sensitive and
particulate matter clogs membrane.

UV light hinders development and Kills eggs.
Temporal variations (daily/long term) disrupt
development and offset synchronisation.
Minimise agitation/handling/movement and
prophylaxis.

Table 3.3. Summary of water quality requirements for salmon ova.

Water quality parameters

Recommended levels

Oxygen

pH

Ammonia

Iron

Suspended solids

100% saturation (minimum 6mg1~")

6.5-8.5

<0.005 ppm (unionised)
<0.3ppm
<3mgl™!

Table 3.4. Treatment systems that affect critical physico-chemical parameters.

System

Function

Physical filtration (mesh to 10 pm)
UV sterilisation

Gas tower

O, injection

Heating/heat recovery systems

pH regulation/dosing

Removes particulate matter/debris.

Kills bacteria/pathogens.

Strips excess gasses (nitrogen/carbon dioxide).
Raises oxygen to desired levels.

Maintains the temperature in the optimal range.
Maintains in the range 6.5 to 8.5.

In choosing the location for siting a hatchery unit, the water quantity and
quality should be checked through all seasons of the year. To stabilise and
improve the quality of water to the hatchery, it is possible to install a number of
treatment systems that affect critical physico-chemical parameters (Table 3.4).

If these systems are to be used then it is essential that an integrated monitoring/
control unit is present with appropriate standby units, backup supports (e.g.,
generators) and linked (internal and external) alarm systems.
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The benefits and drawbacks of using the two major different incubator types
(trays versus upwelling basket vessels) are debatable. It is often a matter of manage-
ment choice or may be dictated, to a certain extent, by site/plant characteristics. The
tray type has a large surface area and requires a large floor working area, though
there is ease of access to all eggs at all times since they are only one or, at most, two
layers deep. More importantly, the eggs can be kept in these systems through to the
first feeding stage. With the upright cylinder types, greater numbers of eggs (e.g., 201
vessel or 5 x 41 baskets) can be held in a smaller floor area but if there is a problem,
either technical or biological, then the entire batch is likely to be affected. However,
these upright containers are large enough to contain the eggs from a single female
fertilisation and an entire batch can be held separately from others while disease
screening of the parents takes place post-fertilisation. If the parents are found to be
infected then that specific batch of eggs can be identified and culled. On the other
hand, with these ‘vertical’ units the ova must be moved to troughs/trays at the eyed-
egg stage to allow hatching to progress.

The end of this first phase is reached when the eggs show signs of the early
developing eyes (as dark spots) on the egg surface. At this point, to separate fertilised
developing eggs from unfertilised but living eggs, it is normal for the eggs to be
subjected to a ‘shock’ treatment prior to transfer. Eyed eggs are very robust at
this stage, hence traditional shocks include pouring them into a container of water
from a height of 30 to 70 cm and then stirring vigorously, or removing the trays and
striking them heavily on a solid surface and then keeping them in air for a few
minutes. This process is a very effective quality-control procedure as it ensures
that weak and unfertilised eggs are ruptured/killed and can be easily removed
while only viable healthy eggs are passed on to the next stage. Egg shocking
should be undertaken some days before scheduled transfer to allow all resultant
mortalities to be detected and removed by hand or machine. Egg-sorting machines
are available that separate on the basis of light transmission: transparent (live) versus
opaque (dead) eggs.

In practice, it is normal for the broodstock hatchery/egg producers to keep eggs
until the eyed-egg stage and then move them to the destination freshwater farms.
Full quarantine procedures with disinfection should be exercised on transfer of ova
from one site to another and, as before, the numbers should be verified by determin-
ing total volumes and sub-sample egg counts.

A useful rule of thumb in predicting development stages is 250 (to eyed-egg
stage) + 250 (to hatching) + 250 (to first feeding)°C days (Figure 3.1).

3.2.3 Hatching to first feeding

Having reached the eyed stage, the developing eggs are normally held in (or trans-
ferred to) tray/trough type systems and should continue to be kept in darkness.
Ongoing maintenance should include regular picking to remove dead or infected
eggs and appropriate treatments against infections. As before, environmental mon-
itoring should include checking water flow, oxygen concentrations and temperatures
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Figure 3.1. Summary of developmental stages and °C days.

twice daily (morning and afternoon). Development will continue for a further period
until the eggs begin to hatch at c. 475-500°C days.

At hatching, the egg test cracks to release the yolk sac fry, or alevin, which
are characterised by a fish-like body but with the yolk sac protruding underneath.
Hatching enzymes cause a weakening of the egg case and the flexing movements of
the alevins themselves allow splitting of the egg case and their final release. At
this time, special care should be taken to ensure that the waste egg cases do not
occlude the outflows of the trays and that they are not allowed to accumulate and
function as a focus of infection. The released alevins will make their way down
through the base mats/grills of the hatching trays and, usually when the majority
of eggs have hatched, these mats/grills can be removed. There is a tendency for
the alevins to aggregate in groups on the tray bottoms and it is common to have
artificial substrates which can be added to the trays at this time to prevent over-
crowding. These artificial substrates (e.g., matting, astro-turf) support the develop-
ing fry and limit activity. Over the coming days and weeks, the yolk sac continues to
be used as the endogenous food resource. The alevin stage lasts for approximately
250°C days.

Again, temperature has a significant influence on hatching and yolk sac absorp-
tion rates and the optimum for first feeding would appear to be c. 10-12°C. At
higher temperatures, the entire batch may hatch over 3-5 days and the yolk sac
phase will be accelerated although the emerging alevins may be smaller. At lower
temperatures, hatching is slowed and can take in excess of a week but, in these
conditions, yolk sac absorption is extended and the fry tend to be larger and more
fully developed. In general, greater synchronisation of hatching, more complete yolk
sac absorption and better first feeding is promoted by stable optimal temperature
regimes. In terms of cost-benefit analysis for the farmer, however, it may be better to
accelerate development, within limits, at this early developmental stage as biomass
and water consumption are low, hence energy use is low.

Higher oxygen levels are required during the hatching phase and the hatched
alevins can be held at higher flow rates than eggs; however, the flow rate of the trays
should be checked regularly. Indicative flow rates for alevins in standard trays are in
the range 15 201min~', ie. 25-50% greater than the rates for ova incubation.
Again, a useful rule of thumb is 11/min per 5000 alevins, i.e., initially approximately
1 litre of eggs. Unnecessarily high flow rates have a particularly adverse effect on
these yolk sac alevins since they are more active and have to expend energy on
maintaining position in the tray matter rather than on development. These
conditions will result in smaller fry and may also give rise to deformed yolk sacs
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or even mortalities. Similar problems are encountered if a substrate is not used,
forcing the alevins to swim or else they fall over sideways. Again, as a matter of
good farm practice, any malformed alevins or those with coagulated yolk sacs should
be routinely removed when found.

Careful attention should be paid to alevins during development to ensure that
some common problems are not encouraged, namely, yolk sac damage due to
excessive swimming/activity, blue (yolk) sac due to presence of elevated ammonia
levels and gas bubble disease from gas supersaturation.

Over time, and as the yolk sac reserves are used up, the alevins become more
active and a few may begin to swim to the surface in search of food. At this point, it
is common to begin adding small quantities of a selected dry diet to the trays.
Alternatively, the fry can be transferred to the first feeding unit even if some
(30%) of yolk remains. Failure to commence early feeding gives rise to a stunted
alevin/fry with a markedly larger head, referred to colloquially as ‘pin head’
condition. Once transferred to standard rearing tanks (e.g., 2-4m side and 20-
30cm working water depth) the fry can be weaned fully on to dry diets. These fry,
averaging <0.25 g, are well developed and physically robust in comparison to most
marine fish. A useful rule of thumb is to stock approximately 10,000 fry per m* of
tank floor. Thus, a 2m square tank could easily hold 40,000 fry (of 0.25g) at an
initial stocking density of 2.5kg m 2 floor space. Substrates (mats or even stones)
may be added to these tanks on initial transfer as they allow the smaller/weaker fry
to find refuge from currents. However, these substrates must be monitored carefully
to avoid build up of organic matter and potential pathogens. As the fry grow, they
will naturally stay in the water column and orientate themselves in the currents,
making these substrates redundant.

Water flows are dictated by the size and state of development of the fry but
indicative rates are 20-251min~"' for 2m tanks. A practical guideline is to gradually
increase flow rates to 11/min per 1000 fry. It is vitally important that the fry are not
subjected to excessively strong currents across the effluent pipe mesh/grid, so it is
recommended that a large sieve area with round openings is used.

During the first feeding to weaning phases, food should be administered as small
quantities virtually continually during daylight hours. Research has shown a positive
effect of constant light during first feeding, which stimulates growth and develop-
ment in its own right and also allows continuous feeding. This is recommended and
standard practice in most commercial units. In most hatcheries, automated feeders
are used to provide this constant supply of food particles to the fry; however, as the
alevin gain in size, their feed requirements and feeding behaviour should be checked
by giving intermittent, supplementary hand feedings.

Finally, during this first feeding period, particular attention should be paid to
the health status of the fry in relation to levels of wastes and tank cleaning. Since
surplus feed is being continually added to the tanks, it is probable that there will be a
high organic load both in the water and as sediments on the tank floor, resulting in
poorer water-quality conditions or directly giving rise to gill clogging and opportu-
nistic infections. Consequently, tanks should be regularly flushed and any mortalities
removed. As ever, mortalities and moribund fish should be carefully checked to
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ensure there is no ongoing problem and appropriate treatments should be considered
if the situation merits. The highest mortalities of the freshwater phase are found
during this first feeding stage.

3.3 FRESHWATER ONREARING: PARR TO SMOLTIFICATION

The fry are now entering the major freshwater growth phase. As they continue to eat
and gain weight, at roughly 1-2g they develop the typical ‘banded’ markings (‘parr
marks’) on their sides and are referred to thereafter as parr.

3.3.1 Rearing units

In this portion of the cycle, as the parr grow they can be held in increasingly larger
rearing units, either tanks on land or cages in freshwater lakes. Tanks are more
commonly utilised and these are normally constructed of glass reinforced plastic
(GRP; fibreglass), although concrete, galvanised steel and plastic units can be
employed. The tank units are either circular, hexagonal or square with round
corners, and sizes vary from 1-12m in diameter/side and corresponding depths of
c.0.5-3.0m. The floor of the tank will have a slight gradient that facilitates
movement of particulate wastes to the centre. Water enters the tank at the
surface, at a single point, and this is angled to give a circular flow through the
tank, conferring a self-cleaning effect which carries wastes to a central drain point
provided with a screen mesh. In most cases, there is a single inflow pipe but two (at
diametrically opposing positions) may be preferred with larger tanks. In addition,
farmers sometimes make use of a sparge bar on the inflow which is intended to
encourage more uniform flows and provide additional aeration to the water.
The screen mesh is normally removable, allowing the pore size to be increased
(e.g., 2-10mm) depending on the tank volume and size of fish, with the dual
objectives of ensuring rapid discharge of water while retaining the fish. The water
level in a tank is governed by an external level control pipe which allows the internal
operating level to be raised/lowered as this external pipe is moved.

In any rearing unit, there should be an array of different sized tanks to cater for
the numbers and sizes of fish progressing through the facility during the year. For
example, there should be a limited number of small tanks (1-2 m diameter/side) to
cater for fry as they are released from the hatchery; there should be a corresponding
number of medium sized tanks (2-4 m diameter/side) for ongrowing parr and, lastly,
there should be a majority of large tanks to accommodate the fish up to smoltifica-
tion. Optimal use of the tanks is promoted by efficient feeding and routine grading,
thereby ensuring that larger, growing fish are moved on in turn to the next largest
tanks when they reach a particular size. The combination of types and sizes of tanks
in use is essentially a matter of practical management choice but there are some basic
rules which cannot be ignored. First, larger tanks require larger flow-through rates to
maintain oxygen levels and to promote self cleaning, so smaller fish will not be able
to cope with the higher currents in such tanks. Conversely, larger fish perform better
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in larger tanks where there is sufficient rearing space. From a practical and opera-
tional standpoint, under a traditional production regime for spring smolts (see
below), it is clear that the larger tanks will not be in use at the start of the season
with small parr while smaller tanks will be redundant at the end of the freshwater
cycle when smolts predominate. Thus, a careful balance must be achieved in the
installation of different sized tanks on a farm to ensure that operational needs are
served such that the levels of capital investment are not excessive.

3.3.2 Water flows

The overall water flow requirements of the farm are dictated by the biomass and size
range of the stocks on site at any particular time in the production cycle. Typically,
the largest volumes will be required in the period leading up to and during smolt
movement. Tank size is an important determinant of flow rate since higher biomass
and stocking densities also imply higher oxygen requirements and, therefore, require
greater water flows. Indicative flow requirements are c. 11sec”! in 4m diameter
tanks and 34 lsec ' in 7m diameter tanks. In terms of stock performance, there
is evidence to suggest that there is an optimal water current speed related to body
length of fish. At current speeds of 1-2 body lengths per second, the parr appear to
show better growth and lower food conversion. In this matter, a certain degree of
caution needs to be exercised in relation to larger fish in large tanks where higher
speeds can create centrifugal forces that result in physical abrasion of the fish.

3.3.3 Stocking densities

In relation to the stocking of parr in tanks, the densities can be raised as the fish size
increases up to a maximum for the largest fish (smolts). Thus, for the different sizes,
it is common to hold fish of up to Sg at densities <Skgm™>, 5 to 15g fish at
<10kgm 3, 15 to 35g fish at <20kgm >, and thereafter stocking levels should
not exceed 30 kgm 3. Experimental data suggest the fish will tolerate much higher
densities than these; however, the safety/security margins in case of a water failure
become progressively shorter. Furthermore, distributing feed to high numbers of fish
in a heavily stocked tank is difficult. Hence, the above figures are conservative
suggestions for stocking densities based on practical experience. In freshwater cage
systems, these values tend to be significantly lower, often depending on the site
topography, but an upper limit of 15kgm ° is common. In reality, the maximal
limit used is that normally stipulated by insurance companies for standard tanks
without supplementary oxygenation/aeration. In rearing systems with supplemen-
tary oxygen supplies to the tanks, it is possible to increase densities to much higher
levels, and values approaching 60 kg/m > for larger fish are common in some recir-
culation units.

It must be remembered also that very low stocking densities tend to promote and
increase social interactions, as territories become large enough to be ‘worth
defending’. Thus, one must choose an optimal stocking level that achieves a
balance between the social and the physical environment.
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Within the particular production schedule, the farmer should always aim to
optimise stocking levels in an effort to promote efficient feeding and growth and
lessen the likelihood of negative social interactions and infections. Excessively high
stocking densities can easily lead to deterioration of water quality, decreased feeding
efficiency, depressed growth and increased stress and may also result in aggressive
behaviour causing physical damage to fins, eyes and opercula in stocks. In reality,
however, the maintenance of lowered stocking levels needs to be offset against the
need for separation of different cohorts/size groups within the limitations of farm
disposition (sizes and numbers of tanks).

3.3.4 Feeding regimes

The fish are normally fed a formulated dry diet and it is critical to ensure that there
are sufficient feed particles present in the water to satisfy the demands of the growing
parr. Equally important aspects of correct feeding are the need to provide feed of
an appropriate particle size and that the feed is, indeed, available to all the fish in
the tank.

As the parr increase in size, their mouths grow and, consequently, the size
(diameter) of particle that can be consumed increases with time. In freshwater, it
is common to use a succession of different sized pellets, e.g., 0.25, 0.4, 1.0, 2.0, 3.0
and 4.0mm diameter. At all times, one needs to ensure that fish are receiving
the optimal pellet size: fish cannot physically swallow a pellet that is too large
while at the other end of the scale, searching for many small pellets is inefficient
energetically. Thus, it is crucial that fish size is monitored and pellet size changed
appropriately to ensure continued optimal growth is achieved. Table 3.5 shows
examples of recommended pellet sizes for different fish sizes. As a practical
husbandry technique, it is strongly recommended that mixtures of two feeds are
used to bring fish through any transition period from one pellet size to another.
Informed selection of pellet sizes and mixing of different feed sizes also prevents the
development of a large size range within a cohort of fish since it allows optimal
feeding behaviour; the smaller particles are available for the lower size classes and
the bigger for the upper size classes.

The quantity of feed to be delivered to the stocks is primarily a function of the
size of the fish and the ambient temperature. The optimum temperature for
onrearing of parr to smolt is taken to be the range 16-18°C although adequate
but diminishing growth rates are found above and below these values. Food con-
sumption rates of fish are normally calculated and expressed as percentage body
weight consumed (% BWC) per day and in salmon two basic principles underlie the
interaction between fish size and temperature. As body size (weight) increases, it is
clear that the relative amount consumed (% BWC) per day at any given temperature
decreases rapidly. For example, in the optimal temperature range, 5g fish will
consume c. 5% of body weight (BW) while at 50 g this will decrease to c. 2% BW.
Secondly, for any given BW, with increasing temperatures the relative amounts
consumed increase steadily through and beyond the optimal range, e.g., for 10g
fish, feeding rates go from c. 2% BWC at 8°C to c. 4% BWC at 16°C. Higher
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Table 3.5. Feed table showing recommended pellet sizes for different sized fish reared in
freshwater. (By permission of Trouw Aquaculture.)

Guidelines  Pellet Protein  Oil Ash  Moisture N.F.E. D.E.
Product name (g) size (mm) (%) (%) (%) (%) (%) (mj/kg)
Nutra Salmon Fry 00  <0.2 00 crumbs 55 14 9 8 14 18.32
Nutra Salmon Fry 01  0.2-1.1 01 crumbs 54 18 9 8 11 19.22
Nutra Salmon Fry 02 1.0-5.0 02 crumbs 51 22 8 8 11 20.06
Nutra Salmon Fry 03 4-25 03 crumbs 51 22 8 8 11 20.06
Nutra Salmon Fry 04  25-80 04 crumbs 51 22 8 8 11 20.06
Nutra Parr 1.2 2-7 1.2 pellets 51 21 10 7 11 19.63
Nutra Parr 1.5 5-20 1.5 pellets 51 21 10 7 11 19.63
Nutra Parr 1.8 15-40 1.8 pellets 51 21 8 7 13 19.87
Nutra Smolt 2.3 30-80 2.3 pellets 50 22 9 7 12 19.91
Nutra Transfer 2.3 30-80 2.3 pellets 49 22 10 7 12 19.70

temperatures, in excess of the optimal, will elicit an even greater feeding response/
demand in salmon, although extreme caution has to be exercised above 20°C due to
the natural limitations of the oxygen-carrying capacity of the water. As the tempera-
ture approaches the lower tolerance limit of salmon, feeding will decrease and all
available energy will be used to maintain homeostasis, i.e, growth will be zero or
negative.

