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INTRODUCTION

Hatcheries for production of salmonids were well established during the latter part
of the last century (see Chapter 1). For the most part, these pioneering efforls
concentrated on the production of fry and fingerlings for release into streams. During
the last four decades, large-scale hatchery programs involving rearing of smolts for release
have been established in Europe, North America and Asia. More recently, a large
international salmon farming industry has come to depend upon the production of
millions of smolts for stocking into netpens and rearing to a marketable size.

"As the winter's chill is taken off the waters by the warm sun of spring, the fry
Erows and grows, escaping all kinds of dangers, and increasing in weight and strength, till
it is gratefully recognized by the juvenile angler as the little parr, clad in a very gay livery,
and which nobody believed, till lately, would ever become a salmon. An interesting
episade occurs when the little fish attains the first year of its age — one-half of the shoal
becoming smolts, eager for change of scene; the other half remaining in the parr state for
a year longer” (Anonymous 1861).

~ When this description of juvenile development was written. naturalists were just
l5"35“'111"!51 o understand the life cycle of Atlantic salmon {Salrer sular). More than a
century later, we now recognize that the transformation of the stream-dwelling parr to




518

the silvery smalt entails many behavioral, morphological and physiological changes that
prepare juvenile salmonids for their feeding migration to the sea {(Hoar [988)

This understanding has been achieved through considerable experimentation,
particularly with Atlantic and coho salman {Orcorhynchs kisaich) as s evident in several
symposia on salmon smolting (Bern and Mahnken 1982; Thorpe et al. 1985; Hansen et
al. 1989, Saunders et al. 1994a). The emphasis on these two species is due to both their
economicimportance and theirwell-defined parr-smolt transformation, which is amenable
to study.

However, the classic description of smolting as developed from studies of Atlantic
and coho salmon does not pertain to all anadromous salmonids because there is
considerable variation among species (Hoar 1976, McCormick and Saunders 1987,
MeCormick 1994; Clarke and Hirano 1995). Smolts vary not only with respect to the size
and age at which they are able to thrive in seawater but also in the seasonal
environmental cues which synchronize their development. On the one hand, pink
{Oncorhiynchus gorbuscha) and chum (0. keta) salmon enter the ocean soon after
emergence to grow for only a year or more; on the other, Arctic charr (Salvelinus alpinus)
enter the sea for a brief period of a few weeks or months during the summer.

In this chapter, we review the biology of the parr-smolt transformation in the
major anadromous species that are under cultivation, indicating the features that they
share and the differences among them. These differences have led to varying techniques
for rearing them.

The first salmon hatchery in the U.K. was established in 1868 (see Chapter 1),
Salmon hatching techniques were introduced to Japan in 1876 and by 1888, the Chitose
Central Salmon Hatchery was established near Sapporo, Hokkaido (Kaeriyama 1989).
The first salmon hatchery in North America was built by Samuel Wilmot at Newcastle
on Lake Ontario. Upon Wilmot's recommendation, in 1866 the Government of Upper
Canada, by an order-in council, reserved Wilmot's Creek for the natural and artificial
propagation of Atlantic salmon (Dunfield 1985). Wilmot was later superintendent of fish
culture for the federal government from 1876 to 1895 and established 15 hatcheries across
Canada. The Craig Brook salmon hatchery near East Orland, Maine was established in
1871 and it 1s still open today,

The first salmon hatchery in western North America was built in 1872 on the
McCloud River in California under the direction of the US. Fish Commission. It
incubated chinook salmon (Oncorhynchus tshawyischa) epgs to the eyed stage and then
shipped them by stage coach and train across the U.S. for stocking rivers on the mlarfllc
coast. Numerous hatcheries were then established in Washington and Oregon beginning
in 1877 (Nash 1995). The first salmon hatchery in British Columbia was built at P'_Iﬁ“'
Westminster, near the mouth of the Fraser River in 1884 and by 1910 there were e:ght
such facilities (Gough 1991}, The first of many Alaskan hatcheries was built on Kodiak
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Island 1n 1891 and by 1901, one with'a capacity of 110 million cggs was built an
[evillagigedo Island near the southern tip of the Alaska panhandle. The hatcheries in
British Columbia and Alaska concentrated on the production of sockeye salmon
{Oncorhynchus nerka) By 1929 there were 72 hatcheries from California to Alaska; the
cumulative releases of fry up to 1928 were in excess of 12 billion {Wahle and Smith
1979).