It is standard practice to have feed available during the daylight hours, as
salmon are visual feeders. In the late fry/early parr stages, food should be
available virtually on demand (several feeds per hour) but as they grow in size
and stomach capacity increases, the feeding frequency diminishes such that there
are greater time intervals between each feeding occasion. Therefore, it is common
practice in the early stages to use automated feeders that deliver small amounts
continuously, and then in the later stages to have feeder units that can deliver a
given amount at preset time intervals (e.g., every hour). Moreover, as the parr grow,
it becomes apparent that the greatest feeding response is at dawn and dusk, so the
feeding regime should be adjusted to ensure there are more feeding occasions and
more feed delivered at these times. One useful husbandry technique is to undertake
additional hand feeding at dawn and dusk, thereby providing a useful opportunity
for farm workers to observe the feeding response and status of the stocks. A
significant change in feeding levels or fish behaviour is often the first sign of stress
which can be due to infection or deteriorating environmental conditions.

To promote optimal growth in parr it is necessary to ensure that the fish receive
the correct feed sizes, in appropriate quantities, at the right time and frequency.
Regular and thorough tank cleaning is probably one of the most important
husbandry procedures at this time, coupled with appropriate treatments as
needed. Day-to-day monitoring protocols should include careful checks of mortal-
ities, feeding levels and environmental conditions. At less frequent intervals (every
week, initially), the growth (length and weight) and general performance—survival,
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food conversion rate (FCR) and condition indices—of stocks should be checked for
all tank groups and cohorts. There are no absolute or prescriptive values for either
FCR or condition index (K), but the underlying trend for the fish described by
successive samplings will provide a useful indication of fish performance. Ideally,
FCR values in freshwater should not exceed 1.5 and should approach 1 and K values
should increase steadily from 1, but the overall trend across a cycle is as relevant
from a management perspective. Some of these latter parameters require that a
careful record is kept of, and data collated for, daily mortalities, growth and
feeding rations.

Such biological monitoring is particularly important in the early stages of
parr development due to the rapid growth rates that can be achieved. At optimal
temperatures, 5 g fish can double in weight to 10 g in about 14 days and double in
weight again to 20g in a further 21 days. Such growth rates are reflected in tank
biomass/stocking densities and necessitate changes in pellet size with a recalculation
of feeding rates and quantities. An efficient monitoring programme during this
period allows the farmer to modify and adjust conditions on an ongoing basis to
maximise performance. Commercially-available software packages can be used to
model growth, and a simple computer spreadsheet can be constructed to project
growth of stocks using key data such as mean weight and specific growth rate as
estimated from actual feeding rates and an historical site FCR.

3.3.5 Size variation and grading

Very early in the freshwater phase, it becomes evident that the individual fish within
a given cohort (or tank) display differential growth rates and a clear range of sizes
emerge. This variation in size has been attributed to a variety of factors, both
intrinsic (e.g., genetic, physiological) and external (e.g., feeding regime, stocking
density). While certain practices (e.g., lowered stocking densities, improved feeding
conditions) minimise and limit the level of variation, there is ample evidence that
over time the variation increases naturally and, if unchecked, a significant gap will
emerge between the smallest and largest individuals. A further discussion of the
growth pattern leading to the natural formation of two size modes in relation to
smoltification is found in Section 3.3.8. The smaller fish of a cohort, or tank popu-
lation, are incapable of competing for food and gradually fall behind the group mean
size, while the larger fish will continue to gain size advantage.

To limit and counter these tendencies, it is necessary to grade the stocks into
different sizes using a grading machine/device. Graders separate the fish on the basis
of body width, giving at least two and possibly more size grades depending on the
device used. Typically, the parr will be graded on a number of occasions throughout
the freshwater phase to give narrower size ranges and, ultimately, yield groups of
smolts of similar size for transfer to sea. The optimal grading occasions are when the
mean weight is 2g, to separate smaller from larger parr at the beginning of the
summer, again in the average range 10-20g to separate smaller fish from larger
potential smolts and, finally, before spring to give groups of relatively uniform
smolts. Grading is a necessary intervention and, if possible, the occasion should



Sec. 3.3] Freshwater onrearing: parr to smoltification 79

be used to undertake other procedures on the fish, e.g., some treatments may be
administered and the fish can be vaccinated and counted.

Grading intensity is, however, a matter of management choice reflecting the
intrinsic composition of the stocks (growth rates and size ranges) and the operational
capacity of the farm (numbers and sizes of tanks). One practical grading strategy
works on the ‘top-down’ principle: the largest fish are removed and, if they comprise
a relatively uniform size range, are left to grow undisturbed while further and
subsequent gradings focus on the smaller stocks that have been provided with an
opportunity to grow.

Most importantly, the dangers of excessive or over-frequent grading should be
emphasised. The need to grade fish frequently suggests that growing conditions are
not optimal. Improving rearing conditions, stocking density, feeding, etc. may
reduce the need for grading. Of itself, grading can be an extremely rigorous
procedure for fish, and it is known to interrupt feeding and growth. To minimise
stress on the stocks it is desirable that: i) they are starved for an adequate period
beforehand; ii) they are not crowded into, through and out of the grader; and iii)
they are moved under water at all times.

3.3.6 Health status

It is imperative that the health status of the parr is maintained and stocks should be
routinely monitored for disease conditions. Producers should endeavour to vaccinate
fish stocks where a specific disease pathogen is routinely or continually encountered
at a particular site. Commercially-available vaccines exist for several bacterial
diseases including furunculosis (deromonas salmonicida), vibriosis (Vibrio angui-
larum), cold-water vibriosis (Vibrio salmonicida) and enteric red mouth (Yersinia
ruckeri). Vaccination should be undertaken by competent, trained operatives with
strict adherence to manufacturers’ instructions at all times. There are a number of
different routes for vaccination—either bath/dip, injection or even orally in-feed—
but the chosen procedure should ensure minimum stress to fish stocks.

3.3.7 The smoltification process

The natural life cycle of salmon and other related species includes a complex meta-
morphosis from a freshwater-dwelling juvenile to a seaward-migrating smolt. The
parr changes into a more streamlined, silvery and actively pelagic individual, referred
to as a smolt, which is physiologically adapted for life in the sea. This overall
phenomenon or process is known as smoltification. In the wild, this transformation
occurs in the spring following one or more years of freshwater life: in Europe smolts
generally range in age from 14 to 44 years.

The parr-smolt transformation involves a series of inter-related morphological,
physiological, biochemical and behavioural changes which are expressed at a specific
time in the life cycle of the fish and are under internal (nervous and endocrine) and
external (primarily photoperiod and temperature) synchronisation. Smoltification
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should be considered a pre-adaptation for life in a marine environment and must be
effectively completed to allow fish to transfer and thrive in the sea.

3.3.7.1 Rapid growth and critical size of parr

While the smoltification process occurs in spring, it has its roots much earlier in the
cycle during the previous year. Under natural environmental conditions, through the
late summer months into autumn, it will be observed that the stocks of parr exhibit
differential growth patterns, splitting into two distinct groupings: a larger upper
mode growing at a fast rate and a smaller and slower growing lower mode (see
Figures 3.2 and 3.3). This can be observed as a bimodal length distribution or,
alternatively, if individual length and weight data for fish are available, then a
simple scattergram (length x weight) analysis will reveal two distinct clusters. This
dichotomy represents the natural separation of the (larger) potential one-year smolts
(S1s) from the (smaller) potential two-year smolts (S2s) even at this early stage.
There appears to be a critical minimum size of 7.5 to 8.5cm (c 5-7 g) that must be
reached by the end of summer to ensure entry to the rapidly-growing class and
concluding with smoltification as an Sl the following spring. Once this minimum
size has been attained, the fish will continue to grow until smoltification is completed
(50 g+) whereas the smaller fish will remain at a much smaller size (10-15 g) through
to spring. Indeed, fish smaller than the threshold size when the daylength goes below
about 12 hours per day do not appear to grow over winter. In nature, these lower
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Figure 3.2. Rapid growth phase of Atlantic salmon parr.
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Figure 3.3. Typical bimodal length distribution of Atlantic salmon parr and smolts.

mode fish will seek out shelter or even bury themselves in the gravel or under rocks in
the river bottom. They will not expose themselves to predation and they will hardly
feed during winter. In farming situations, the numbers of upper mode fish can be
maximised (90%+) by careful application of enhanced temperatures, extended day
length and efficient feeding, which in combination will encourage earlier egg/fry
development and promote faster growth through the early parr stages. Nevertheless,
regardless of external manipulations, a certain proportion of fish will not achieve the
critical limit and will persist as lower mode fish.

3.3.7.2 Characterisitcs of the parr[smolt transformation: smoltification

In the spring period, having received the appropriate cues, the larger parr—which
have exceeded the critical size, entered the upper mode and continued to grow—will
undergo major physical and physiological changes to become smolts. These
changes mark the transformation from a freshwater parr to a seawater fish, the
salmon smolt. The smoltification process implies the expression of changes in
most organ systems but to yield a fully or properly smoltified fish these must
occur contemporaneously and in synchrony. Normally, this occurs in the spring
over a relatively short period, an opening termed the ‘smolt window’, when fish
can be transferred to sea. As a corollary of this, it must be remembered that this
opening will close in finite time.
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3.3.7.3 Morphological changes

Several morphological or physical changes occur during smoltification. The most
obvious sign is the silvering of the fish, which arises from the deposition of the
crystalline purines, guanine and hypoxanthine in the epidermal layers, covering
the parr marks which remain in the deeper skin layers. The scales themselves also
become very loose during this period. While this silver colouring does not guarantee
that smoltification has occurred, the absence of such changes is a firm indication that
the fish have not smoltified.

At the same time, during the parr-smolt transformation, the fins become lighter
in colouring and more transparent with darker, black margins. A visual scale of
smoltification stage has been developed which can be a useful tool, in combination
with other assessments, when monitoring the progress of fish during the smoltifica-
tion process. Using the following listing, fish are ascribed a value on a scale from 1
(a salmon parr) to 6 (possessing all external, morphological, signs of smoltification)
(see Table 3.6). If this categorisation scheme is used, the assessments should be
conducted on a representative sample (minimum n=100) and on a regular,
ongoing basis from winter through to the completion of smoltification. This will
permit the sequential progress of fish to be seen from parr to smolt. Because of the
relatively subjective nature of this evaluation, it is advisable to have the same
operatives conduct the ongoing assessments, and also that the same light and
other conditions are used throughout. Natural (outdoor) light is much more
revealing than most indoor light sources when undertaking this procedure.

The general shape of the body changes during smoltification with the smolt
becoming longer, more slender and fusiform. These changes in body form are
caused mainly by a loss and restructuring of fat tissue within the body and in
some salmonids by a disproportionate increase in growth of the caudal peduncle.
Collectively, these latter physical changes produce a leaner fish and result in an
increased length and a consequent reduction in the weight/length ratio as

Table 3.6. Visual assessment of smoltification status.

Smoltification status/visual description:

1 Light brown to yellowish overall colour. Yellow/brown fin colour. No silvering of
scales. Parr marks very dark and clearly evident.

2 Yellowish brown overall colour. Some silvering of scales on dorsal surface. Parr marks
distinct.

3 Some silver on flanks and parr marks partially obscured. Fin colour becoming clear.

4  Parr marks still visible but almost completely obscured by the silvering of the scales on
the flanks. Fins clear.

5  Silvering on dorsal and flanks and difficult to distinguish parr marks. Grey margins on
fins.

6  Silvering colour dominant. Parr marks completely absent. Fins clear with intense black
pigment on the margins of the dorsal and caudal fins.
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Figure 3.4. Seasonal changes in condition factor associated with smoltification.

expressed by condition factor (K). Thus, at this time, there is normally a decrease in
mean K values of the stocks (see Figure 3.4).

However, as noted above, these morphological changes should not, in isolation,
be used to confirm that smoltification has occurred. For example, it is common to
observe extensive silvering in larger smolts towards the end of the year, well in
advance of spring and the initiation of full smoltification. Very light tanks can
also create a light coloured, silvery fish that may be mistaken for a smolt.

3.3.7.4 Behavioural changes

In the farming situation, the behavioural changes that occur with smoltification are
less evident than in the wild, but with regular and careful observation they can also
be seen in farmed stocks during smoltification. In the wild, salmon parr exhibit a
marked territoriality, occupy fixed positions faced into the current flows and can be
highly aggressive. However, with the onset of smoltification, these behaviours are
markedly altered as fish show a schooling behaviour with downstream orientation
and swimming with the currents. Similar behavioural patterns, associated with
increasing restlessness, can be observed in tanks on farms during smoltification.
At the same time, appetite is stimulated and the fish begin to feed much more
intensively.

3.3.7.5 Physiological changes

Virtually all organ systems are implicated in the physiological changes, often
mediated through various hormonal changes, that occur during smoltification.
Numerous workers have studied seasonal variations in the levels of a variety of
hormones, most notably growth hormone (GH), thyroxine (T,), prolactin (PRL)
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and cortisol, and their impacts on associated/target organ systems. For example, it is
known that GH increases hypo-osmoregulatory capacity, stimulating gill chloride
cell proliferation and increasing Na*, K -ATPase activity which enables salt
secretion across the gills in hyperosmotic (marine) conditions. Other studies have
demonstrated that cortisol is central in regulating several aspects of the parr-smolt
transformation since cortisol stimulates gill Na*, K™ -ATPase activity. Likewise,
T, levels increase up to and peak during the smoltification phase in springtime.
Plasma levels of these three hormones naturally all peak in succession during the
spring smoltification period and then decrease in succeeding months. On the other
hand, PRL (prolactin), which is described as a freshwater adapting hormone,
decreases duringthe final phase of smoltification and on exposure to sea water
(see Chapter 1, Figure 1.23).

Among their several functions in fish, these hormones also influence the osmor-
egulatory ability of the fish. The greatest physiological challenges during smoltifica-
tion rest with the osmoregulatory status or capacity of the fish. It is apparent that the
ability of the fish to control ion and water fluxes must alter dramatically to cope with
the demands of contrasting freshwater and marine environments. In freshwater, parr
are continuously losing ions to and passively absorbing water from the ambient
environment. To counter these tendencies, fish in freshwater drink little, actively
take up ions from the water and excrete large volumes of a dilute urine. By
contrast, in the sea, water is continually lost to the ambient environment over the
body surface and there is a passive influx of ions. In this case, fish must replace the
osmotic loss of water through drinking seawater and subsequently excrete the excess
salts via the gill and in a very concentrated urine.

Thus, in the period up to and during smoltification, the hormonal profile of the
fish is such that it promotes its hypo-osmoregulatory capacity, thereby facilitating
transfer to the marine environment.

3.3.8 Desmoltification

If fully smoltified fish are unable or prevented from going to sea then, over time, the
specific smolt-related ability to cope with a hyperosmotic environment diminishes
steadily and is lost. This loss of smolt status, both in osmoregulatory capacity and
other smolt-related changes, is known as desmoltification. Although poorly
described and understood, evidence shows that it involves loss of several of the
characters listed previously. Most notably, the osmoregulatory capacity of the gills
is lost and the silver livery of the smolt lessens and turns more into ‘oxidised
aluminium’ though the parr marks will not return. It should be emphasised that
this is an unstable physiological situation, as the fish is adapted to seawater but still
remains in freshwater. Under unfavourable conditions, such as poor water quality,
high mortalities are often recorded in these fish due to the osmotic imbalance, loss of
scales and increased incidence of infections.
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3.3.9 Regulation and control of smoltification: size, temperature and photoperiod

From the foregoing account, it is apparent that smoltification is a complex process
occurring over a period of time but, intrinsically, only a limited number of factors
control and regulate the process.

As noted above, for successful smoltification it is a prerequisite that fish achieve
a minimum size by a critical time: this is taken to be about 8 cm by end of summer.
Parr that have not achieved this threshold size will not respond to or be stimulated
by subsequent environmental cues that govern smoltification.

Once the critical size has been reached, then temperature and photoperiod are
the prime factors controlling the rate of growth of juvenile salmon and the timing
and synchronisation of smoltification. The complexity of inter-linkages between
these two factors can be best appreciated in the context of feeding, where the
amount eaten will depend both on the photoperiod and on the water temperature.
However, in the context of smoltification, it is necessary to distinguish between their
distinct roles. High temperatures will accelerate overall growth rates and produce
more potential (upper mode) S1 fish and larger smolts. It has also been demonstrated
that higher temperatures advance the timing of smoltification in spring but may
shorten the ‘window’ for successful transfer to seawater, whereas a lower tempera-
ture profile will delay but lengthen the period for transfer. This can be demonstrated
by the differences in gill Na*, K* -ATPase activity for groups of fish reared at
different temperatures (see Figure 3.5). In certain circumstances, where constant
elevated temperature is used, the fish may be exceptionally large and silvery very
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Figure 3.5. Differences in gill Na*, K* -ATPase activity for groups of Atlantic salmon reared
at different temperatures.
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early in the year but may still have poor salt tolerance. In fact, the long-term
directive cue for smoltification rests with the changes in photoperiod over winter
and spring. Thus, temperature should correctly be considered both as a mechanism
for governing the proportion and size of smolts (accelerating or retarding
growth) and also as a factor controlling the pace of the developmental processes
driven by the changes in photoperiod, and hence the timing and duration of the
smolt window.

Undoubtedly, the single most important environmental cue for the synchronisa-
tion of the parr-smolt transformation is photoperiod: in its simplest form, the
natural changes and seasonality of daylength. In the absence of a changing photo-
period regime (i.e., in a constant light environment), it has been noted that individual
characteristics of the smoltification process may occur (e.g., silvering in ‘pseudo-
smolts’), but there is an overall lack of synchronisation (e.g., changes in external
characteristics not corresponding with changes in salt water tolerance). This practice
of keeping fish on an unchanging photoperiod, e.g., constant light, was common in
the farming industry in the past, in the belief that with large smolt size came
osmoregulatory capability.

Numerous studies on both sides of the North Atlantic have, however, clearly
demonstrated that signals from the environment are needed to synchronise the
process, and that the salmon primarily detect and respond to changes in day
length. In general, studies of temperate and arctic animals, including fish, have
concluded that photoperiod is the most important signal for the animals to adjust
their physiology, behaviour, migration, etc., to maximise survival and performance.
These changes in day length occur year after year and are more predictable than
any other environmental cues, including temperature. Earlier, it was believed
that changes in photoperiod acted directly on the neuroendocrine system of the
fish, thereby regulating development in a direct way, often referred to as photo-
stimulation. However, recent findings have concluded that photoperiod acts as a
‘zeitgeber’ (German, ‘time-giver’), i.e., changes in day length act by adjusting the
internal biological rhythms of the fish, often referred to as ‘biological clocks’.
Although this may seem quite theoretical, it does have wide-ranging practical
implications in smolt farming, which are addressed below. Thus, there is the
extended day length period of spring/summer leading into a shorter day length
experienced over winter which is followed by the increasing day length of spring.
This increase in day length synchronises the endogenous rhythms, causing all
the independent developmental processes to coincide with each other at the right
time and giving rise to a fully-smoltified salmon. The three essential, successive
elements of the photoperiod cycle can be identified as: a long day length (to reach
critical minimum parr size); a distinct short day length winter signal: and an
extended day length as a spring signal. A diagrammatic representation of artificial
(manipulated) photoperiod schemes incorporating these key elements is presented in
Figure 3.6.