Between 1929 and the early 1940s, all but three of the 18 US. federal salmon
hatcheries were closed or turned over to state governments. The hatcheries in British
Columbia, Alaska and California also were closed but most hatchenes operated by the
States of Washington and Oregon remained in operation.

Decline in support for hatcheries came with the realization that they were
contributing little if anything to the fisheries. The standard practice of the early
hatcheries was to release fry soon after the eggs hatched, when the yolk sac had been
absorbed (Wahle and Smith 1979). In the absence of scientific knowledge of basic
husbandry, staff of the early hatchenies learned by trial and error. Improvement of
techniques for producing smolts for release evolved gradually from the early empirical
practices. Ower time, it was learned that larger, older juveniles had a much higher rate
of survival to adulthood than did fry. A major breakthrough in this area was the
introduction of effective manufactured diets in the early 1960s which greatly improved
growth and health of presmolt salmon (Cleaver 1969). Current fish husbandry techniques
based on systematic investigation of salmon biology have evolved in concert with the
expansion of hatcheries for stock restoration since the 1950s and 1960s and more recently
with the growth of commercial salmon farming.

There was a resurgence of hatchery construction in the Columbia River basin in
the 1940s following construction of the Grand Coulee Dam that prevented Pacific salmon
from migrating to spawning areas in the upper portions of the river. Numerous
additional hydroelectric dams constructed throughout the lower basin resulted in a
number of new hatcheries being established with the aim of restoring the wild stocks
caused by habitat alteration (Wahle and Smith 1979). Similarly, large-scale hydroelectric
development on major salmon rivers in Sweden afler World War 11 stimulated the
construction of hatcheries rearing Atlantic salmon smolts to compensate for lost natural
production (Lindroth and Larson 1985). With the advent of improved techniques for
production of smolts, many hatcheries in Alaska were re-opened beginning in the 1950s
and in British Columbia in the late 1960s and early 1970s.

BIOLOGY OF THE PARR-SMOLT TRANSFORMATION

An understanding of the physiological basis for the parr-smolt transformation (v
smoltification) is reuuited for the effective operation of salmon hatcheries. Whether they
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are producing smolts for release in support of fishenes or for transfer to netpens for
growout, hatcheries must provide coordinated environmental cues to ensure that smalp
development 18 synchronized for a successful transiion lo scawater

Changes Associated with Smolting

Life History and Anatomical Changes (see also Chapters 2 and 3). Changes in body
form and colouration are most obvious in species such as the Atlantic salmon
(McCormick et al. 1985) and the coho salmon {Gorbman et al. 1982, Winans and
Mishioka 1987). In these species, the deep-bodied, eryptically coloured stream-dwelling
parr becomes a slender, silvery smolt with darkly pigmented margins of the dorsal and
caudal fins. The development of silvering is caused by the deposition of guanine and
hypoxanthine in two layers beneath the scales and deep in the dermis (Markert and
Vanstone 1966; Johnston and Eales 1967).

Atlantic salmon oceur in rivers flowing into the northeast Atlantic from Spain and
Portugal north through France, the UK., Ireland, Norway, Sweden, Finland, Russia,
across 1o leeland, Greenland, and down through rivers on the western side of the Atlantic
Ocean through Canada and the U.S. as far south as Connecticut. In some European
rivers, Atlantic salmon may smolt at age 1+ (i.e., 51}, but most are two years old. Smolts
in eastern North America are rarely under two years old; four- and five-year-old smolts
are not uncommon in the northern part of the range (Power 1961). Atlantic salmon
smolts range from 125 to 180 mm fork length, depending on age and stock.