Recent investigations on photoperiod regulation have emphasised that it may be
the regularity of changing daylight that acts as a synchroniser of the internal timing
process rather than as a direct causative factor.
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Figure 3.6. Artificial (manipulated) photoperiod schemes.

3.3.10 Types of smolts and manipulation of smoltification

Freshwater hatcheries must aim to optimise their output of smolts in a given growing
season. From a practical farming viewpoint, the first decision relates to potential S2s.
Under ‘natural’ farmed conditions, most smolts will be SI, although a smaller
proportion of potential S2 fish will be produced. The decision to continue with
these fish for a further year is questionable. While they tend to be much larger on
transfer than their SI counterparts, there are presently few other arguments for
maintaining them on site. Indeed, most farmers will cull these fish in the autumn
of their first year for a number of reasons but primarily because of the unit cost of
production which will extend over further years in freshwater. In addition, S2s in
their second spring/summer in freshwater appear to be extremely susceptible to a
variety of disease conditions and may require an inordinate amount of husbandry
care. Likewise, they may exhibit a high incidence of precocious males (identified as
smaller dark fish) during their second autumn in freshwater. Under optimal growing
conditions these males may become smolts next spring, but the resources (tempera-
ture, husbandry) necessary to stimulate this development may be too high. One
acceptable option may be to produce manipulated S11/2 smolts (see manipulations
below) to be transferred in the autumn, from these potential S2s. Nonetheless, these
large S2s may represent an interesting option to reduce rearing time in seawater.
They generally grow larger than regular Sls, can be transferred to seawater a few
weeks earlier and can grow to a marketable size within the first summer and autumn.

The exploitation of salmon by aquaculture techniques has been increasing
steadily over the past decades and, for obvious economic reasons, special
attention has been given to the possibility of reducing the duration of the freshwater
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Figure 3.7. Photoperiod manipulations to produce successive cohorts of smoits.

phase in order to reduce the cost of the smolts and increase throughput, thus raising
asset utilisation. More importantly, under standard conditions, smolts will be
available only in spring (as either S1 or S2) and, in the case of any individual
marine site, the farmer is faced with the decision of keeping the fish growing at
sea for barely one or else nearly two full years. The knock-on effect of such a
limited production strategy will be gluts of production at particular times or
seasonal availability of specific sizes, depending on the rearing strategy utilised in
the marine phase.

From the knowledge base on the factors controlling smoltification, it is now
possible to strategically control and manipulate environmental conditions (tempera-
ture and specifically photoperiod (Figure 3.7) in order to produce out-of-season
smolts capable of being transferred to seawater in the autumn of their first (or
even second) year. These smolts are referred to variously as ‘half-year’, ‘underyear-
ling’, ‘S0+s’, ‘Sis’ or ‘0+ smolts if in their first year or S11 smolts if in their second
year. Indeed, through judicious use of the two environmental control factors, it is
theoretically possible to produce successive cohorts of smolts, say two months apart,
throughout most of the year. In this scenario, specific temperature regimes can be
used to either accelerate or delay growth while photoperiod can be used at the
appropriate time to provide the necessary winter/spring signals to initiate and
complete smolting. The result will be a fully controlled, season-independent smolt
production.

The following is a practical example of a production schedule that could easily
be implemented by a freshwater producer to maximise output using the natural cycle
and a series of specific manipulations. Two tranches of eggs are taken into the
hatchery, one earlier and one later in spring (Figure 3.8). The first grouping can
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Figure 3.8. Production schedule of two tranches of eggs and smolts per annum.

be rapidly brought through the hatchery at elevated temperatures well in advance of
the second; thus the same equipment is used to produce double the number of
juveniles. With this first grouping, extended or continuous daylength is used to
promote fast growth thereby ensuring that a large proportion of these parr make
it past the critical minimum size. Once the critical size for smolting (as described
earlier) has been exceeded, a shortened day length (winter signal, LD12:12 or
shorter) photoperiod is instituted for a minimum period of eight weeks. Thereafter,
day length is increased to LD 24:0 (spring signal) which is maintained until smolti-
fication. Alternatively, a reduction to LD 12:12 (winter signal) can be followed by a
gradual increase in day length, stimulating the natural increase in spring. This
production regime has been used successively in commercial operations, and repre-
sents a less artificial photoperiod regime (see Figure 3.7). Both of these manipula-
tions are sufficient to complete smolting of underyearling salmon. In total, these
photoperiod manipulations will take 14-18 weeks. These fish should be ready to
g0 to sea in late September of their first year as S0+s. Meanwhile, the relatively
slower growing second grouping of eggs will be reared under ambient conditions and
smoltify as normal Sls in the spring of the next year. In theory, virtually double the
number of smolts can be produced using the same facilities.

By using out-of-season smolts, it is possible to spread freshwater production
across the year, allowing greater annual output of smolts and better utilisation of
plant equipment and human resources. Likewise, in the marine environment, the
salmon industry has greater flexibility as smolts can be put to sea on at least two
occasions per year, with input timing, intervals, smolt size, etc., being determined by
the specific production plan on the site. Hence, the peaks and troughs in production
can be reduced. For example, it is possible, even within a single marine site scenario,
to use alternating S1 and S04 smolt inputs, giving a marine production phase of up
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to 15 months and a fallowing period of some three months between final harvest and
next smolt input.

3.3.11 Monitoring of smoltification and transfer to sea
3.3.11.1 Monitoring of smoltification

In the wild, migrating smolts can use the estuary to gradually acclimatise to the
seawater environment. In culture, however, smolts are usually transferred directly
to salt water rearing structures and this can be a very traumatic phase in the life
cycle. Consequently, it is very important to know about the physiological state of
smolts in order to assess their potential for adaptation to the marine environment.
The dangers are twofold: on the one hand, the fish may not be fully smoltified and,
on the other, they may be too far advanced and have begun desmoltification.

To monitor the progress of the parr to smolt transformation, a sampling regime
should be implemented, ideally for several months prior to the expected smoltifica-
tion time. It is possible to monitor all aspects of the transformation, including
morphological and physiological characters. In the latter case, under laboratory
conditions it is possible to monitor, for example, Na*, K* -ATPase activity, T,
levels and even growth hormone (see Figure 1.25, Chapter 1). For the farm
situation, more pragmatic solutions are often required and regular monitoring
should include: i) size (length, weight) frequency distributions; ii) estimation of
mean condition factor; and iii) visual appraisal of smolt status (1 =parr to
6 =smolt). In addition, as smoltification approaches, a practical test for salt
tolerance is needed. In these later stages, both ion regulation tests (using 35%
salinity) and or high salinity challenge/survival tests (using 40% salinity) can be
employed.

In the ion regulation test, representative samples of fish are tested for their
ability to regulate blood (plasma) ions (sodium and chloride salts) levels following
their transfer to 35% sea water for 24 hours. A fully smoltified fish has the ability to
actively osmoregulate blood sodium down to physiologically acceptable limits,
whereas elevated values will be recorded with parr. Blood plasma concentrations
of 160-170mM 1 for sodium and 140-150mM| for chloride after 24 hrs at 35%
shows an ability to osmoregulate in sea water, i.e., indicative of a ‘true’ smolt. For
parr, values of sodium in the range 170-190mM1 and. sometimes in excess of
200mM 1, will be recorded and very often the fish will die. In practice, as the fish
grow and develop they will show decreasing levels of blood sodium/chloride as larger
fish have a greater osmoregulatory ability (Figure 3.9). Therefore, it is necessary to
undertake successive trials and test a range of sizes from the potential smolts. All
analyses of plasma sodium/chloride levels should be undertaken by an experienced
and reputable laboratory. Alternatively, if blood salt levels can not be checked, a
high salinity tolerance test (survival at 40% salinity for 96 hours) may be carried out
on a representative sample. The underlying concept of this test is that only fully
smoltified fish will be able to survive while parr or pre-smolts will die during the
extended trial period. Survival of good quality smolts should be 100%. This test,
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Figure 3.9. Plasma sodium values for a group of salmon parr and smolts.

though useful, is far less sensitive than the ion regulation test, places a very sig-
nificant salinity load on the fish and raises issues of animal ethics.

Recent investigations have shown that seawater temperature is critical for the
acclimation process and even interpretation of seawater challenge test results. As
mentioned above, temperature is the primary rate controlling factor in fish. In the
present context, at low temperature, in the range 4-7°C, the increase in blood ion
levels takes place at a slower rate than at higher temperatures (10-15°C). Further-
more, the subsequent acclimation to seawater, seen as a gradual reduction and
stabilisation of plasma ion levels, is again delayed at low temperatures and may
take as much as 1-2 weeks at 4-5°C, whereas the process is completed in 2-4 days
at optimal temperatures. Consequently, seawater challenges aimed at assessing the
seawater adaptability of smolts should preferably be performed at a standard tem-
perature throughout the testing period. If the test is carried out at low temperatures,
one may consider extending the test period for 2—4 days, if conditions permit. This is
also relevant when transferring smolts to seawater cages at low temperatures, as care
should be taken to avoid excessive disturbance of the fish for the first week or two of
seawater acclimation.

3.3.11.2 Transfer to seawater

If fish are confirmed as having the ability to osmoregulate effectively, i.e., they are
true smolts, then they can be transferred to sea. The transport of smolts requires a
degree of planning to ensure that all logistical requirements are in place, resulting in
the minimisation of stress and avoidance of subsequent problems of poor
performance, damage and mortality. It is also essential to ensure that all regulatory
certifications and permits relating to the transfer are in place. Prior to transfer, the
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smolts should not be treated with any compound for at least one week, they should
be arranged into transfer groups of known numbers and they should be starved for
at least three days.

There are several different methods of transport including:

e road transport using tanks;
e transfer by helicopter bin; and
e transfer using well boat.

Transfer should take place with the minimum of handling and preference should be
given to transport and delivery systems that allow fish to be loaded directly from the
freshwater units and discharged and into holding pens at sea through pipes or tubes
rather than by excessive hand netting. Extreme care should be observed if fish-
pumping devices are used for transferring smolts: excessively long hoses and
rough edges may cause stress or damage and must be avoided. Fish pumps can be
connected to fish counting devices to confirm the numbers delivered. During
transport, the fish should be checked regularly and every effort made to prevent
large fluctuations in water temperature. Well-insulated transport tanks should be
used.

Transport tanks should be completely full with no ullage space and the interior
should be smooth and dark. Oxygenation, rather than aeration, should be provided
as air bubbles may create too much turbulence. Dissolved oxygen should be con-
tinually monitored to avoid both low and supersaturated conditions. The stocking
density of smolts in tanks will depend upon the length of time of transport and the
water temperature. As a general rule, stocking density should not exceed 120 kg m™>
at temperatures below 10°C and journeys should take no longer than eight hours.
However, most operators will generally move fish at lower stocking levels.

3.4 MARINE ONREARING: SMOLT TO MARKET SIZE

3.4.1 Quality of smolt intake

The cost of smolts may represent 20% of the total production costs in the sea and the
quality of the smolt stock for ongrowing on a sea farm will determine the final
quality of the harvested salmon to a large extent. If the smolts transferred to sea
are of less than the highest quality, this will result in extended periods of poor
feeding, reduced growth performance, increased stress and possible disease
outbreaks and, at worst, heavy mortalities. This is particularly true of smolts
moved very early or late in the ‘smolt window’.

The smolts should be in excellent physical condition and the following must be
avoided:

e shortened opercula (gill covers);

e one or both pectorals severely damaged or missing;
e spinal or jaw deformities;

e fish with damaged eyes;
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e scale loss: excessively loose scales may be a sign of desmoltification;
e clinical external symptoms/gross pathologies of disease, e.g., lesions, swelling,
reddening, bruising, residual fungal marks.

Fish exhibiting any of these conditions should not be accepted on to the site and, in
practice, smolt quality can only be guaranteed by carefully examining the fish in
freshwater prior to transfer.

3.4.2 General stock maintenance at sea

While it might seem axiomatic, it must be stressed that cages for ongrowing should
always be sited where there is sufficient water exchange to provide a constant supply
of clean, well-oxygenated seawater and sufficient current flow to minimise accumula-
tion of wastes. In the case of established sites, the benthic conditions should be
sampled annually and checked by diving at regular intervals (several times per
year), or as stipulated by the appropriate regulatory authority.

The net mesh should be sufficiently large to allow maximal water exchange while
containing the fish and the nets should be changed regularly to negate the effects of
fouling. The dangers of build up in fouling are particularly insidious since it can
occur very rapidly. These dangers are at an engineering and biological level. First,
fouling places undue physical stresses on the cage infrastructure which can lead to
engineering problems, shortening the life of the cage or causing total failure. Second,
and more significantly from a biological perspective, fouling impedes/reduces water
exchange through the cage while the increased organic loading takes valuable oxygen
from the ambient water. The combination of heavy fouling and high water tempera-
tures is a situation that must be avoided as it can lead to mortalities. When nets are
being changed there should be a minimum of disturbance to the stock.

Nets should be sufficiently weighted to prevent reduction of cage volume in
strong currents, as such reductions effectively increase stocking densities and
heighten the risks of abrasion and net rash. The threat of damage from predators
should be minimised by using predator nets both above and below water. On
occasions when a cage must be moved, the nets should be provided with additional
weights to prevent distortion and the towing speed strictly limited.

In the sea, best farming practice aims to minimise interventions and reduce stress
while optimising feeding and growth to produce a quality product. To achieve these
aims a number of recommended standard practices have emerged. For example, fish
can be carried through in the same cage from smolt to harvested fish; thus, when
being transferred to sea they should be stocked at a rate to generate a final maximum
stocking density of no greater than 15kg m 3. If interventions prove necessary, the
fish should be crowded slowly and carefully to prevent panic and the procedure
should not take too long.

Though used less frequently as sea, it is sometimes necessary to grade fish and, in
such circumstances, passive handling/grading techniques are recommended where
the fish are allowed to swim through a mesh, thus separating the larger from the
smaller. Grading at sea will ensure that size at harvest is also more consistent,
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reducing post-harvest grading and allowing easier production planning. Handling
stress caused by summer grading and stock splitting must be avoided at all costs to
reduce the risks of disease outbreak. For farms operating production cycles of
greater than 12 months, it is better that grading is carried out in the early spring
or late autumn.

Disease and treatment of disease can have a major effect on product quality.
Moreover, in the marine situation with large fish in large cages, the problems of
administering an effective treatment are immense. For example, the impracticality of
handling individual fish for injection is obvious. Likewise, ectopic treatments are
problematic, requiring at least skirts or bag nets to contain the compound, thus
leaving oral delivery (of antibiotics or anti-sealice treatment) as the only feasible
treatment route in many cases. It must be remembered that if antibiotics are used, an
appropriate withdrawal period prior to harvest must be exercised. Thus, vaccination
of smolts prior to transfer is imperative and, in the sea, the health status of the fish
should be monitored diligently.

To minimise health risks, mortalities should be removed from cages regularly
and accurate records of losses maintained. Mortalities destined for disposal should
be kept in sealed containers, away from the main fish farm operations. There are a
number of methods available for disposal of mortalities, including ensiling in formic
acid, rendering and composting. The choice of disposal route will depend upon the
number of mortalities, their freshness and the disease status.

There should also be a contingency plan in place to deal with a catastrophic loss
situation which would result in very large numbers of mortalities. These plans should
be compiled in liaison with the local/regulatory authorities.

The following practices are recommended for the operation of the larger volume
cages, e.g., Bridgestone. Mechanised handling systems should be available to allow
easy changing of nets and handling of stock, resulting in the minimum of disturbance
to stock. These large-volume cages should be accompanied, where appropriate, by a
conventional cage unit into which fish can be transferred for specific husbandry
procedures such as treatments and grading.

A stock monitoring programme should be instituted to ensure that relevant data
both on stocks and ambient conditions are collected and collated on an ongoing
basis.

3.4.3 Feeding in the marine environment

Feeding of fish is probably the most important operational activity on marine
farms. Feed could represent up to 40% of the production costs of a marine
salmon farm and feeding efficiency largely determines growth of fish and is
therefore likely to be the crucial factor in overall profitability. The feeding
strategies employed on a farm have direct consequences on food conversion
efficiency, growth rate, environmental impact (via benthic wastes) and the final
quality of harvested salmon.

As in freshwater, feeding rates are determined by fish size and ambient tempera-
ture. However, the recommendations for feeding in the marine environment are for
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guidance only and much greater emphasis must be placed on the actual feeding
response. Fish should be fed ad /libitum through observations of feeding behaviour
at all times. If it is necessary to reduce feeding rates (during lower temperatures) then
it is best that the number of feeding occasions are cut back. This will ensure that
there are consistently sufficient numbers of pellets to provide for all fish in the cage.
Feed should be evenly distributed on the water surface in sufficient quantity so as to
reduce fish crowding. Crowding can lead to eye and fin pecking and results in large
variation in fish sizes, with the smaller fish performing poorly. This, in turn, has
direct implications for grading interventions. Hand feeding can be used for smaller
cages but mechanised feeding systems are needed with large cages to ensure efficient
and uniform feed delivery to the entire cage surface. It is now common practice to
use in-cage fish monitoring devices (either direct video or scanning) to follow the
feeding behaviour of the salmon. Thus, the operator will continue to feed until the
feeding response and behaviour changes indicate satiation among the majority of
stock.

Good husbandry practice requires regular visual checks of fish behaviour and
feeding habit which may indicate early symptoms of disease leading to early control.
Similarly, accurate feed records will permit the feeding efficiency to be calculated and
reviewed on an ongoing basis.

To achieve a quality finished product, it is necessary to provide in the diet a
pigment source to colour the flesh. Two carotenoids are currently permitted under
EU legislation as fish feed additives, notably canthaxanthin and astaxanthin (see
Section 4.13.3, Chapter 4). The level of pigmentation required is often a subjective
decision of the consumer, although an even pigmentation of the salmon flesh is
always desired in a quality product. Research has shown that it is best to feed
pigmented diets at lower levels and over a longer time period. In current practice
on farms, it is almost standard to administer pigmented diets from the time the
smolts have adjusted to transfer. A misguided strategy of using higher levels of
pigment towards the end of the growth cycle tends to give poor pigment levels in
the flesh and produces large variations in colour both within a cage population and
within individual fish. As part of quality control procedures, the pigmentation of the
flesh should be regularly checked during the growth cycle.

3.4.4 Salmon cage technology

Cages have been used in fish production for many centuries. Original designs were
simple floating structures. The first cages used for the rearing of salmon in Norway
were developed by the Vik brothers in the 1950s (Myrseth, 1993). These were very
small (approximately 10m®) floating wooden collars with a net containing the
salmon suspended below. Although the technology was basic in relation to what is
available today, the initial development and success of the Norwegian salmon
farming in the 1970s can be attributed to the development of these simple structures.
Some land-based tank sites with pumped seawater were also developed, but by the
early 1990s such systems had almost completely disappeared from Norway.
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As the salmon industry expanded, the early cage and onshore systems were
replaced by larger sea-cage systems, and although some farmers still use large
cages in sheltered fjords, most production takes place in larger offshore systems.
Advantages of moving farms offshore include the availability of unpolluted
waters, increased area for waste dispersal and opportunity for increased cage and
farm size. Increased cage size for salmon has been shown to offer greater scope for
growth and increased efficiency of feed usage: feed retention time is longer in larger,
deeper cages. The continued increase in cage size through time has allowed salmon
farming to operate more efficiently, and technological advances together with an
increased understanding of environmental requirements, feeding and health have
benefited the growth of the industry.

3.4.4.1 Principles of cage design

The primary aim of a cage or pen is to provide a barrier to prevent fish from escaping
and through which water exchange can take place freely. There are three basic types
of cage available currently for fish culture:

e floating: supported by a frame or collar;

e fixed: supported by posts driven into the sea bed;

e submersible: the entire cage structure can be lowered below the water’s surface
(Beveridge, 1984).

Cage frames may be either flexible or rigid or a combination of both. Flexible
structures are generally less expensive to purchase and install and consist of a
conventional bag-shaped net which retains the fish and allows clean water to flush
through. A variety of mechanisms are employed to provide and maintain the shape
of the nets. Gravity cages use weights or floats while other types tend to use pre-
stressed ropes to provide shape. Semi-rigid cages use a combination and pre-stressed
ropes. Rigid cages have the highest start-up costs, but have a longer life span and
these use solid beams to define the net shape. All cage types tend to have a floating
collar that often supports a walkway for ease of access during routine feeding,
monitoring and maintenance (Huguenin and Ansuini, 1987). To prevent abrasion,
knotless netting is used for the cage bag; mesh size is a compromise to ensure that the
smallest fish are retained but water can circulate freely. Biofouling of nets poses one
of the main problems in marine salmon farming, increasing both their weight and the
drag effects of currents. Although the extent of fouling can be controlled by careful
site selection and by cage submersion, it is not removed completely and methods
have been developed for fouling removal in order to minimise maintenance costs. To
prevent fouling, nets may be treated with approved antifouling paints, changed
frequently or used in rotation, allowing exposure to air and drying out, thus
killing attached organisms.

The type and particular design of the cage are based on considerations of local
oceanographic conditions at individual sites in addition to economic, biological and
engineering factors. It is particularly important that the design of cages does not
impose unnecessary stress on the fish as stress reduces disease resistance and growth
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performance (Pickering 1990). Many processes involved in the commercial rearing of
fish, such as grading and weighing, are unavoidable and do induce stress, making
any further impositions of stress by sub-optimal holding facilities undesirable. Stress
is also induced by poor water quality, unfavourable social interactions within fish
groups and conditions of overcrowding as found when cage volume is reduced
because of wave action (Sumpter 1993).

Ideally cages should provide for the following conditions (from Kuo and
Beveridge, 1990):

stable temperature and salinity;

steady current speed;

sufficient dissolved oxygen (near saturation);
even distribution of feed;

minimum vertical movement;

avoidance of parasites, toxic algae and pollution.

Other factors influencing cage design are economic and engineering considerations,
ease of installation, operation and maintenance (Linfoot et al., 1990). Therefore,
before a cage is selected for use a site must be chosen and the cage design
matched specifically to the requirements imposed by site and species selection.
Provision must also be made for corrosion, fouling and impact on the seabed and
the following physical loadings must be considered (Milne, 1970):

weight of structure (gravity forces);
maintenance and operational loads;

dynamic loads (wind, waves and tidal currents);
collision and mooring forces.

As noted above, the first aquaculture cages had wooden frames. Today, however,
most marine salmon cages have galvanised steel or plastic frames; plastic is often
favoured because of the lower cost. Plastic cages are strong, resistant to marine
corrosion and have the ability to withstand strong winds and rough seas
(Svensson, 1993). Steel cages have more commonly replaced wooden cages in near
shore sites (Linfoot et al., 1990). Cage size has increased over the decades as a result
of health and financial considerations (Myrseth, 1993). Volumes are now likely to be
several thousands of m>, compared with less than 100 in the early days of salmon
culture.

3.5 OFFSHORE SALMON FARMING

3.5.1 Automation of fish farming

Initially, the most sought-after sites for fish farming were sheltered fjords, lochs or
bays where there was little movement of water. In such locations, floating sea cages
have the advantage of being easy to operate, require a low capital investment and
rely on proven designs and husbandry practices. The first offshore salmon farming
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system was installed in Norway in the early 1960s (Balchen, 1990) and, by the late
1980s and early 1990s, it was commonly considered that the future of salmon
farming was offshore, in spite of the obvious problems associated with the
technique. Offshore sites are exposed to harsher environmental conditions, particu-
larly large waves several metres high and swells, and currents greater than traditional
near-shore sites, presenting very different environments in terms of water movement
and structure of the water column (Gowen and Edwards, 1990). The movement to
offshore salmon farming allowed a dramatic increase in the quantity of salmon
produced which would never have been possible had the industry remained an
inshore operation. Results show that when using large volume cages (5-10,000 m?)
and low stocking densities (5-10 kgm?) it is possible to obtain faster growth with
lower food conversion ratios, less loss of feed, fewer injuries and mortalities and
greater disease resistance, together with an improvement in flesh quality (Dahle and
Oltedahl, 1990; Oltedhl, 1990; Guldeberg et al., 1993).

In addition to the opportunity for increased volume a range of other advantages
of offshore cage locations have been identified and are summarised below:

e more available sites for farms;

e availability of unpolluted waters (Balchen, 1990) and improved water quality
(Rudi and Dragsund, 1993);

e increased water movement carrying fresh oxygen (Loverich and Gace, 1997);

e increased cage size (Balchen, 1990);

e increased area for dispersal of farm waste (Balchen, 1990);

e lower salinity and temperature fluctuations (Gowen and Edwards, 1990);

e higher stocking densities possible due to increased water movement (Loverich,

1998);
e improved fish health and quality;
e less conflict with tourism and fisheries (Fearn, 1990).

Many of the problems encountered by open water aquaculture can be overcome by
minimising the forces reaching the cages by using breakwaters or altering the design
of cage frames and moorings to make them better able to withstand open ocean
conditions. In response to the offshore move of salmon farming a number of
advances have been made (Willinsky and Huguenin, 1996):

e bottom mounted: submerged cages and barrier systems;
e surface operated/bottom moored: nested cages or submersible cages;
e surface operated, moored and flexible systems: barges or ships.

Floating breakwaters can be employed to reduce the effects of waves on cages in
exposed areas. The technique is based on using barriers, generally made from rubber,
to break up the wave action before it reaches the cages. While this type of system has
been successful in some areas, its use is limited to sites that are relatively near to the
shore and where the wave action is moderate.

Cage collars developed specifically for offshore use are generally made from
flexible materials such as plastic or rubber and are available throughout the world
from a number of manufacturers. Articulation of components within the cage
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structure is frequently used to counteract these forces and prevent damage to the
structure of the cage. Due to the lack of suitably sheltered inshore sites, salmon
farming in Ireland must be undertaken in deeper offshore waters; the first and
largest rubber Bridgestone cages for salmon farming were used in Ireland. These
cages were originally developed for use in the Japanese aquaculture industry and the
flexibility of the rubber allows them to withstand the wave action in the open ocean
(Gunnarsson, 1993). They have a flexible rubber support collar with no moving
parts, and the nets used in the pens are designed not to use their shape in severe
wave conditions. These and similar systems do not support a walkway and therefore
all routine maintenance must be carried out from boats by experienced, well-trained
staff. Polar Cirkel Nova cages use the flexibility of the floating structure to allow the
system to withstand offshore conditions. These are made from flexible plastic and
none of their parts are susceptible to marine corrosion.

Steel cages are generally less resistant to damage from the ocean than plastic
ones (Myrseth, 1993) but are generally employed in more inshore sites. In the
development of steel cages for use in exposed locations, engineering problems of
hydrodynamics and strength as well as biological and economic problems must be
addressed. Linfoot et al. (1990) produced a comprehensive report on the factors
influencing cage design and site selection for offshore farming. The conclusions
drawn from this review included:

e Breaking waves with wavelengths comparable with the cage component length
can cause worst vertical load cases for multi-component hinged steel cages.

e Horizontal forces on cages, mooring lines and nets increase with increased
severity of storm loading.

e If the development of offshore cages is to be a commercial success there is an
overwhelming need for the validation and improvement of existing analytical
tools.

e Important biological factors such as the motion tolerance of fish also require
quantification. Information about fish feeding response in waves could be used
to optimise feeding with consequent benefits both to the environment and to the
economics of the farm.

e Cage designers must protect the fish from the effects of solar UV-B radiation.

In addition to the importance of the design of the cage collar for use in offshore
systems, when cages are moored in offshore sites the moorings, which were simple
and straightforward in sheltered sites, become complex (Myrseth, 1993). While
strong materials allow cages to withstand rough weather conditions, much of the
energy is then transferred to the moorings. Damage to sea cages and losses caused by
storms and bad weather are often the result of weaknesses in the fabric of cages and/
or their moorings. An important aspect of the considerable research carried out on
cage moorings is the reduction of the mooring area required for cages. Developments
include the use of grid moorings to moor two or more cages using the same anchors
and submerged mooring grids to reduce the area required.

Although some offshore farms are manned full time with accommodation
modules moored alongside production systems, most are not and must be
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automated to a degree with respect to monitoring, servicing and maintenance.
Examples of equipment used to manage offshore systems include underwater
vehicles for cage inspection, automatic feeders and feeding systems, sizing devices,
monitoring systems for fish and cages and alarm systems. Size measurements of fish,
including nose to fork length, width, girth, thickness and mass are useful in
the planning of salmon farm management and recent advances in the technology
of cage culture include the measurement of fish size using video techniques (Petrell
et al., 1997; Shieh and Petrell, 1998). These methods are generally less disruptive to
fish populations than traditional dip netting methods and have been shown to be as
effective. Feed usage, and particularly feed waste estimates, are vital to the efficient
operation of the fish farm and methods have been developed for the detection of feed
wastage in cages (see Section 4.10, Chapter 4). Fish weight can also be estimated
automatically using a permanently installed frame where light beams are interrupted
as fish pass through it (Heyerdahl, 1993).

3.5.2 Submersible sea cages

While cage design and component materials can protect the cage under some con-
ditions the offshore environment can adversely affect the fish within cages. Fish may
experience stress due to the physical disturbance and stop feeding during storms
(Bugrov, 1996). In addition to the physical disturbance caused to fish by high
waves, a decrease in volume of up to 80% is widely reported under high wave
conditions, resulting in a poor environment (and increased effective stocking
density) for the fish held within. A fixed cage volume is beneficial as it allows for
consistent and predictable fish production; this can be provided using a taut netting
system. Taut nets have the advantage that they do not cause the physical damage to
fish that traditional nets do when they move. Many farms have used the underwater
positioning of cages to avoid areas of high wave action completely, leading to the
development of an array of submersible cages for fish production in offshore sites.
Submersible cages are designed to eliminate the problems encountered near the water
surface by being positioned below the area of wave action, and were first developed
in Japan by Bridgestone for the production of yellowtail and red sea bream. These
traditional floating structures were only submerged during storms and the fish were
not fed during this period. Advantages of permanently submerged cages over tradi-
tional surface cages include reduced marine fouling and corrosion in deep waters
(30-50 m). Stress on fish is also removed when cages are submerged due to reduced
wave action and selection of optimal temperature zones (increased growth during
cold winter surface temperatures). Stock may also be kept below the level of
plankton blooms. Dahle and Oltedal (1990) provided a proposed design for a
prototype offshore submersible cage for salmon farming.

3.5.2.1 Commercially-available offshore cages

Offshore cage fish engineering underwent considerable development in the 1990s in
Europe and the USA. Some of the designs were optimal in engineering terms but
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economic advantage was removed by the complexity: commercial operation often
represents a compromise. Some of the commercially-available designs are described
below.

Ocean Spar Technologies (USA) designed a system capable of avoiding wave
action completely rather than withstanding it. Their designs use an internal
framework to maintain the shape of the net and hence the cage volume. The
mainstay of the design is the floating spar buoy strong enough not to be affected
by the waves; four of these buoys support a cubic net, keeping it taut even in very
high currents. Such cages are normally limited in use to depths of less than 35m and
all servicing must be done from boats as there are no walkways.

This company went on to design the Ocean Spar® Sea Station based around one
central spar buoy. A circular steel ring is suspended from this buoy and radiating
lines between the rim and the buoy provide tensioning for the netting. The vertical
position of this cage can be altered using the specially designed ballast unit. Currents
exceeding predetermined values cause the sea station to automatically sink below the
wave action zone. The taut netting keeps the fish safe from predators and is easy to
clean using mechanical cleaners. Such cages were introduced to the west coast of
Ireland for offshore salmon production in 1999.

The first semi-submersible system was developed by Farmocean in Sweden
during the 1980s. This was made up of a rigid reinforced steel framework and
normally operated in a semi-submerged position. The framework is mounted on a
ballast unit normally located 3 m below the surface of the water. Because the main
ballast unit is located below the wave action the effect of rough weather conditions is
minimised and cages can withstand waves up to 10 m. Feed storage is incorporated
in the cage, reducing requirements for daily visits because fish can be fed even under
conditions where boats cannot reach the cage.

The Tension Leg Cage was developed by Marintek in the early 1990s for rearing
fish in waters where high wave action occurs (Midling et al., 1998). This is the only
gravity cage that retains its volume in high currents and also sinks automatically in
high wave conditions. This design was based on research into wave kinematics in
depth, drag and buoyancy forces and the flexibility of the pen. The cage design
resulting from consideration of these factors is ‘upside down’ with the bottom
part rigid and the top part flexible. Most of the buoyancy is located at the bottom
part of the net pen where the wave forces are lower than encountered at the water
surface (Rudi and Dragsund, 1993). The sides of the pen are stretched upwards from
the base by a number of buoys.The cage is moored by six anchor lines that can
stretch, without slackening, to allow for horizontal movement of the cage while not
disturbing the vertical position of the cage base. This type of mooring system
significantly reduces the sea bed area required to moor these cages compared to
more conventional mooring systems. This cage can be submerged beneath the
wave action when weather conditions are bad. The forces on this submerged con-
struction are reduced because the wave velocities and accelerations are reduced and
the displacement is constant. The mooring module consists of a submerged ring
moored to the sea bed. A number of vertical anchor lines are used and no individual
line goes slack at any time.
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Research and technical improvements in cage design and operation in the
salmon industry are ongoing. Myrseth (1993) reported that technological advances
in fish cage design have led to cage systems that, although technologically brilliant,
are too costly for application to commercial aquaculture. He pointed out that as the
cage is the most important capital investment in farming fish at sea, improving sea
cage design is the key to lowering production costs. The requirements of an open
production system are summarised by Myrseth as follows:

e Price:
affordable in relation to expected profitability and longevity
e Strength:

certified for use on the site
easy to check strength
easy to repair
e Workability:
control of fish and nets
easy feeding, grading, harvesting and mortality removal
easy predator control
easy control/removal of fouling and changing of nets
e Biological requirements:
vary from species to species
e Health and safety:
fulfil the requirements set by the relevant authorities

3.6 HARVESTING

This is the final step in the rearing process and the objectives are to prepare fish for
harvest, to kill them efficiently and to move them to the packing station as quickly as
possible, whilst ensuring minimal stress, careful handling to avoid damage, and rapid
chilling to maintain product quality.

Prior to slaughter the fish must be starved for an adequate period, to void the
gut. The duration of starvation may vary (from about 7-20 days) depending on
factors such as fish size and condition, water temperature, diet composition and
feeding regime. Starvation of fish is important as it ensures that the gut is free of
digestive enzymes and bacteria which can accelerate spoilage and cause tainting.

All structures coming into contact with fish should be of a material and con-
struction that allow easy cleaning, i.e., food grade stainless steel and plastics. During
slaughter every effort should be made to limit crowding and reduce stress. In
practical terms, cages should be subdivided and a seine net used to remove
batches for slaughter. Adverse conditions deplete energy reserves and affect the
process of rigor mortis. Rough handling of fish is also likely to affect rigor as well
as impacting on appearance and allowing entry of bacteria through damaged skin.

A number of different methods are employed to slaughter fish; common ones are
a sharp blow to the cranium or anesthesia in carbon dioxide, both followed by
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bleeding of the fish through gill slitting. Bleeding is generally recognised as having a
positive effect on post-harvest quality (see Chapter 5).

‘Rigor mortis’ or ‘rigor’ is the term applied to the overall stiffening of body
muscle after death as a result of a complex cycle of biochemical processes associated
with ATP depletion. Immediately after death, fish muscle is soft and limp and
remains in this condition until rigor begins, anytime up to 20 hours after death.
Rigor typically begins at the tail and spreads up the body towards the head. The
fish may remain in rigor for several days, after which it reverts to the former limp
state.

The onset, duration and intensity of rigor are dependent on many factors, but
the most important are size of fish, health and nutritional status, degree of stress/
exhaustion before death, and the temperature after death. For example, small,
poorly-nourished fish, stressed before harvest and subjected to high temperatures
after death, will enter and pass through rigor much more rapidly and with less
intensity than large, well-fed fish, harvested without stress and rapidly chilled.
Under ideal conditions, rigor in salmon may not commence until about 18 hours
post mortem; however, if they are anaesthetised in CO,-saturated water and bled,
rigor may commence as early as four or five hours post mortem. It is therefore
essential that every effort is made to handle the fish carefully and quickly, to chill
them properly and to be able to pack them before the onset of rigor.

Prolonged, intense rigor is direct evidence that a fish has been handled and
treated correctly and offers a certain guarantee of keeping quality. However, fish
in rigor must be handled with extreme care in order to avoid quality problems.
Rough handling when in rigor, and in particular the forcible straightening of bent
fish when packing into boxes, results in the internal disruption of muscle. Such
mistreatment leads to ‘gaping’ where the connective tissue between the muscle
blocks has been damaged and results in their unsightly separation.

The single most important factor inhibiting bacterial growth in harvested fish is
temperature. Therefore, when harvesting it is necessary to reduce the core tempera-
ture of fish below 5°C by the time they arrive at the packing station. In such cases,
fish must be packed for transport in chilled seawater. Rapid cooling is also essential
in order to delay the onset of rigor. Ideally, the temperature of fish should be cooled
to just above the point at which they begin to freeze (0°C) as rapidly as possible after
slaughter.