As with Atlantic salmon, brown trout (Salme trutta) exist in both anadromous
(often termed sea trout) and resident forms. Anadromous and non-anadromous fish of
both sexes can occur in the same river and are apparently the same genetic stock {Hindar
et al. 1991). Smolts develop after two to six years and range in size from 110 to 200 mm
fork length. The downstream migration occurs in spring and adults spend from one to
three years at sea before returning as mature spawners (@kland et al. 1993; L'Abee-Lund
1994).

All species of Pacific salmon are propagated in hatcheries for release in order to
support commercial and recreational fisheries. Chinook and coho salmon are also
produced for stocking netpens in commercial salmon farms.

The masu salmon (Oncorhynchus masou) occurs only in Asia, specifically in Japan,
eastern Korea and northward to the Sea of Okhotsk. In northern areas such as the
Island of Hokkaido, it is mainly anadromous but in the southern part of its range it
completes its life cycle entirely in the rivers as "yamame”. The stream-dwelling juveniles
are deep-bodied and have prominent parr marks. The smolts are readily distinguished
by a loss of parr marks, development of a silver colour and a more slender body form.
In Hokkaido, the peak downstream movement of masu salmon smolis occurs during the




first hall of May of the sceond spring (Kato 19%1). The smaolts average -1 mim Tork
lemgth Many rapidly growing undervearhing males hecame sexvally mature in autumn.
they do not become smolis o the followang spring but remain in the river {Aada et al
[9%4)  The amago salmaon (0 rhodnras) s closely related o the maso salmon and is
considered 1o be a subspecies by some authors {(Nomachn T984; Robans et al 1991y The
amago salmon has a very limited distribution in rivers along the eastern coast of central
Honshu lsland and on nearby Shikoku Island, Japan (Kato 1991} Juvenile amago salman
grow in streams during the first year. Many males become sexually mature in autumn of
the first vear and are not able to acclimate to seawater, while a variable proportion of the
larger sexvally immature fish become smolts in late November and December (Nagahama
et al. 1982). Closely related to the amago is the "biwamasu”, a lake-dwelling form from
Lake Biw" on southwestern Honshu Island, Japan. Fry of the biwamasu become partially
silvered during their first spring and migrate downstream into Lake Biwa where they grow
for three to five years until they return upstream o spawn. When held under pond
conditions, biwamasu grow more slowly and exhibit less intense body silvering and
darkening of the outer margins of the dorsal fin than do amago (Fujioka 1987).

The coho salmon 15 most common along the west coast of MNorth America where
it 1s found from California to Alaska; on the Asian coast it occurs from the Bering Sea
south to Sakhalin Island and the northern part of Hokkaido Island in Japan (Sandercock
19913, Juvenile coho salmon wsually spend at least a year in fresh water, often in small
coastal streams. The seaward migration of smolts occurs from late April to June. As
with the masu, the stream-dwelling parr are cryptically coloured with prominent parr
marks while the smolts are silvery.

The chinook salmon occurs in medium and large rivers from California to northern
Hokkaido (Healey 1991). There are two major juvenile life history forms: "ocean-type”,
which enter the sea as underyearlings, and "stream-type”, which spend one or more years
in fresh water. Ocean-type juveniles migrate downstream either soon after emergence
as fry or after several months as fingerlings and remain in low salinity waters of estuaries
for one or two months until they reach a size of 70 mm fork length. Subsequently, they
move offshore. The stream-type life history pattern is predominant in Asian and Alaskan
populations and occurs also in headwater tributaries, particularly in larger rivers,
elsewhere in North America (Taylor 1990, Healey 1991). They reside in rivers for one
or more years until they reach a size of 75-125 mm fork length and undertake the
seaward smolt migration; unlike the ocean-type juveniles, they do not reside for an
extended time in estuaries, but disperse into marine waters. Chinook frv have large parr
marks. Unlike coho, ocean-type chinook do not undergo as distinct a transformation
from parr to smolt while in fresh water; instead they gradually become more silvery as
they grow in estuarine areas. In contrast, the stream-type chinook smolt is readily
distinguished from the parr stage by its silvery colour, elongated shape and darkly
pigmented margins of the dorsal and caudal fins.




Sockeye salmon are found along the North American coast from the Klamath
River in California to the Yukon River in Alaska and along the coast of Asia from the
northern Bering Sea south to the northern shore of the Sea of Okhotsk (Burgner 1991
Sockeye salmon exhibit a variety of life history patterns. At one end of the spectrum 5
the kokanee, a permanent freshwater resident form of sockeye salmon that may oceur in
sympatry with anadromous populations or in lakes which are not accessible from the sea.
Kokanee are found naturally in lakes from Idaho around to Hokkaido but their range has
been extended considerably by introductions. Juvenile sockeye usually reside in lakes for
at least one or two years before migrating seaward as smolts from April to June
However, in some river systems without lakes, there are "ocean-type” populations of
sockeye salmon that enter the sea as underyearlings and "river-type” populations that
inhabit river channels for at least one year (Birtwell et al. 1987, Wood et al. 1987).
Sockeye fry have short parr marks and black spots on the back. The pelagic feeding stape
in lakes has a darker back and the parr marks become less distinct with silvering of the
sides. At the time of smolting, they become more silvery and streamlined.

The chum salmon is found along the Pacific and Arctic coasts of North America
from California to the Mackenzie River and in Asia from the Lena River in the Arctic
south to Korea (Salo 1991). Juvenile chum enter the sea as underyearlings, usually soon
after emergence at a size of 35-45 mm. However, in some populations, migration may
be delayed and the fry grow to 60 or 70 mm in length in the river or estuary (Sparrow
1968; Mason 1974). In the Amur River, juvenile chum salmon may grow to a size of 90
mm. Although chum salmon fry have small parr marks, there is no distinct morphological
transformation to the smolt stage.

The pink salmon has an extensive range from California to the Arctic coasts of
North America and Asia and along the western Pacific coast to Korea on the Japan Sea
(Heard 1991). Juvenile pink salmon migrate seaward very soon after emergence from the
gravel at a size of 28-35 mm fork length and 130 to 260 mg in weight. Juvenile pink
salmon lack typical parr marks; the fry are green on the back and silver on the sides from
the time of emergence.

Steelhead trout (Oncorhynchus mykiss) are the anadromous form of rainbow trout.
They are found in North American rivers from California to Alaska and in Asia, mainly
on the Kamchatka peninsula (Burgner et al. 1992). Throughout this range, they co-occur
with non-migratory rainbow trout. Juveniles reside for one to five years in fresh water
before entering the sea as smolts during late April and early May at sizes ranging from
125-225 mm fork length. Smolts acquire a silvery colour and become more slender.

Most populations of brook trout (also termed brook charr, Salvelinus fontinalis)
are resident in fresh water although there are anadromous populations in many coastal
rivers of northeastern Morth America (Maiman et al. 1957} In northern latiludL‘S_, brook
charr migrations are characterized by spring emigrations of 2- to 4-year-old fish that




remain in seawater for only two 1o four months. In the southern portion of is range,
seaward migration 15 more variable, and often occurs in the autumn

Arctic charr occur as both anadromous and resident populations in a circumpolar
distnibution in rivers surrounding the Arctic Occan. Anadromous populations are usually
found north of latitude 60°N. Anadromous stocks of Arctic charr typically migrate 1o the
sea for the first ime afier three to seven years in fresh water at a length of 170 to 260
mm (Finstad et al. 1989a). Smolting is not obvious externally in Arctic charr. Unlike
salmon, charr do not over-winter in the sea but usually return to fresh water after as little
as a month. Another contrast with salmon is that the upsiream migrants are frequently
not sexually mature (Johnson 1980).