The core temperature of fish being held overnight should be reduced to between
0°C and 2°C and the fish should be held in a chilling facility maintained at this
temperature. Salmon which are handled and cooled properly may have a shelf life of
up to three weeks, whilst those which are subjected to higher temperatures in the
hours after slaughter may be fit for human consumption for only a few days.

3.7 A FINAL COMMENT ON QUALITY ASSURANCE THROUGHOUT
THE REARING CYCLE

In an era when all customers and consumers are keenly conscious of the produce
they purchase and consume and, equally, of the environment in which they reside, it
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is paramount that they are aware of and can verify the quality of the salmon that is
offered for sale. Adherence to a verifiable and transparent quality system is required
by all participants in the rearing cycle and most salmon-producing countries, orga-
nisations and even individual farmers now have their own quality assurance schemes
and all are keenly aware of the importance of quality. The key elements in any such
scheme include:

an agreed and documented system with clear responsibilities;

written standards and detailed procedures;

training and education for the entire workforce;

involvement of personnel at all levels;

measurement of performance;

identification of non-conformance and correction through agreed actions;
complete traceability of product through adequate documentation.



4

Fish farming and the feed companies

4.1 INTRODUCTION

The success of salmon farming has largely evolved from two key factors, both of
which are essential before any fish species can be considered for cultivation:

e a complete knowledge of the life cycle of the Atlantic salmon (Salmo salar L.);
e developments in our understanding of fish nutrition.

With regard to the life cycle of Atlantic salmon: salmon eat to maintain their body
functions but also to grow, mature and reproduce. The life cycle of a species can
provide us with clues as to the way that its dietary requirements have evolved. The
salmon starts life in freshwater, where it may spend up to six years if food availability
is poor (Sedgwick, 1982). In fact, some Atlantic salmon stocks may spend their entire
life in freshwater as landlocked strains but, more commonly, they migrate to the sea,
before returning home to spawn. It is believed that Atlantic salmon have evolved this
life strategy because generally food is more abundant in the ocean, compared to
freshwater. By using the oceanic feeding grounds the immature salmon can soon
build up stores of energy before returning to freshwater to spawn. The returning fish
may then spend up to a year in freshwater, without feeding, before spawning takes
place. This long fasting period is possible because the salmon is able to survive on the
considerable energy reserves it has accumulated in its tissues.

It is the second key factor, which will be addressed in more detail in this chapter.

Advances in our understanding of fish nutrition have made possible the huge
expansion in the cultivation of food species, such as rainbow trout (Oncorhynchus
mykiss), sea bass (Dicentrarchus labrax), sea bream (Sparus aurata) and the Atlantic
salmon. Fish nutrition is more than just an appreciation of the qualitative require-
ments of fishes, it also concerns their quantitative requirements. Fish nutrition is
about feed and feeding.
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The composition of feed for cultivated fish was initially based on the natural diet
of the species. The first diets to be developed for farmed salmon followed this
principle and consisted of crude pellets prepared from blocks of frozen or fresh
fish. However, these ‘wet fish’ diets were bulky and often inconsistent in composition
and freshness. They also carried the potential risk of introducing disease from wild
fish stocks into farmed populations. The practice of feeding ‘wet diets’ to cultivated
species, such as yellowtail (Seriola quinqueradiata) continues in some countries, such
as Japan. Feed formulators responded to these concerns by developing special ‘dry’
diets for cultivated fish. Fish feed manufacturers were not slow to see the opportu-
nities arising from the rapid growth of aquaculture and invested in dedicated produc-
tion plants to ensure that feed supplies would keep pace with demand, so that by the
late 1980s nearly all farmed salmon, for example, were fed on manufactured feed.
These manufactured diets offered several important advantages over traditional
sources of feed, being free from disease agents, less bulky, more physically stable
in water and more consistent in formulation. They could also be manufactured as
pellets across a broad range of sizes, making them suitable for all life stages of the
farmed fish.

Although the rearing of juvenile salmon in freshwater for the restocking of rivers
has been carried out for more than a hundred years, the farming of the Atlantic
salmon, Salmo salar, did not begin in earnest until the mid 1970s. The global salmon
feed manufacturing industry, which has naturally increased output in response to
demand, is now producing more than one million tonnes of feed each year (Tacon,
1999). The growth potential for farmed salmon production is still enormous in
Norway, Chile and Canada.

The complex life cycle of the Atlantic salmon has an influence on its qualitative
and quantitative nutritional requirements. The salmon has evolved as an
opportunistic feeder that can take advantage of feasts and endure famine. In
times of plenty it ‘captures’ energy to provide for its metabolic requirements and
stores any excess for future energy requirements and for its reproductive needs.
Salmon have a number of fat depots in which to store this energy, the greatest
of which is the mass of white muscle. Other major depots are found around the
midgut of the body cavity and in the liver. The storage of special nutrients
and energy enables the fish to function normally even when the food supply is
interrupted.

The subject of fish nutrition is large and complex. This chapter deals with
those facets of the subject that have the most relevance for salmon farmers.
Knowledge of the fundamentals of the qualitative and quantitative nutritional
requirements of the Atlantic salmon will assist the salmon farmer in the choice of
diet. The influence of diet and feeding practices on fish quality and the environment
will also be addressed.

There are several books dedicated to fish nutrition and a great many more
reviews on the subject. Interested readers should consult Cowey et al., 1985;
Halver, 1989; Steffens, 1989; Wilson, 1991; Hara, 1992; and Jobling, 1994. Much
of the following section addresses basic fish nutrition and is included because of its
importance to understanding the principles of fish feed formulation.
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4.2 DIETARY REQUIREMENTS OF ATLANTIC SALMON

Like all animals, fish must consume certain essential nutrient and energy sources
for growth, reproduction and health. Nutritional deficiencies can lead to poor
growth, disease and, eventually, death. Qualitative nutritional requirements and
metabolic pathways are similar throughout the animal kingdom, but each
species has its own characteristic quantitative requirements for amino acids, fatty
acids, vitamins and minerals. These requirements vary with the life stage of the
animal.

Nutrients are chemicals that are absorbed by the digestive tract, by the digestive
glands and by the body wall. The body cells use nutrients for the synthesis of body
constituents and for energy metabolism. The typical pattern of energy metabolism is
the oxidative degradation of certain amino acids, lipids, carbohydrates and their
derivatives. In common with other animals Atlantic salmon require a diet containing
protein, lipid, vitamins and minerals. There is, however, no real requirement for
carbohydrates as salmonids and most fish have a significant gluconeogenic
capacity to synthesise this group of nutrients.

4.2.1 Protein

Food provides the fish with energy for the maintenance of bodily functions and
activity. Once the energy requirements of the fish have been met then any excess
can be utilised for growth. Fish can use proteins, carbohydrates and lipids as energy
in order for growth to occur, and there is a definite requirement for dietary protein.
This can be described as the minimum amount of protein needed to meet the amino
acid requirements and to achieve maximum growth. In an early study, the minimum
protein requirement for Atlantic salmon, as a proportion of the diet, was estimated
to be 45% (Lall and Bishop, 1977). More recent work has shown that other factors,
including the composition of the diet and its energy content, will influence the
protein requirement at each life stage, so that the actual protein requirement may
range from 35-55%. In general, the protein requirement of fish decreases with age.
Cowey et al. (1985), Halver (1989), Wilson (1991) and NRC (1993) have reviewed
this topic.

Proteins are found in every part and are involved in every function of an
animal’s body. The muscles, connective tissues, organs, glands, enzymes and
hormones of salmon and other vertebrates are all made up of proteins.
Proteins are composed of amino acids, which contain a fairly constant level of
nitrogen (usually between 15-18%) and many also contain sulphur. These
amino acids interlock with each other to form specific proteins used to construct
the various body structures. Two amino acids linked together are known as
dipeptides and three linked together are known as tripeptides. Polypeptides are a
complex construction of many interlocking amino acids. Hormones such as
glucagon and insulin, which control the fate of glucose and simple sugars, are
polypeptides.
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4.2.1.1 Amino acids

In order to comprehend modern feed formulation strategies it is important to under-
stand that animals do not have a requirement for particular raw materials, but a
requirement for specific nutrients. It does not matter to humans as omnivores, or to
salmon as carnivores, in what package the essential nutrients are consumed as long
as they are bioavailable and present in sufficient quantities.

Vertebrates thus have a requirement for amino acids, rather than protein. There
are more than 20 amino acids and, although salmon can synthesise many of these,
there are ten amino acids that it cannot synthesise and these have to be consumed in
its diet. These are the essential amino acids (EAA): leucine, isoleucine, valine,
threonine, phenylalanine, methionine, tryptophan, arginine, histidine and lysine. A
continuous supply of amino acids must be made available in the diet to replace
proteins that have been deaminated and eliminated by the fish and for the construc-
tion of new proteins required for the formation of new tissues, hormones, enzymes,
etc. The requirement for amino acids in fish varies from species to species and is
dependent on the age, life stage, growth rate, dietary composition and the environ-
mental conditions in which the fish lives. During recent years the survival rate and
general health of farmed salmon have improved, mainly as a result of the use of
vaccines and improvements in fish husbandry standards. Healthy salmon have a
higher growth potential and this, combined with the feeding of higher energy
diets, has led to improved growth rates and feed conversion efficiencies on many
salmon farms. Under such conditions the requirement for certain amino acids may
increase and the feed manufacturer must build in a safety factor when formulating
diets to take this into account. More research is needed to ascertain the requirements
of salmon for specific amino acids, at different life stages, at different growth rates
and under different environmental conditions. The same is true for other groups of
nutrients such as vitamins and minerals.

The quantitative amino acid requirements of the various fish species have been
reviewed (Wilson, 1989) and summarised in a National Research Council bulletin
(NRC, 1993). However, despite the importance of Atlantic salmon as a food species,
there is a relative paucity of data on its nutritional requirements when compared to
the rainbow trout. This situation is being addressed and many papers on the subject
are being generated from academic institutions in Scotland, Norway and Canada, in
particular.

4.2.2 Energy

The energy required by fish is provided by the metabolic oxidation of carbohydrates,
fats and amino acids. The energy consumed is used in a multitude of metabolic
processes, and once this requirement has been met then the remaining energy may
be used for growth or stored as fat. However, a proportion of the energy consumed is
wasted in excretory products, via the intestine, kidney and gills, and as heat. The
gross energy content of a diet depends on its chemical composition but it is only
useful to the fish if it is digestible. The digestible energy of the diet is therefore
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dependent on the bioavailability of the energy in the diet. Proteins and lipids are
highly available energy sources for fish but the value of carbohydrate is less to
carnivorous species than to omnivorous species (Cho and Slinger, 1979).

4.2.3 Lipids

The term ‘lipids’ is used to describe a group of chemicals that are insoluble in water
but soluble in organic solvents. Lipids provide animals with energy and essential
fatty acids (EFA) and act as carriers of certain non-fat nutrients, such as the fat-
soluble vitamins A, D, E and K. They also act as precursors for a number of
biologically-active compounds, including various hormones, pigments and growth
factors. There are simple lipids, which include the neutral fats (e.g., the triglycerides),
compound lipids (e.g., the phospholipids) and derived lipids, which are the hydro-
lytic end-products of the other two groups. Like proteins and carbohydrates, lipids
contain carbon, hydrogen and oxygen, but may also include molecules of nitrogen
and phosphorus. The latter group includes the phospholipids, an important group of
lipids in fish physiology. Phospholipids help to maintain the fluidity and integrity of
cellular membranes, which is of particular relevance for cold-water species like the
Atlantic salmon.

4.2.3.1 Essential fatty acids

Salmon, like all vertebrates, have a dietary requirement for certain essential poly-
unsaturated fatty acids (PUFAs). Marine fish require three long-chain polyunsatu-
rated fatty acids for their normal growth and development: docosahexaenoic acid
(DHA, 22:6n-3), eicosapentaenoic acid (EPA, 20:57-3) and arachidonic acid (AA,
20:4n-6) (Sargent et al., 1993, 1995, 1999). These help to maintain the structural and
functional integrity of cell membranes and also act as precursors of eicosanoids, a
group of highly biologically-active paracrine hormones. Eicosanoids are derived
from AA and are produced in response to stressful situations. They influence the
reproductive, circulatory, osmoregulatory and respiratory systems. The requirement
for each of these EFAs is dependent, to some extent, on the dietary levels of the other
two and should be considered in relative, as well as absolute, amounts (Sargent et al.,
1999).

In fish DHA and EPA are the predominant PUFAs of cell membranes and fish
have a high requirement for n-3 HUFA. Highly unsaturated fatty acids (HUFA)
constitute a group of PUFA, which is characterised by 20 or more carbon atoms and
three or more double bonds. Fatty acids are usually numbered from the methyl
terminal: three numbers are given in sequence, the first indicates the number of
carbon atoms, the second follows a colon and gives the number of double bonds,
the third is often designated as either (n-) or (w-) and refers to the number of carbon
atoms between the methyl terminal and the first double bond. The natural diet of
salmon parr includes freshwater crustaceans and insects, which generally have higher
levels of 18:3n-3 and 18:2n-6 and decreased levels of 22:6n-3 (Bell et al., 1998). There
is some evidence that elevating levels of dietary AA, relative to DHA and EPA,
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Table 4.1. Essential fatty acid (EFA) requirements of some marine fish.

Species EFA % of Diet References
Marine turbot n-3 HUFA 0.8 1
(Scophtalmus maximus)
Red sea bream 20:51-3 or n-3HUFA 0.5 2
(Chrysophrys major) 20:5n-3 1.0 3

22:6n-3
Gilthead sea bream n-3HUFA 0.9 4
(Sparus aurata)
Striped Jack 22:6n-3 1.7 5

(Pseudocaranx dentex)

References: | Gatesoupe et al. (1977); 2 Yone (1978); 3 Takeuchi er al. (1990); 4 Kalegeropulos et al.
(1992); 5 Takeuchi et al. (1992).
Adapted from Sargent et al. (1995).

could be advantageous to salmon during parr-smolt transformation and for osmor-
egulatory control in seawater (Sargent et al., 1999).

Different species of fish have different EFA requirements and the same species
may have different requirements at different life stages and under different environ-
mental conditions. Table 4.1 shows the EFA requirements of several marine fish but
the absolute requirements for Atlantic salmon have yet to be determined. There are
few EFA deficiency symptoms reported for Atlantic salmon, but in a review of lipid
nutritional pathology in farmed fish, it was reported that EFA deficiency produced
symptoms which included reduced growth, evacuolated pyloric caeca tissue and an
increased incidence of pancreas disease (Tacon, 1996).

4.2.3.2 Marine fish oils and human health

The HUFAs found in salmon, particularly DHA and EPA, are now widely acknowl-
edged to play a significant role in the field of human health. Diets incorporating oily
marine fish, such as those traditionally eaten by Inuits living in the Arctic circle, can
reduce the tendency of blood to clot, thus reducing the risk of thrombosis and heart
attacks (Committee on Medical Aspects of Food, 1994). Steffens (1997) reports on
other beneficial effects that long chain n-3 polyunsaturated fatty acids may have in
combating diseases, including nephritis, arthritis, cancer, asthma and skin diseases.
The medical profession typically recommends that, as part of a healthy diet, people
consume oily fish, such as mackerel, sardines and tuna, but farmed salmon offer a
cheap and plentiful alternative to these species. There are indications that health
benefits may extend to fish and it has been shown that Atlantic salmon fed diets with
a low ratio of #n-3 to n-6 PUFA may be less resistant to infection when compared to
fish fed a high ratio of n-3 to n-6 diets (Thompson and Tatner, 1996).

It is well known that the fatty acid composition of the diet has a significant
influence on the fatty acid composition of the fish (Watanabe, 1982; Henderson and
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Table 4.2. Fatty acid compositions (wt %) of polar lipid from mullet (Mugil cephalus) fed
diets containing different oils for 12 weeks.

Fatty acid Fat free Corn oil Linseed oil Fish oil
Saturates 32.6 28.2 30.2 29.5
18:1 17.6 13.7 16.4 19.0
18:2(n-9) 8.5 0.8 1.2 1.4
18:3(n-9) 4.6 0.5 0.2 1.3
18:2(n-6) 4.4 29.8 13.8 7.8
18:3(n-6) 0.3 2.7 0.5 0.4
18:3(n-3) 0.3 1.0 14.8 1.1
20:2(n-6) 0.0 1.9 1.1 0.5
20:3(n-6) 1.4 4.8 1.1 1.6
20:4(n-6) 1.6 1.0 2.7 1.5
20:5(n-3) 3.0 1.0 1.3 5.8
22:6(n-3) 8.5 48 5.0 10.6

Assembled from the data of Argyropoulou et al. (1992).
Adapted from Sargent et al. (1995).

Tocher, 1987; Sargent et al., 1989; Waagbg et al., 1991; Lie et al., 1993). This has
important implications on the use of plant oils in diets for farmed fish.

This influence of dietary fatty acid composition on the composition of salmon
muscle is clearly demonstrated in an experiment where Atlantic salmon were fed
diets supplemented with soybean oil, capelin oil and sardine oil respectively, in order
to vary the dietary levels of n-3 polyunsaturated fatty acids (Waagbe et al. 1993).
The fish were fed three dietary levels of n-3 PUFA at 1.0, 2.5 and 5.0% of the diets,
each with two levels of vitamin E supplementation (0 and 300 mg alpha-tocopherol
acetatekg ™! of diet). The results for the mean fatty acid composition of fresh fillets
from these fish are shown in Table 4.2. The low #-3 fed groups were characterised by
high contents of 18:2 n-6 and 18:3 n-3 and low n-3 PUFA in comparison to the
medium and high »-3 groups. In the high »n-3 group, the level of n-3 PUFA was
significantly higher at 34.3% compared to only 12.9% in the low n-3 fed group. This
experiment also demonstrated that the fillet content of alpha-tocopherol increased
with increasing dietary alpha-tocopherol content and that the level of dietary alpha-
tocopherol did not influence either the fatty acid composition or the lipid levels of
the fillets.

Although the fatty acid composition of the salmon muscle does reflect the fatty
acid composition of the diet, it has been shown that Atlantic salmon preferentially
absorb PUFAs from highly unsaturated diets. They do this more efficiently than
from the monounsaturated and saturated fatty acids, with the degree of absorption
decreasing with increasing chain length (Johnsen et al., 2000).

4.2.4 Carbohydrate

For energy, fish will first utilise protein, then lipid and then carbohydrate. Warm
water species of fish can utilise much greater quantities of dietary carbohydrate than
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cold water and marine fish. Although no dietary requirement for carbohydrate has
been demonstrated for fish, its inclusion in farmed fish diets to some extent spares
protein and lipids as energy sources and as synthesisers of a number of biologically-
important compounds usually derived from carbohydrates. The binding properties
of carbohydrates are of great importance in feed formulations and, in addition, it is
also the least expensive source of dietary energy. As salmon diets have become more
energy dense, the proportion of carbohydrate used has generally decreased.