Physiological Changes. An essential part of the parr-smolt transformation is an
increase in euryhalinity which allows the smolt to live in salinities varying from soft fresh
water to full strength seawater. Although the timing of development of hypo-
osmoregulatory capacity differs among species, the physiological mechanisms which
prepare salmon for life in the sea are common to all.

The body fluids of salmonids have an osmotic concentration approximately one-
third that of seawater. While salmonids are in fresh water, the concentration gradient
favours entry of water into the body and loss of salts by diffusion (i.e., they are
hyperosmotic to the external water). Most of these movements occur across the gill
surface because the rest of the body surface is relatively impermeable. To counter these
passive flows, the fish excretes the excess water as a dilute urine and obtains salts from
the food as well as by active uptake across the gill surface. Once salmonids enter salt
water, the osmotic gradient is reversed (i.e., they are hypo-osmotic to the external water).
Loss of water and diffusion of salts into the body are restored by drinking seawater; urine
flow is reduced to conserve water and salts are actively excreted across the gill by
mitochondrial-rich cells called “chloride cells” (see Chapter 2). The excretion of salts is
accomplished by means of an enzyme, Na® K'-adenosine triphosphatase (ATPase), that
15 often measured as an indicator of smolt quality (see page 545).

Hormonal Control of Smolting

Although changes in many hormones are associated with smolting, the actions of
most are not well understood.  Only the major hormones associated with smolt
development that have been most intensively studied are reviewed (see Chapter 2 for
more information on the endocrine glands and the hormones they secrete)

Thyroid Hormones.  Smolting involves a number of developmental changes
meluding growth, body shape. behaviour, pigmentation and an increase in ewrvhalinity.
s perhaps not surprising then, that the thyroid, which has long been known (o have
mportant developmental effects in vertebrates, 15 involved in smolting  Destruction of
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:::;*m':}’.”"d J-‘.'-?“d ‘-"'-'ll‘- fULlrm.?f to depress growth of juvenile steelhead trout and chinook
o r:., narmal gromh.ufm restored following treatment witkh thyroxine (Norris 19691
lqﬁj;v;:?a:hzfl:i:;clhr};:::t :Si;;ula:u!c salmon sn.mlls. was first described by W. Hoar |i:
) : U“*_r} of a surge in circulating thyroid hormone leve]
coho aud.masu salmon smolts (Dickhoff et al. 1978; Nishikawa e al. 1979y <t .5 %
rencwed interest in the role of the thyroid, Although treatment w'u_hlth m_{!shlmui.m_-;j
usually has little effect on acclimation 10 seawater, it does cause the incrﬂiisr!s in‘::!:::i?“
and_ gmwm rate wswally associated with smofting. Trirodothyronine ha; .n.:-;:}e
admunistered in the diet in a number of species to accelerate growth and appearance of
smolt characteristics (McBride et al. 1982; Shelbourn et al. 1992; Bocuf et al. 199%4a).
Juvenile eoho salmon that are transferred prematurely to seawater become stunted and
have a number of differences in hormone function compared with typical smolts (Clarke
and Nagahama 1977, Nishioka et al. 1982). The thyroid of stunts appears inactive and
plasma thyroid hormone levels are reduced (Folmar et al. 1982). Thyroid hormones are
also involved in the olfactory imprinting of smolts which facilitates their return to their
natal stream as sexually mature adults (Scholz et al. 1985; Morin et al. 1989).

Cortisol. A steroid hormone secreted by the interrenal tissue, cortisol plays a
major role as an osmoregulatory hormone in teleosts and is immunosuppressive during
stress (Mazeaud et al. 1977; Barton et al. 1985; Barton and Iwama 1991). It has long
been known that the interrenal cells are hypertrophied in juvenile Atlantic and coho
salmon at the time of smolting (McLeay 1975; Olivereau 1975; Specker 1982). Cortisol
treatment assisted regulation of plasma electrolyte concentrations in juvenile sea (brown)
trout, Atlantic salmon and coho salmon after transfer to seawater (Richman and Zaugg
1987; Madsen 1990; Bisbal and Specker 1991). Cortisol is known to act directly on the
gill to induce differentiation of chloride cells and stimulate increased Na* K*-ATPase
activity (McCormick and Bern 1989). Cortisol also influences changes in lipid metabolism
that occur in smolts, such as the reduction in total lipid and triacylglycerol content of
dark muscle and liver tissue (Sheridan 1989).

Growth Hormone. Pituitary growth hormone not only promotes growth of juvenile
[ salmon but also increases survival in seawater. Although growth hormone is not
' considered an important osmoregulatory hormone in most teleosts, it has been shown to
facilitate regulation of plasma ion concentrations in juvenile salmonids after transfer to
seawater (Komourdjian et al. 1976; Clarke et al. 1977; Miwa and Inui 1985; Bolton et al.
1987, Hirano et al. 1987; Madsen 1990) and to stimulate the development of gill Na*,K'-
ATPase (Richman and Zaugg 1987). Secretion of growth hormone increases following
entry of salmonids into seawater. Growth hormone stimulates production of insulin-like
growth factor | (IGF-I) in the liver, gill, and kidney, which in turn stimulates an increase
in gill Na*,K*-ATPase (Sakamoto et al. 1993, 1994). Growth hormone also stimulates
conversion of thyroxine to triiodothyronine (Leloup and Lebel 1993) and sensitizes the
interrenal tissue to adrenocorticotropic hormone (ACTH) (Young 1988). Thus, growth
hormone acts in combination with cortisol and thyroid hormones to influence smolt
development.
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Sevual Materation. Sex hormones seereted by the westes of precocions male parr
ol puvemile amago, Atlantic, chinook. and mase salmon as well as sca trout are inhibitory
o smoll development {Nagahama et al 1982, Aada et al 1984, Lundgvist ¢t al 1986,
Thorpe 1987, Dellefors and Faremo 198K, Foote et al [949])

Environmental Cues Governing Smolting

Pactfic Salmon and Steelhead Trowt Pacific salmon can be divided into two groups
according to the environmental cues that gude thenr development to the smolt stage
(Clarke 1992). In the first group are chum, pink, and ocean-type chinook salmon that
do not require photoperiod cues for growth and development to the time of seawater
entry. These species grow to a specific size which i1s associated with attainment of the
capacity for hypo-osmoregulation in seawater as underyearlings. Their relatively small
size at seawater entry and insensitivity to photoperiod makes them more compatible with
hatchery propagation. In the second group are coho, stream-type chinook and masu
salmon as well as steelhead trout. In the latter group, both growth and smolt development
are influenced not only by temperature but also by photoperiod. They normally remain
in fresh water for a year or more and their growth in fresh water is highly seasonal.
Successful hatchery propagation of these species is more complex than for the first group
since it requires the coordinated application of appropriate temperature and photopenod
conditions; it is also more expensive, because of the larger size of the smolts,