There are four groups of carbohydrates: the monosaccharides, disaccharides,
trisaccharides and polysaccharides. The digestive enzymes produced by the
pancreas and intestinal mucosa of fish break these down into monosaccharides
that are then absorbed across the wall of the intestine. Carbohydrate can be used
as an immediate source of energy or as an intermediate source when it is produced
from glycogen stored in the liver and muscle. Carbohydrate can also be converted to
fat and can therefore also provide a long-term energy source for the fish. The
improvement in feed utilisation seen with increasing feed energy density may have
been due in part to the displacement of starch in the diet as the dietary energy level
increased. Increasing dietary starch levels beyond 100 gkg_l has been found to have
a negative effect on feed utilisation in Atlantic salmon (Asknes, 1995; Hemre et al.,
1995a).

During the harvesting of salmon, poor husbandry practices, such as the
prolonged crowding of fish or the inefficient use of anaesthetics, can cause acute
stress to the fish. They may thrash about, burning up glycogen stored in the muscle,
which is then converted to lactic acid. The effect of this can be to shorten the period
before rigor sets in. Flesh quality problems, such as an increased incidence of gaping
and shortening of fillet length, can occur if fish are handled during rigor (Love,
1980). However, the amount of glycogen deposited in the muscle has been found
to be little influenced by the dietary starch level (Hemre et al., 1995b).

4.2.5 Fibre

The fibre present in fish diets is derived from cereals and plant protein. Fish lack the
enzymes for degradation of fibre, and in its untreated form fibre is regarded as an
almost indigestible raw material for salmon diets. To optimise nutrient uptake and to
limit the amount of waste product entering the environment, it is important to
formulate diets with highly-digestible feed ingredients and to restrict the fibre
content. In the future it may be possible to improve the digestibility of fibre in
feed by use of enzymes.

4.2.6 Minerals

Less is known about the dietary requirement of fish for minerals compared to some
other nutrients. Studies have been carried out on the effects of various mineral
deficiencies and on the toxic effects of certain minerals, but our knowledge of this
subject remains incomplete. Fish not only absorb minerals from their diet but also
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directly from the water in which they swim (Lall, 1989). The design of experiments to
quantify the mineral requirements of fish must take this into account.

Minerals are incorporated into the skeleton of fish and are found in organic
compounds such as proteins and lipids. They also act as cofactors in enzyme
pathways and have a variety of functions as soluble salts in the circulating fluids
of fish. In addition, they play an important role in maintaining the osmoregulatory
status of fish. Minerals can be absorbed across the gills and intestinal mucosa. In
seawater, where the osmotic concentration of the salmon is lower than the surround-
ing water, soluble minerals will tend to diffuse into the fish. Osmoregulatory
processes of the fish counteract this process, so that any excess minerals are
excreted by way of the kidney and gills. In freshwater the quantity and range of
minerals are less available and the salmon actively absorbs minerals from the sur-
rounding water using its gills, and then conserves these by actively reabsorbing them
from the kidney tubules to prevent their excretion. A comprehensive review of the
importance of trace minerals as essential ingredients in fish diets can be found in
Watanabe et al. (1997).

The raw materials used in fish feed manufacture typically contain an excess of
essential minerals. The bioavailability of minerals may be reduced as a result of their
binding with other nutrients; this can lead to reduced growth, poor feed conversion
and other symptoms of mineral deficiency. The use of high ash fishmeal in salmon
diets, for example, may affect zinc absorption and utilisation, which can result in lens
cataracts (Ketola, 1979). Minerals form an inexpensive component of salmon diets
and it is usual for fish feed manufacturers to supplement diets with essential minerals
to the required level. The phytate present in plant proteins can interact directly and
indirectly with minerals, to reduce their availability in animals. For example, the
addition of sodium phytate to the feed of juvenile Chinook salmon reduced the
bioavailability of zinc, to the extent that the fish developed cataracts (Richardson
et al., 1985).

4.2.6.1 Mineral deficiencies

Most essential minerals are absorbed from ambient water or found in the raw
materials used in fish feed. However, there remains an ever-present risk that
factors such as an unforeseen interaction between feed ingredients, improved
growth rates or a change in environmental conditions may alter the bioavailability
or lead to an increased requirement for a particular mineral. Certain minerals,
including copper, zinc, selenium and iron, are essential in small amounts but are
toxic at higher levels. The minerals may also interact and, for example, excess copper
may compromise zinc uptake.

There are several excellent reviews on the role of minerals in fish nutrition
(NRC, 1993; Watanabe et al., 1997; Hardy, 1998).

4.2.7 Vitamins

Vitamins comprise a complex group of organic compounds vital for growth, main-
tenance, health and reproduction of the fish. Dietary requirements for vitamins are
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dependent on various factors, including the species and life stage of the fish. The feed
formulator must also take into account the composition of the diet and the growth
rate of the fish, which will also influence the vitamin requirement. Salmon may have
increased requirements for vitamins at times of stress, during disease and treatment
and under adverse environmental conditions.

Fish require 11 water-soluble vitamins, of which eight—the vitamin B
complex—have mainly coenzyme functions and are required in relatively small
amounts. The other three—choline, inisitol and ascorbic acid (vitamin C)—are
required in greater quantities. Feeding water-soluble vitamins in excess of the
dietary requirement is not normally problematic, but feeding the essential fat-
soluble vitamins A, D, E and K to excess can result in toxic effects. During fish
feed manufacture vitamins can be vulnerable to the combined effects of pressure,
heat and moisture encountered during the extrusion process, as well as by inter-
actions with trace minerals. Feeding diets deficient in one or more vitamins can
result in characteristic symptoms or produce a range of non-specific symptoms.
One of the earliest and best-known examples of vitamin deficiency in fish was the
finding that lordosis and scoliosis, both symptomatic spinal deformities, could be
induced in juvenile coho salmon by feeding them a diet deficient in vitamin C
(Halver et al., 1969). This particular vitamin is highly labile, and for many years
much of the vitamin C added to fish feed was lost during manufacture. In recent
years, however, feed manufacturers have used an ascorbyl phosphate source of
vitamin C that is relatively stable during feed manufacture and, in addition, is
also bioavailable to fish. Further, significant losses of some vitamins will occur
during prolonged storage of the finished feed. Some vitamins are also sensitive to
light and whenever possible, fish feed should be stored under dry, dark and cool
conditions.

There is very little information on the vitamin content of fish feed ingredients
(NRC, 1993). The vitamins present in feed raw materials may vary in vitamin
content and bioavailability, and for this reason feed formulators may ignore
vitamins present in the dietary raw materials and supplement to the required level.
Some of these vitamins are relatively expensive, but feed is formulated with a margin
of safety with regard to vital nutrients. In addition, the requirements quoted by
vitamin suppliers are often higher than those published in nutritional reviews.
There are minimum requirements for survival and higher requirements for
optimum growth. Salmon feeds are formulated to supply fish with their vitamin
requirements at different life stages. Extra vitamin C and E is sometimes added to
diets to counter stress, to improve disease resistance and to improve carcass quality.
Under temperate environmental conditions the shelf life of feed is normally declared
as between three and six months.

Some of the few known minimum vitamin requirements of Atlantic salmon are
shown in Table 4.3. A number of reviews describe the various deficiency symptoms
associated with particular vitamins (NRC, 1993). Vitamin—vitamin interactions are
thought to occur, an example being the interaction between the folic acid and
cyanocobalamin, which may partially substitute for each other in some metabolic
functions. There are also reports of vitamin-mineral interactions in which the
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Table 4.3. Vitamin requirements for Atlantic salmon.

Vitamin Requirement Reference
(units/kg diet)

Vitamin E 35mg Lall et al. (1988)
Vitamin Bg 5mg Lall et al. (1990)
Vitamin C 50 mg Lall et al. (1990)

deficiency of a particular vitamin may lead to disturbances in mineral metabolism
(Jobling, 1994).

It is important to emphasise that the Atlantic salmon’s requirements for all
essential nutrients are not known. Those nutrient requirements that have been
researched should be subjected to regular review, since changes in dietary composi-
tion and further improvements in feed conversion efficiencies and growth rates may
well lead to an increased requirement for specific essential nutrients.

4.3 RAW MATERIALS AND FEED FORMULATION

Having discussed the dietary requirements of the Atlantic salmon it is important to
address which raw materials are suitable and available as ingredients for salmon
feed. The selection of raw materials depends on the dietary requirements of the
salmon, the life stage, raw material cost and availability, public acceptability and
government legislation. Raw materials can be characterised by their palatability,
digestibility and bioavailability. The two main nutrients used in salmon diets are
protein and lipid.

4.3.1 Protein sources

Protein represents the largest component of salmon feed, but there is great hetero-
geneity in the nutritional and biological values of different sources of protein. The
biological value of a protein varies with its AA composition and digestibility
(Anderson et al., 1995). Fish, soya and maize meals presently provide the major
sources of protein used in salmon diets.

4.3.1.1 Fishmeal

The fishmeals used in salmon feed are predominantly produced in South America
and Northern Europe. The highest-quality fishmeal is produced from whole fresh
fish and represents the finest source of protein for farmed salmon. Fishmeal provides
a valuable source of energy, EFAs and minerals. The composition of fishmeal from a
particular source is not fixed. During the fishing season the main species caught for
processing into fishmeal may alter and the carcass composition of each species may
also change throughout the season. The proximate composition (moisture, oil,
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Table 4.4. Proximate analysis of various fishmeals.

Herring meal

Norse- Menhaden Anchovy

LT94® 1 2 3 meal meal
Dry matter (%) 91.6 97.3¢ 96.4° 95.4¢ 96.2¢ 89.6°
Protein (%) 80.6° 83.7¢ 79.5° 77.8° 67.7¢ 70.4¢
Lipid (%) 11.14 8.6 10.2¢ 12.8° 10.77 11.4¢
Ash (%) 13.1¢ 11.07 11.6¢ 13.1¢ 21.5% 17.5¢
Gross energy 21.97 22.9¢ 22.47 22.5° 20.2¢ 21.32

(MJ/kg)

The protein quality evaluation of these fishmeals is presented in Anderson et al., 1995. ¢ Expressed as a
percentage of the fish meal (as-received). b Expressed as percentage of the dry matter a-d. Means (n = 2)
within a row, sharing the same postscript, are not significantly different (P > 0.05).

From Anderson et al. (1995).

protein and ash (MOPA)) of several fishmeals is shown in Table 4.4. Fishmeal has an
AA profile that satisfies most of the salmon’s requirements for essential amino acids.
In broad terms, most fish have a similar AA profile, but there are subtle and
important differences between species and these are reflected in the AA composition
of individual types of fishmeal. Since fishmeals vary in AA content, both the fishmeal
purchaser and the feed formulator must consider carefully whether their choice of
fishmeal or blend of fishmeal meets the specific requirements for EAAs at each
particular life stage. Table 4.5, shows the AA profiles of several different types of
fishmeal. It is also important that the feed formulator is familiar with the AA
digestibility values for feed ingredients. For a range of fishmeal used in salmon
diets in Atlantic Canada, it was found that crude protein digestibility values
ranged from 78.2-87.0% (Anderson et al., 1995). There remains a scarcity of infor-
mation on the AA requirements of Atlantic salmon (Higgs et al., 1983), although the
requirements for lysine and arginine have now been investigated (Berge et al., 1997,
1998). The in vitro absorption of methionine from different parts of the intestine of
Atlantic salmon has also been investigated (Olsen, 1998.).

In order to achieve the optimum performance from salmon diets, it is necessary
to know the salmon’s requirement for each EAA at each life stage and under a range
of environmental conditions. If the AA composition of all available raw material
protein sources is known, then the formulator can fine-tune the blend of proteins to
produce the optimum dietary protein in terms of growth potential and cost.

4.3.1.1.1 Fishmeal production

As mentioned above, the highest-quality fishmeal is derived from whole fish. Fish
remnants from fish processing plants are also used as raw materials for fishmeal
production, but these generally have a lower proportion of good-quality protein and
are higher in ash than meal from whole fish. If the fish used in fishmeal is not fresh,
spoilage bacteria can produce harmful toxins, such as histamine, in the meal.
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Table 4.5. Amino acid composition of fishmeals.

Herring meal

Norse- Menhaden  Anchovy

LT94® 1 2 3 meal meal
Amino acid
Ala 5.00 5.26 5.32 4.74 4.11 4.88
Arg 5.55 6.23 6.16 5.03 4.99 4.56
Asp 9.10 8.98 10.23 8.01 8.50 8.40
Cys 0.507 0.21% 0.51° 0.47° 0.63¢ 0.12¢
Glu 9.39 9.97 10.32 8.63 7.52 8.29
Gly 5.57 5.10 5.43 5.06 5.49 491
His 1.74 1.86 1.92 1.55 1.46 1.86
He 4.04 4.13 4.41 3.51 3.62 3.95
Leu 6.68 7.30 7.33 6.04 5.61 6.28
Lys 6.94° 6.429 7.66° 5.81¢ 6.12¢ 6.15¢
Met 2.43 2.65 2.57 2.14 2135 2.13
Phe 3.42 3.61 3.72 3.03 293 3135
Pro 4.02 4.00 4.66 441 4.45 3.67
Ser 3.14 3.49 3.33 3.16 3.19 2.67
Thr 2.65 3.00 3.28 2.87 3.20 2.78
Trp 0.75¢ 0.79¢ 0.807 1.18% 0.43¢ 0.26¢
Tyr 2.52 2.94 3.11 2.38 2.44 2.46
Val 4.38 4.80 4.85 3.99 4.25 4.11

The protein quality evaluation of these fishmeals is presented in Anderson et al. (1995). “Expressed as a
percentage of the dry matter a-d. Means (n = 2) within a row, without or sharing the same postscript, are
not significantly different (P > 0.05). From Anderson et al., 1995.

The traditional manufacture of fishmeal involves processing the fish at tempera-
tures of 70-90°C, after which the meal is pressed, the oil separated and the resulting
meal dried. An improved method is used to produce low temperature (LT) fishmeal
for aquaculture products, in which the fish are processed at a temperature some
20-30°C lower. This results in an improved separation of the oil and water
fractions, enhancing the quality of the meal. The temperature at which the
fishmeal is dried must be carefully controlled, as excess heat will damage a
number of important nutrients. Antioxidants protect against oxidative damage
and are added to both fishmeal and fish oil following processing. Fish feed manu-
facturers will normally carry out regular quality assurance audits at factories
supplying fishmeal and fish oils.

4.3.1.2 Meat and poultry meals

The animal processing industry produces a number of by-products, such as meat and
bonemeal and poultry meals, which can be used in salmon diets. These products
generally contain 45-55% crude proteins, but may also be high in ash. Another



118 Fish farming and the feed companies [Ch. 4

useful byproduct, bloodmeal, is a valuable source of certain AAs and also assists in
the binding process. The interested reader may wish to consult Bureau et al. (1999)
who investigated the apparent digestibility of 20 rendered animal protein ingredients
from various origins in rainbow trout.

Although meat and poultry meals can undoubtedly provide effective ingredients
for farmed fish feeds their use has been called into question in a number of countries.
In the United Kingdom, for example, the outbreak of Bovine Spongiform Enceph-
alitis (BSE) in British cattle led to restrictions on the use of animal byproducts in
animal feeds. BSE in cattle was officially declared a disease in November 1986, and in
July 1988 the feeding of ruminant-derived meat and bonemeal to ruminants was
banned in the UK. This followed public concern over the risk to human health
from eating food derived from BSE infected carcasses. The major food retailers in
the UK also demanded that land-animal products were withdrawn from salmon and
trout diets. This included bovine, ovine and poultry products. Up to the time of
writing there is no evidence that fish can pass on the causative agent of BSE, but
public health concerns dictate the agenda on such issues. The spread of BSE to
countries such as France, Spain and Germany led to the EU imposing a six-
month temporary ban, from 1 January 2001, on the use of any animal protein,
except fishmeal, in livestock diets. Chandler (1998) reported on the results of trials
designed to mimic a range of processing conditions used in the rendering industry.
This research demonstrated that pressure cooking at 133°C for 20 minutes at three-
bar pressure successfully deactivated the BSE agent in infected fat and protein meals.

There is a strong principle that one species should not be fed to the same species
and therefore material derived from salmon should not be fed to farmed salmon. It is
important to note, however, that salmon are carnivores and in no way does the
feeding of other fish species to salmon equate with the feeding of animal protein
to herbivores.

4.3.2 Alternative protein sources

Fish feed manufacturers now typically use a variety of protein sources, which helps
to buffer the costs of raw material in the feed. These sources include fishmeal and fish
protein concentrate, soya meal, poultry meal, meat and bonemeal and bloodmeal.
Protein from fishmeal is a costly component of salmon diets and the potential for
substitution of animal proteins with plant proteins is of great interest to fish farmers
and feed manufacturers alike. A number of researchers have shown that at least
25-30% of the fish or animal protein can be replaced with plant protein in rainbow
trout feeds, without significant negative effects on the growth, feed conversion
efficiency, carcass quality and health of the fish (Smith et al., 1988; Dabrowski
et al., 1989; Rumsey et al., 1993; Refstie et al., 1997).

There are fewer studies on Atlantic salmon, but the replacement of fishmeal
protein with vegetable proteins in feed for Atlantic salmon has been investigated
by a number of researchers (Hardy, 1982, 1995, 1996; Arnesen et al., 1989; Carter
et al., 1994; Olli et al., 1994a, b, 1995; Koppe, 1996; Refstie et al., 1998). The main

—~ant
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candidates investigated for fishmeal replacement have been derived from the
soybean. (Olli et al., 1995).

When investigating the inclusion of four different soybean products at five
different inclusion levels (0-56% of protein) in Atlantic salmon diets (600 g fish) it
was found that a soybean concentrate gave the best results and could make up to
56% of the dietary protein without effect on weight gain (Olli et al., 1994b). The level
to which fishmeal may be replaced without affecting weight gain appears to be highly
influenced by the soybean product used. In the same study, dehulled and solvent-
extracted, solvent-extracted only and full fat soybean meals did not have a negative
effect on fish weight gain when incorporated at up to 14% protein replacement, but
only full fat soya and soya concentrate maintained weight gain at 28% protein
replacement.

More recently, Carter and Hauler (2000) investigated the replacement of
fishmeal protein with soybean meal and with protein concentrates made from
narrow-leafed lupin or field peas in extruded feeds for Atlantic salmon parr. The
study indicated that extruded salmon feed containing up to 27% pea protein con-
centrate (49% crude protein) or 22% lupin protein concentrate (46% crude protein)
had no significant effect on the growth performance of Atlantic salmon parr, when
compared to fishmeal and solvent-extracted soybean meal.

The AA profile of the carcass of the Atlantic salmon is typical of the species
and fixed. Providing the diet contains the right mix and quantity of bioavailable
AAs, the inclusion of plant protein will not affect the protein composition of the
carcass. AAs, at a concentration above the level required for the maintenance
and growth of tissues, will be used to provide the energy required for movement,
respiration and osmoregulation and any further excess will be converted to storage
fats. AAs eventually break down into carbon dioxide, water and ammonia.
Ammonia is the predominant excretory product of protein catabolism and is
actively excreted across the gill epithelium into the surrounding water. Smith
(1971) found that about 80% of non-faecal waste nitrogen was excreted as
ammonia through the gills.

The use of non-fishmeal sources of protein, particularly when making up a high
proportion of the protein in salmon diets, may necessitate the use of AA supplements
to match the AA requirements of the fish. In a study on rainbow trout, where
solvent-extracted soybean meal replaced 66% of the protein source, the replacement
diet was found to be inferior to a fishmeal-based reference diet. Supplementation of
the soybean diet with crystalline AAs, methionine and methionine plus lysine (at two
levels), did not result in these diets achieving the same level of performance as the
fishmeal-only diet, in terms of growth, feed efficiency and protein utilisation. A
further diet containing a supplement made up of methionine, lysine, tryptophan,
threonine, arginine, and histidine outperformed the methionine-only and dual-sup-
plemented diets, but did not achieve the performance of the fishmeal-only diet
(Davies and Morris, 1997).

Having ascertained that vegetable proteins can successfully substitute a propor-
tion of the fishmeal it is relevant to consider other aspects of their use as raw
materials for fish feeds.
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4.3.2.1 Vegetable protein

Fishmeal and fish oils are finite resources. Fish feed manufacturers and environ-
mentalists are, quite naturally, concerned about the long-term sustainability of the
fishmeal producing fisheries. The rich fishing grounds of Peru and Chile, in South
America, provide much of the fishmeal used by salmon-farming countries. In 1995
Peru exported almost 1.9 million tonnes of fishmeal and Chile 1.3 million tonnes of
fishmeal, almost 86% of World exports (source IFOMA). During the cyclical phe-
nomenon of El Nifio, which may occur every five to seven years, warm surface
waters prevent cold water currents that contain an abundant food supply reaching
the surface. The warm surface water contains few nutrients and local fish stocks must
starve or migrate to areas where food is more abundant. The Peruvian and Chilean
authorities are careful to ban fishing during these periods until more typical con-
ditions are restored. This results in a significant reduction in fishmeal production
from these areas during these periods. Fish feed manufacturers and fish farmers alike
feel the repercussions of this in terms of higher prices for fishmeal and fish feeds.
Although fishmeal is also available from areas such as the North Atlantic fisheries of
Iceland, Denmark, Norway and the Canary Isles, its price moves quickly upward
when supplies become limited. If the farming of ‘carnivorous’ fish such as salmon is
to have a long-term future then alternative sources of protein must be found. Plants
are the most plentiful source of protein on the planet and are the logical replacement
for fishmeal, provided the AA requirements of farmed fish can be met. Following
intensive research on the use of plant proteins, as outlined above, it is now a common
formulating strategy to replace some of the fishmeal in salmon diets with plant
proteins.

Salmon diets now routinely contain 10-25% of their protein from plants.
However, although vegetable protein sources are less costly than fishmeal, they
generally contain only 40% of protein, compared to 70% in fishmeal. Concentrates
and isolates of plant proteins can be used to reduce the larger volume other-
wise taken up by plant proteins. In order to provide all EAAs for salmon it
may be necessary to supplement diets containing plant protein with synthetic
AAs such as methionine and lysine (see above). Synthetic forms of the AAs
tryptophan and threonine are also available as feed ingredients, but are presently
considered too costly and are not yet routinely used in salmon diets. However,
synthetic AAs may not be a straightforward replacement for ‘natural’ protein-
bound AAs. The total intake of AAs is important but the timing of delivery of
specific AAs to the tissue may also be a critical factor. Synthetic AAs may be
transported at different rates compared to AAs from intact proteins (Schuhmacher
et al., 1997).

The predominant plant protein sources for salmon feeds are soya meals and
maize gluten, with rape and sunflower meals being used to a lesser extent. Plant
protein may contain substances toxic to fish, which are collectively known as anti-
nutritional factors (ANFs). These ANFs may include phenolic compounds, phytic
acid, glucosinolates and a number of indigestible carbohydrates. The reader may
come across the term ‘canola’, which is the registered name given to genetically-



Sec. 4.3] Raw materials and feed formulation 121

selected varieties of the Brassica napus and Brassica campestris species that are low in
both glucosinolates or antithyroid factors and erucic acid. It is therefore important
to heat-treat and process these meals to ensure these ANFs are removed or
minimised.

However, not all toxins are destroyed by heat, and moulds growing on plant raw
materials can produce heat-resistant mycotoxins, such as the dangerous aflatoxins.
Aflatoxins are the toxic metabolites of the common blue-green mould, Aspergillis
flavus and were once responsible for a worldwide epizootic of rainbow trout
hepatoma (Halver, 1965).

The potential for the enzyme phytase to improve the nutritive value of canola
protein concentrate has been investigated in rainbow trout (Forster et al., 1999). The
authors replaced anchovy meal in the control diet, where it made up 89% of the
dietary protein, with canola protein concentrate (CPC) to make up 59% of the
dietary protein. They found that the trial diets gave results in terms of growth
rates, protein utilisation and feed efficiency comparable to the control diet in
which anchovy meal made up 89% of the protein. They also found that there was
a clear positive dose-response of phytase on dietary phytate digestibility and that at
the higher level of phytase addition the availability of dietary phosphorus was
significantly improved.

4.3.2.2 Protein concentrates

Rapeseed/canola protein concentrates typically contain more than 60% protein. The
digestibility of this protein has been shown to be higher at around 96% than is found
in most fishmeals (Higgs et al., 1996). These concentrates are low in ANFs, with the
exception of phytic acid which may be present in levels of 5.3-7.5% (Higgs et al.,
1995). High dietary levels of phytic acid may complex with proteins and divalent
ions, particularly zinc, in the acid conditions found in the fish intestine decreasing
their bioavailability. This can lead to depression of growth, feed and protein utilisa-
tion, thyroid function and in anomalies in the structure of the pyloric caecal region
of the gut (Richardson et al., 1985).

4.3.2.3 Soya proteins

The use of soya-derived meals in salmon diets has become commonplace. Soya bean
meal has one of the most suitable plant AA profiles for fishmeal substitution. The
growing importance of soya meals as a protein source for salmon merits giving this
raw material further mention. The cultivation of soya beans began more than 4000
years ago in China, but it was not until early in the 1900s that they were introduced
to the United States. Early interest centred on the bean’s oil, but soya protein was
soon found to be an excellent AA source for livestock, once it had been toasted to
reduce ANFs and to improve digestibility. Food-grade soya protein isolates were
developed in the 1950s and then, approximately ten years later, improvements in
extrusion technology led to the development of textured soya flours. The first soya
protein concentrates were introduced in the 1970s and further developed in the
1980s. The raw, dehulled beans are approximately 38% protein and 18% oil.
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4.3.2.3.1 Soya bean processing

Soya beans are processed to varying degrees; meals may be derived from crushed
whole beans, crushed dehulled beans, pressed meals or solvent extracted meals.
Provided they have been heat-treated, all of these meals can be considered as raw
materials for salmon diets. Pressed and solvent-extracted meals have most of the
soya oil removed. For production into meals for further processing, soya beans are
first cleaned, then cracked and dehulled. The oil is extracted from the meal using a
solvent, which is removed before the meal is dried. These soya meals can then be
processed into a range of soya products, used in both human foods and animal feeds.
Toasting of soya beans markedly reduces, but does not eliminate ANFs such as
trypsin inhibitor and urease, and does not significantly reduce its antigenic proper-
ties. Soya-bean concentrates, containing approximately 65-70% protein, have now
been developed by removal of complex carbohydrates. This process significantly
reduces ANFs and the antigenic properties of the product, making the concentrates
more suitable for use in aquaculture feeds for juvenile fish.

4.3.24 Maize gluten

Maize gluten, produced as a byproduct when starch is extracted from maize, is a
highly-digestible source of protein (>60%) which is used, in moderate amounts, to
replace fishmeal in salmon diets.

4.3.2.5 Other plant meals

A number of other plant meals, such as cottonseed, groundnut and rapeseed, have
been considered for use in salmon and trout diets. Of these, rapeseed-derived meals
have been tested with some success (Higgs et al., 1983). Global supplies of rapeseed
protein exceed those of fishmeal (Higgs et al., 1996) and can provide a very cost-
effective alternative to the use of fishmeal on a per kilogram protein basis. CPC
contains more than 60% protein: the digestibility to salmonids is higher, at
around 96%, than for most fishmeals (Higgs et al., 1996). The levels of phytic
acid within CPC can be higher than in the meal and can be problematic as it has
the potential to reduce the bioavailability of protein to fish. The enzyme, phytase,
has been used in several animal species to dephosphorylate phytic acid (dephytiniza-
tion) to enhance the nutritive value of CPC (Nelson et al., 1971; Prendergast et al.,
1994; Rodehutscord and Pfeffer, 1995; Forster et al., 1999).

4.3.2.6 Genetically-modified crops

The use of fishmeal from ‘sustainable’ fisheries and the increasing use of plant
protein in salmon diets may help to improve the public’s perception of salmon
farming. The world’s major fisheries are currently protected from short-term exploi-
tation, and this must continue so that future generations can also benefit from their
continued existence. However, the replacement of animal proteins with plant
proteins in aquaculture diets has been complicated by the sudden introduction of
genetically-modified (GM) crops into sensitive markets. In the late 1990s, it became
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both difficult and expensive to obtain supplies of guaranteed genetically-unmodified
soya, because the North American producers and suppliers of soya bean meal did
not segregate GM soya meal from unmodified soya meal. The use of GM soya in
processed human food, particularly in vegetarian diets, contributed to a backlash of
public opinion in the UK and other European countries, which resulted in several of
the major retailers blacklisting all food products containing GM soya. Other GM
crops, such as maize and wheat, are now also produced on a global scale. Although
the production of GM plant proteins offers some advantages to the farmer, in terms
of decreased production costs, some of the larger North American producers have
switched a proportion of their crops back to traditional production methods in order
to satisfy European demand.

4.3.3 Fish oils

Fish oils are global commodities. They are produced when ‘non food’ fish and fish
waste are processed into fishmeal. The lipid content of commercially-fished species is
dependent on factors such as season, food abundance and sexual status. Capelin,
Mallotus villosus, may contain more than 14% lipid in summer and less than 9% in
winter. Fish oils contain high levels of PUFAs and must be protected against
oxidation. Methods of detecting and quantifying the extent of oxidation in fish oil
involve measuring oxidative breakdown products, such as aldehydes and peroxides.
Peroxides are usually measured using the peroxide value method (POV) and
aldehydes by anisidine or thiobarbaturic acid reactive compound (TBARs) values.
When buying fish oils it is usual to specify a range of values for free fatty acid
content (2-5%), peroxide values (3-20Meqkg™'), anisidine number (4-60),
moisture and impurities (0.5-1.0%), iron (0.5—7.0mgkg’]) and iodine content.
Figures for typical values found in fish oils, in parentheses, are taken from Bimbo,
1990.

Human activities are now believed to affect the climate on a global scale and
may be responsible for the apparent trend in rising temperatures. There are also
more insidious effects and it is now apparent that some of the toxic byproducts of
industry, such as heavy metals, PCBs and dioxins, are present in the food chain. As a
result, some of these toxins can accumulate, albeit in minute proportions, in the
lipids of fish used to provide fishmeal for aquaculture and therefore have the
potential to pass into farmed fish. Fortunately, the fish feed manufacturer is able
to control the levels of such undesirable substances by sourcing fishmeal from areas
that remain less affected by industry and by the judicial substitution of a proportion
of fishmeal and fish oil with raw materials from vegetable origins. It is also possible
to filter a variety of environmental contaminants from fish oil.

4.3.4 Plant oils

The supply of fish oil is finite and is unlikely to rise much above the average levels of
1.3 million tonnes per annum produced over the past decade (source: Oil World). In
addition the aquaculture feed industry must compete with other users of this
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precious commodity, such as biscuit and margarine manufacturers. However, the
world production of plant oils dwarfs fish oil production with over 100 million
tonnes of plant oils produced in 1997 alone (source: Oil World). Plants from
which oil is extracted include soya, cotton, groundnut, sunflower, rape and palm.
Fish have no requirement for a particular type of oil, but they do have a requirement
for dietary energy and for specific EFAs. The influence of dietary fatty acids on
carcass composition has already been discussed (Section 4.2.3).

4.3.4.1 Substitution of fish oil with plant oils

In 1998, global fish oil prices increased, to the extent that some salmon feed
producers included a proportion of vegetable oils in salmon diets. The substitution
of marine fish oils with vegetable oils and tallow in farmed salmon diets had pre-
viously been investigated (Hardy et al., 1987). In order to further clarify the potential
for alternative sources of dietary oils for farmed salmon, Nutreco Aquaculture
Research Centre (ARC) and Akvaforsk in Norway have researched the potential
of certain vegetable oils as partial replacements for fish oils (Rosenlund et al., 2001).
In the trial, Atlantic salmon were fed diets supplemented with three sources of fish
oil, three vegetable oils, or combinations of the plant and fish oils. The trial
examined the effect of feeding the different oils at 7°C for a period of 90 days and
at 13°C for 42 days. The results showed that there was a clear correlation between
the lipid composition of the diet and the triglyceride fraction of the fish muscle. As
the proportion of vegetable oil in diet increased, the amount of fish oil-related
monoenes in the fish muscle decreased. In contrast the amount of EPA and DHA
in the muscle was only slightly reduced, indicating that the physiology of the salmon
includes mechanisms that can control the levels of these important fatty acids. The
results of this screening study showed that at least half of the fish oil added to high-
energy salmon diets could be replaced by alternative plant lipid sources without
sacrificing growth, feed conversion and survival. The researchers also found that a
100 g portion of farmed salmon would be enough to provide the recommended daily
intake of EPA and DHA, even with partial substitution of fish oil with plant oils in
salmon diets.

In a subsequent trial carried out by Trouw Aquaculture, up to 50% of the
marine fish oil was substituted with a vegetable oil and fed to salmon over a four-
month period. The fish grew from 3 to 4.5kg over the trial period and growth and
FCRs were comparable to control fish fed fish oil only diets. Independent testing,
using a panel of trained evaluators, found no significant effects on various critical
carcass quality parameters such as taste, texture or succulence. Neither were any
negative effects reported from a number of fish processors who cold-smoked samples
of the trial fish (unpublished data).

A study by a UK animal feed producer found that the replacement of half the
fish oil in rainbow trout diets with two types of vegetable oil had no significant effect
on growth, feed conversion and survival. The study also found that, while members
of a sensory evaluation panel could discriminate between two of the plant oils used,
none of the fish grown on the different oils were unacceptable. In an American study
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(Skonberg et al., 1993) herring oil was replaced by sunflower oil (12.4% of the diet by
weight) in diets for coho salmon (Oncorhynchus kisutch) and rainbow trout. In the
sensory assessment a significant number of panellists were able to differentiate
between the fillets from the herring oil-fed fish and the sunflower oil-fed fish by
the fishier aroma emanating from the former. The panellists, however, tended to
prefer the fillets from the plant oil-fed fish.

In summary, research on the substitution of fish oils with vegetable oils indicates
that it is possible to use vegetable oils to replace up to half the fish oil currently used
in salmon diets, and thus extend the time period before marine fish oil becomes a
restricted commodity. This is, however, likely to be a staged process and, for the near
future at least, fish oil is likely to remain the dominant source of lipid in farmed
salmon diets. As has been shown, the type of vegetable oil used not only influences
the carcass composition of the fish, but also affects some of its sensory character-
istics. The results of emerging research show that there can be other advantages from
using plant oils in combination with fish oils. As the American study, cited above
shows, some consumers may actually prefer ‘blander’, less fishy-tasting fish products.
The shelf life of fish products is a critical consideration to fish retailers and there is
good evidence that the incorporation of vegetable oils into farmed fish diets can
extend the shelf life of fish products.

In the future, it will probably become common practice to feed salmon on a diet
containing plant oils and fish oil. For some markets it may be necessary to feed
salmon a diet containing lipid originating only from fish oil for a period before
harvest. This feeding strategy would transform the fatty acid composition of the
edible muscle and make it more similar to that of a wild salmon, while helping to
conserve limited fish oil stocks. The continuing success of aquaculture will be largely
dependent on the image of fish as a healthy food, which provides people with a very
good source of protein and EFAs. The ratio of n-6 to n-3 fatty acids in the ‘western
diet’ is gradually increasing and there is a real concern that the substitution of fish
oils with vegetable oils may further reduce the proportion of the long chain »-3 fatty
acids in the human diet.

4.3.5 Animal fats

Although research continues into the use of hard fats, such as tallow, for use in
salmon diets, lipid sources with high melting points tend to be poorly digested at low
temperatures and are generally regarded as unsuitable for cold water species.

4.3.6 Carbohydrate

Earlier the role of carbohydrate in nutrition was discussed but carbohydrate has
other properties that make it a useful raw material for fish feed manufacturers.
Dietary carbohydrate is used in extruded feed, where it acts as a binder and as a
source of starch. The heat, steam and pressure in the extrusion process cause the
starch to gelatinise and the wheat to expand. The extrusion process helps increase the
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digestibility of carbohydrates and the physical stability of feed in water. The extent
to which the feed will expand is related to the starch content of the wheat.

4.3.7 Antioxidants

Modern high-energy salmon diets contain high levels of unsaturated lipids, which are
highly vulnerable to oxidation. The antioxidant level added to fishmeal and fish oil at
the processing factory is calculated to protect these products until they are trans-
ported to the fish feed factory and during subsequent storage. To prevent rancidity
of the oils developing in finished feed more antioxidant is added during manufacture.
As modern salmon diets have become more concentrated in lipid, so the requirement
for dietary antioxidant, used to prevent rancidity, has increased. The most common
antioxidant presently used in fish feed is ethoxyquin and there are alternatives, such
as butylated hydroxanisole (BHA) and butylated hydroxytoluene (BHT). The anti-
oxidant vitamin E, in the form of alpha-tocopherol acetate, is also added to feed in
increasing amounts as the levels of unsaturated fatty acids in the dietary lipid
increase. However, alpha-tocopherol acetate acts as an antioxidant source for the
fish, once the acetate has been removed releasing vitamin E, and not as an antiox-
idant in feed. Some of this dietary vitamin E passes into the organs, liver and muscle
tissues of the fish where it is stored and where it continues to function as an
antioxidant even after death. Failure to provide enough antioxidant in the feed
can result in the development of premature rancidity in the fish and reduce its
shelf life. Ascorbic acid (vitamin C) also has antioxidant properties and appears to
act synergistically with vitamin E, while selenium has an important function in the
enzyme pathways that prevent lipid peroxidation occurring.