Water temperature has a strong effect on growth rate (see Chapter 7) and thus
influences the time at which juveniles reach the body size required for smolt
development. In this way, temperature can determine not only the year but also the
season at which smolt development oceurs. Kubo (1965) reported that presmolt masu
salmon transferred to elevated water temperatures of 9-14°C in early March became
smolts earlier than those held at ambient temperatures of 4-6°C. Juvenile coho salmon
held in the laboratory at 10°C exhibited maximal levels of gill Na* ,K*-ATPase one month
carlier than those held at 6°C (Zaugg and McLain 1976). Ocean-type chinook juveniles
held in the laboratory at 17°C reached maximal hypo-osmoregulatory capacity in seawater
about two months earlier than those held at 9°C (Clarke and Shelbourn 1985). This
effect of temperature was not strictly a function of body size, because smolts reared at
high and low temperature exhibited maximal hypo-osmoregulatory capacity in seawater
at different sizes. Seasonal temperature cycles are known o affect smolt development
in yearling coho salmon. Accumulated temperature units in a coastal stream during the
month of April explained 76% of the variation in median date of migration for wild 51
coho salmon smolts and 80% for 52 smolts (Holtby 1988). Clearcut logging of the
watershed increased stream temperatures and advanced the median day of migration by
about 10 days. Coho salmon hatcheries in Pugel Sound. Washingion with a seasonally
fluctuating water temperature obtain higher rates of adult returns than do those with a
relatively constant temperature during spring (Olson 1978). Sinnlarly, juvenile steelhead
trout held on a seasonal temperature cyele of 6.9-18 6°C exhibited greater migratory




behaviour and a more pronounced elevation of gill Na® K'-ATPase activity than those
held at a constant temperature of 12°C (Zaugg and Wagner 1973; Wagner 1974)

l'emperatures must be sufficient to permit growth of juveniles to smoll size Lyt
not 50 high as to inhibit acclimation to seawater. Usually, temperatures in the 10-14°C
range are most beneficial during the scason of smolt development and migration. Ay
20°C, juvenile coho salmon exhibit only a transitory increase in gill Na' K" -ATPase
activity (Zaugp and MclLean 1976). Acclimation to seawater is impaired at temperatures
above 16-17°C.

Photoperiod provides important seasonal information and is the main
environmental cue that synchronizes the annual cycle of growth and smolting in species
such as coho, masu and stream-type chinook salmon as well as steelhead trout that
overwinter in fresh water (Hoar 1976). In nature, fry of these species emerge from the
gravel under long spring daylength and then perceive a cycle of long summer days
followed by short winter days; lastly, they become smolts in response to increasing
daylength in their second year of life. It has been known for some time that exposure
of one-summer-old juveniles to long daylength during fall and winter accelerates growth
and advances the development of smolt characteristics (Clarke et al. 1978; Zaugg 1981).
More recently, it has become apparent that photoperiod conditions during the months
immediately following first feeding influence growth and smolting during the first summer
{Clarke and Shelbourn 1986). In a hatchery using groundwater or artificially heated
water for egg incubation, the time of emergence of fry can be advanced by several
months. Under ambient daylight, this has the effect of changing the photoperiod phase
at the time of first feeding from long-day to short-day. As a result, growth and smolting
may be accelerated (see page 337).

Atlantic Salmon. Conventional wisdom says that Atlantic salmon parr transform
into smolts in the spring under the influence of photoperiod and temperature (see Hoar
1988); river discharge together with temperature influence the time of downstream
migration {Jonsson and Rudd-Hansen 1985). The smolting process in Atlantic salmon
is completed in the spring, having started some months earlier (see Kristinsson et al. 1983;
Hoar 1988). In production systems using natural temperature regimes, growth slows or
stops in the fall when temperature falls to 3-4°C. By that time, any parr that have
reached a threshold size and an accumulation of metabolic reserves make the "decision”
to commence smolting (Saunders et al. 19946). The consequence of this decision is a
surge in growth resulting in these fish distancing themselves from the other parr that have
not made this decision. Fish smaller than the threshold size reduce their growth rate
under short-day photoperiod in winter (Skilbrei 1991). A visible result is development
of bimodality in length frequency, the upper modal fish being on a developmental path
for completion of smolting the following spring; the others will not smolt until a year later
(Thorpe 1977). The threshold size has been reported to vary between 75 and 100 mm
fork length among various stocks of Atlantic salmon (Kristinsson et al. 1985, Skilbrel
1991).