44 THE MANUFACTURE AND DEVELOPMENT OF SALMON DIETS

Fish feed manufacturers operate in a competitive business environment. Each manu-
facturer aims to make a profit by supplying its customers with feed, but a healthy
feed supply business needs profitable customers. The cost of feed represents between
40-60% of the cost of producing farmed salmon, the variation being explained by
many factors including scale of operation, financial set-up, farming practices,
location and fish health status. The feed manufacturer must therefore formulate
feeds that have the potential to enable the salmon farmer to produce fish at a cost
that will allow both themselves and their fish farming customers to achieve profit-
ability. The feed producer formulates diets to supply the nutritional requirements of
each farmed species at every stage of the salmon’s life. An understanding of the life
cycle of the Atlantic salmon is fundamental to developing diets and feeding strategies
that will produce salmon at a minimum cost to the farmer and of the desired quality
to the consumer.
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4.4.1 Raw material supply and purchasing

The raw materials used in the manufacture of farmed salmon diets are primarily:
fishmeal, fish oil, soya, maize or rape protein meals, wheat, carotenoids, vitamins
and minerals. Although domestic supplies of the main feed ingredients are available,
the growth of the aquaculture industry has made it necessary to purchase raw
materials from other geographical locations. The majority of fishmeal and fish oil
is purchased from the principle producing areas of Scandinavia and South America.
The USA is the major source of the maize and soya protein used.

4.4.1.1 Protein sources

Figure 4.1 shows world fishmeal and fish oil production for ten years from 1989
1998. Over most of this period the world production of fishmeal has been relatively
stable. However, El Nifio can clearly be seen to have had a major effect on global
fishmeal production during 1998. This is further demonstrated in Figures 4.2 and 4.3,
which show world fishmeal output for 1994 and 1998 respectively. The reduction in
fishmeal production of 2.3 million tonnes can be attributed mainly to the 27% drop
in production in South America, a direct result of El Nifio. Simple supply/demand
economics resulted in the price of fishmeal escalating dramatically in 1998 to an all-
time high.
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Figure 4.1. World production of fish meal and fish oil 1989-1998.
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Figure 4.3. World fish meal output and origin for 1998.

Furthermore, variations in the supply and, hence, price of one raw material will
usually produce fluctuations in the price of related raw materials. Fishmeal and soya
are two of the most widely-used protein sources in animal feed and the price of soya,
relative to fishmeal, has a major influence on the use of fishmeal in animal feeds.
Figure 4.4, shows the mean eight-year price of Fair Average Quality (FAQ) fishmeal
displayed graphically alongside the price of soya over the same period. The protein
content of FAQ fishmeal (65%) is higher than that of soya (45%) and feed manu-
facturers vary the proportions of different raw materials in formulations on the basis
of the unit cost of protein.
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Figure 4.4. Price movements in fish meal (FAQ) and soya 1991-1999.

4.4.1.2 Fish oil

The countries in which fish oil is produced and their respective outputs are shown for
the period 1994 and 1998 in Figure 4.5a. World production of fish oil in 1994 is
steady at around 1.3 million tonnes per annum (Figure 4.1) but in the future demand
is predicted to outstrip supply.

Figure 4.5b shows the fluctuating price of fish oil with a strong upward price
trend over a ten-year period up to January 1999. There is a high probability that this
continuing upward trend in the price of fish oil will lead to the partial replacement of
fish oil with vegetable oils in farmed salmonid diets. In 1998 the FAO reported the
global production of plant oils to be 110.6 million tonnes, a figure which far outstrips
the supply of fish oil. Traditionally, and prior to the growth of the aquaculture
industry, the major use for fish oil was in margarine and industrial shortenings.
However, as the margarine manufacturers now predominantly produce spreads
made from vegetable oil, this sector’s requirement for fish oil has shrunk rapidly,
delaying the day when aquaculture demand will outstrip supply.

4.4.1.3 Manufacturing capacity

Fish feed manufacture is a high fixed-cost operation and the maximum use of a
producer’s capacity is the most effective means of absorbing fixed costs and
overheads and increasing competitiveness.

Salmon feed production is typically a seasonal business, affected by the natural
cycle of salmon production. In the Northern Hemisphere most smolts are still put to
sea in the spring months and there spend up to 18 months, which generates a
maximum demand for salmon feed in the autumn and early winter months.
Although the imbalance in demand is gradually easing, with a higher proportion
of smolts being put to sea in the autumn, the maximum production capacity is still
only reached for 3—4 months a year. In order to fulfil such seasonal variation in
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demand, manufacturing plants are much larger than they would be if demand were
non-seasonal, adding to fixed costs and overheads.

4.4.14 Purchasing raw materials

With fish farming companies demanding long contracts, the feed manufacturers need

certainty both as to the supply and price of raw materials.

There are two possible purchasing strategies, the first of which is simply to
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follow the market and purchase on a spot basis. This increases flexibility but also
increases the manufacturer’s exposure to fluctuations in the market, which will
almost certainly have an impact on profitability. The second is to secure long-term
contracts for raw materials, which ensures a fixed cost structure but reduces flex-
ibility and may impact on the manufacturer’s competitiveness in the market place.

With this latter strategy, in order to cover raw materials in the medium or long
term, purchasers need to be able to forecast future demand and supply accurately. It
is therefore vital for the purchaser to have access to market intelligence which is
available from analysts, government statistics, journals and trade bodies, and to
consider the use of price hedging instruments to protect price and margin. Despite
these tools, it is still difficult to guarantee the supply and price of raw materials, and
constraints such as supply uncertainty, competition and consumer/government-
imposed restrictions all have an impact. It is not easy to switch suddenly the
supply of raw materials such as fishmeal and fish oil, which may have to be
shipped from South America, and which tend to be produced out of synchronisation
with regard to the major periods of demand.

The skill of the raw material buyer is vital in determining the product cost, price
and eventual profitability of the feed companies.

4.4.2 Feed formulation

When formulating salmon diets, the feed formulator will normally first consider the
qualities of the available protein sources, before adjusting the energy content of the
feed to provide the optimum protein to energy ratio. Computerised linear feed
formulation programmes enable the formulator to use a basket of raw materials
to provide the most cost-effective diets, taking into account the dietary requirements
of the fish, the stability of potential ingredients and the cost and availability of raw
materials. This least-cost formulation strategy requires knowledge of the nutritional
requirements of Atlantic salmon, the bioavailability of the raw materials under
consideration and their energy content and cost. These programmes operate
within predetermined ranges for each essential and desirable nutrient.

4.4.2.1 Protein sparing

The manufacturing capability for adding oil to feed has improved to the extent that
even 40% oil diets have been produced for trial purposes. In terms of cost, fish oil
has typically been a less expensive form of energy than dietary protein. While this
remains so, it is usual to formulate farmed fish diets to contain just enough protein to
satisfy the growth and maintenance requirements of the salmon, leaving the lipid to
provide most of its energy requirements. This strategy is known as ‘protein sparing’.

4.4.3 Wet diets

The earliest farmed salmon diets were produced from fresh or frozen ‘industrial’ fish
sometimes mixed with animal waste products. This was a natural development in, for
example, the rural areas of Scandinavia, where marine salmon and trout farms
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sprang up in close proximity to traditional fishing villages. This practice increased
the vulnerability of farmed stocks to disease agents present in wild fish. In addition,
such feeding practices sometimes led to a local deterioration in water quality around
fish farms if uneaten fish sank to the seabed. Silage techniques offered an improve-
ment over the use of fresh and frozen fish. During this process whole fish and fish
waste is ensiled in acid, under controlled conditions and later added to a dry feed mix
before being fed to the fish. The silage produced is highly digestible and free from
disease agents and has the advantage of using local raw materials, but the product
can be variable in nature and difficult to handle. The process has fallen out of favour
as a method of producing salmon feed but is widely used to dispose of dead fish on
fish farms. The resulting silage is not fed back to farmed salmon.

4.4.4 The development of manufactured salmon diets

Early salmon diets were formulated using knowledge of wild salmon diets and from
analysis of the carcass composition of wild salmon. From the relatively small
number of post-smolts caught at sea, it is known that the diet of wild salmon
includes Themisto spp., krill (Euphasidae), herring, redfish larvae and blue whiting
larvae (Holst et al., 1996). In a review of published dietary EAA requirements of fish,
it was concluded that carcass AA profile could be used as a guideline for formulating
feed (Mambrini and Kaushik, 1995). These early formulations for salmon diets were
further refined, using the knowledge and experience gained from the dietary for-
mulations previously used for rainbow trout diets. Salmon farming is now a
strategically important industry in Norway, Chile and Scotland and this has stimu-
lated investment in further necessary research on the nutritional requirements of
commercially-farmed species, including the Atlantic salmon.

Fish feed manufacturers generally produce a range of specialist feeds, which may
include diets formulated for broodstock, special environmental conditions, stimulat-
ing health and for carcass quality.

4.4.4.1 Conventional pelleting

The early commercial diets were manufactured using a conventional pellet press
process, in which the raw materials are first blended, followed by the addition of
steam, before the material passes under pressure through rollers and a ring die. As
the pellets emerge through a large number of identically-sized holes in the rotating
die they are cut off to the appropriate length. During this process the temperature of
the material rises to between 60-70°C. This production method produces pellets with
a limited ability to contain oil and the early manufactured salmon diets usually
contained no more than 16% lipid.

The first manufactured diets enabled salmon farmers to make good profits but
20 years ago salmon farmers were getting almost £7.00 for each kilogram of salmon
produced, compared to less than £2.00 in 1999. It was thus possible to make money
then even though salmon farmers grew fish more slowly and fewer fish survived
compared to today.
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4.4.4.2 Pellet production by agglomeration

Agglomeration techniques have also been used to produce freshwater diets for
juvenile salmon. This method involves the use of a large spinning sunken disk, on
to which the raw materials are added while being sprayed with water. As the pellets
form they gradually move toward the edge of the disk. The formed pellets then fall
over the edge, where they are collected and dried. The size of the pellets can be
adjusted by changing the speed at which material is added to the disk and by
altering the angle and speed of rotation of the disk. This process produces a high-
energy diet with a high product density. Agglomerated products tend to have a
relatively fast sinking speed and may be more suitable for feeding where the water
column is deep, such as in silo systems.

Pellets produced by this method can have a tendency to break down rather
quickly in water and this can lead to water-quality problems in hatcheries.

4.4.4.3 Extruded pellet production

As the price of salmon began to fall farmers demanded improved diets, and fish feed
manufacturers developed and introduced extruded feeds for fish farming. A typical
salmon grower diet produced by this process would contain 45% protein and 26%
oil. During extrusion, the feed ingredients are pressurised and treated with water and
super heated steam at temperatures up to 120°C. Starch, from cereal in the raw
materials used, is gelatinised by a combination of work, moisture and heat in the
extruder barrel. As the material passes through the die about 6% of the moisture
content ‘flashes’ off, causing the material to puff up. This improves the digestibility
of the carbohydrate content and gives the extruded pellet an improved, more stable
matrix to which higher levels of oil can be added. Once the pellets have passed
through the die another 14-15% of moisture must be removed by a drying
process. The extruded matrix also has the advantage of allowing the feed producer
to control the speed at which the pellets sink (normal range 0.28-0.38 m/s). The
increased heat used during manufacture has the further advantage of killing any
pathogens present within the raw materials used. This is a more expensive process
than conventional pelleting but improves the energy density of the product and the
digestibility of several feed ingredients.

4.4.4.4 Fat coating technology

Recent developments of the fat coating process on the manufacturing lines of some
salmon feed producers have enabled dietary lipid levels to be increased further. The
raw materials used in the production of salmon diets will normally contribute
approximately 6% of the lipid in the mix before further oil is added. In order to
achieve the high levels of lipid now used in salmon diets, extra lipid is coated on to
the extruded pellet. The effectiveness of the fat coating process can be improved by
several methods: bathing the product in warmed oil can increase the exposure time of
the product to the oil or, alternatively, a vacuum infusion coating process can be
used to ‘pull’ the oil into the pellet. These improvements have led to a new generation
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of high-energy salmon grower diets containing 30-36% oil. Since manufactured
salmon diets were first produced there has been a continuing trend for the energy
content of diets to rise, while during the same period levels of dietary protein and,
more particularly, dietary carbohydrate have fallen.

4.4.4.5 Digestible protein: energy ratios

It is now common practice to use the terms digestible energy (DE) and digestible
protein (DP), rather than total energy and total protein in the feed. The optimum
DP : DE ratio will vary with fish size, so that a fast-growing small salmon, with a
high requirement for dietary protein, will have a higher optimum DP : DE value than
a large salmon where the demand for dietary protein is lower. In a trial on Atlantic
salmon, ranging in weight from 1-5 kg and fed on a range of high-energy diets, it was
found that the dietary protein/energy ratio should be reduced as the fish increase in
weight. The following DP/DE ratios were suggested for Atlantic salmon in seawater:
19gMJ_l for fish of 1-2.5kg and 16—17gMJ*I for fish of 2.5-5.0kg (Einen and
Roem, 1997).

Optimising the DP:DE ratio minimises the use of protein as an energy source
and maximises the use of dietary lipid for energy (protein-sparing). There are distinct
advantages to be gained from use of more energy-dense diets: feed conversion
efficiencies are improved and less waste material is produced by the fish (Hillestad
et al., 1998).

4.5 SALMON DIETS

4.5.1 Freshwater diets

Freshwater smolt diets typically contain between 50-54% protein and 16-24% oil,
with protein levels decreasing and oil levels increasing as the fish grows. For juvenile
salmon the size of the feed particles is of prime importance. To achieve a range of
suitably-sized feed particles, a larger ‘grower’-sized pellet can be crumbled under
controlled conditions. The resulting mixture of dust, particles and chips can then
be sieved using specifically selected sieve meshes to give the chosen range of feed
sizes. Using an ‘extruded’ pellet for crushing gives a marked advantage in terms of
reducing the sinking speed of the particles and in improving the water stability of the
feed. This latter point is particularly important in the salmon hatchery, where the
presence of uneaten food, breaking down before it leaves the rearing enclosures, can
lead to poor water quality and potential fish health problems.

Some research has been carried out on the importance of pellet shape, and it has
been reported that pellets of long and intermediate length elicited a more rapid
response but were more likely to be rejected by juvenile salmon (Stradmeyer et al.,
1988; Smith et al., 1995). Juvenile salmon apparently preferred a softer pellet, but it
was acknowledged that there may also be an interaction between the effects of pellet
size and hardness (Mearns, 1990). Wild salmon have presumably evolved to cope
with food of variable dimensions, and in most conditions hungry farmed fish are able
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to ingest a wide range of pellet sizes (C. Talbot, personal communication). At critical
times or at times of low feeding motivation, such as following transfer to seawater,
pellet size may be more important (Stradmeyer, 1994).

4.5.1.1 Phosphorus

Another of the factors that fish feed formulators must take into account concerns the
addition of dietary phosphorus. Phosphorus is usually the first limiting nutrient for
algal blooms in fresh and brackish waters, while in seawater nitrogen is usually
assumed to be limiting (Auer et al, 1986; Sakshuaug and Olsen, 1986). Fish
require a relatively high input of phosphorus, which is used in the formation of
bone and in their metabolic processes. Phosphorus contained in fishmeal is poorly
absorbed and supplemental phosphorus is required in the diet (Nordrum et al.,
1997). Fish excrete some of the dietary phosphorus as well as ammonia, which
can combine to contribute to the build up of nutrients in freshwater leading to the
eutrophication of freshwater lakes and lochs. The amount of phosphorus entering
Scottish freshwater systems is monitored and closely controlled by the Scottish En-
vironmental Protection Agency (SEPA). The formulator of freshwater fish feeds
must therefore satisfy the dietary requirements of the fish but minimise any excess
dietary phosphorus. Salmon diets usually contain between 0.90-1.80% total phos-
phorus. The use of fishmeal containing little or no bone and the replacement of some
of the animal protein with vegetable protein has helped to reduce dietary phosphorus
levels without the occurrence of deficiency symptoms. Bergheim and Sveier (1995)
found that the replacement of 60% of the herring meal with vegetable protein in a
commercial salmon diet almost halved phosphorus excretion without affecting
growth rate or feed utilisation. Phosphorus deficiency may result in poor growth,
poor feed utilisation and reduced bone mineralisation (Lall, 1991). However, soya,
wheat and corn-based protein concentrates may be lower in total phosphorus but are
also lower in available phosphorus. This is because phytate binds phosphorus so
tightly that fish cannot digest it. The dietary requirement for phosphorus for Atlantic
salmon has been found to be 11gkg™' (Asgard and Shearer, 1997) and the total
phosphorus content of dry feed for salmonids is usually 10-15gkg ' feed (Bergheim
and Sveier, 1995). The use of the enzyme phytase can improve the bioavailability of
phosphorus from plant proteins and offers the potential to reduce phosphorus
output from freshwater smolt production. The use of enzymes as ingredients of
salmon diets must first be sanctioned. The use of phytase was discussed earlier
(see Section 4.3.2.5).

4.5.2 Transfer diets

As the parr age they migrate downstream and undergo a series of physiological
changes that will adapt them for life in the sea. Some feed manufacturers
formulate ‘transfer diets’ that have added salt, and such diets have been shown to
increase the number of chloride cells in the gills. These chloride cells naturally
increase in number following seawater transfer and act by excreting excess sodium
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salts from the blood of the fish. Virtanen et al. (1989) studied the use of betaine/
amino acid as a feed additive for improving the osmotic adaptation of Atlantic
salmon smolts. Some feed manufacturers now offer smolt diets supplemented with
FinnStim (betaine plus 3% protein hydrolysate) which has been shown to act as an
osmoprotectant in coho salmon smolts. In this study it was concluded that the
betaine acted by decreasing muscle potassium load, resulting in improved seawater
performance of smolts relative to fish fed a non-supplemented diet (Castro et al.,
1998). Transfer diets containing extra salt could increase the osmoregulatory loading
on the fish and should therefore never be fed to newly-transferred post-smolts in
the sea.

In a more recent development smolt diets supplemented with nucleotides have
been fed to smolts for a period of several weeks prior to seawater transfer and for
several weeks post-transfer. This practice is said to improve the growth performance
and survival of vaccinated fish during their first year at sea, but the research behind
this has yet to be published. A more detailed description on the use of nucleotides is
given in Section 4.5.5.

4.5.3 Marine salmon diets

Once the smolts have adapted to seawater they are fed a diet with high DP:DE ratio,
which is typically reduced with increasing fish weight. The protein level in the diet
may approach 48-50% following transfer but can be gradually reduced to 36-42%
approaching harvest at 3-4kg. Conversely, dietary lipid levels move in the opposite
direction, starting at 24-26% and reaching 30-40% prior to harvest. Figure 4.6,
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