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Abstract: A variety of movements characterize the behavioral plasticity of Atlantic salmon (Salmo salar) in fresh
water, including movements of fry from redds, establishment of feeding territories, spawning movements of sexually
mature male parr, movement to and from winter habitat, and smolt migration in spring. Smolting is an adaptive
specialization for downstream migration, seawater entry, and marine residence. While still in fresh water, smolts
become silvery and streamlined, lose their positive rheotaxis and territoriality, and begin schooling. Physiological
changes include increased salinity tolerance, olfactory sensitivity, metabolic rate, scope for growth, and altered
hemoglobin and visual pigments. Through their impact on the neuroendocrine system, photoperiod and temperature
regulate physiological changes, whereas temperature and water flow may initiate migration. Smolt survival is affected
by a limited period of readiness (a physiological “smolt window”) and the timing of seawater entry with environmental
conditions such as temperature, food, and predators (an ecological “smolt window”). Smolt development is adversely
affected by acidity, pollutants, and improper rearing conditions, and is often more sensitive than other life stages.
Unfortunately, the migration corridor of smolts (mainstems of rivers and estuaries) are the most heavily impacted by
pollution, dams, and other anthropogenic activities that may be directly lethal or increase mortality by delaying or
inhibiting smolt migration.

Résumé: Une grande variété de déplacements caractérise la plasticité comportementale du saumon de l’Atlantique en
eau douce, notamment le départ des alevins qui quittent le nid, l’établissement de territoires d’alimentation, les
déplacements génésiques des tacons mâles sexuellement matures, les allers-retours vers les zones d’hivernage, et la
dévalaison des smolts au printemps. La smoltification est une spécialisation adaptative enn vue de la dévalaison, de
l’entrée dans l’eau salée, et du séjour océanique. Alors qu’ils sont encore en eau douce, les smolts prennent leur livrée
argentée et leur forme devient plus hydrodynamique, ils perdent leur rhéotaxie positive et leur territorialité, et
commencent à se rassembler en bancs. Ils subissent des changements d’ordre physiologique : tolérance accrue à la
salinité, sensibilité olfactive, métabolisme, potentiel de croissance et modification de l’hémoglobine et des pigments
visuels. Par leur impact sur le système neuroendocrinien, la photopériode et la température régulent les changements
physiologiques, tandis que la température et le débit peuvent déclencher la migration. La survie des smolts est affectée
par l’existence d’une période limitée de condition optimale (une « fenêtre physiologique ») et par la synchronisation de
l’entrée en eau salée avec des conditions environnementales comme la température, la nourriture, et la présence de
prédateurs (une « fenêtre écologique »). Le développement des smolts est négativement affecté par l’acidité, les
polluants, et les mauvaises conditions de grossissement, et ce stade est souvent plus vulnérable que les autres.
Malheureusement, le corridor de migration des smolts (cours principal des cours d’eau et estuaires) passe par les eaux
les plus fortement touchées par la pollution, les barrages, et d’autres activités humaines qui peuvent avoir un effet létal
direct ou accroître la mortalité en retardant ou en empêchant la migration des jeunes saumons.

[Traduit par la Rédaction] McCormick et al. 92

Migration is the hallmark of salmon life history. When ju-
venile Atlantic salmon (Salmo salar) reach a certain size-
related developmental stage in fresh water, they leave their
rearing tributaries in spring and begin a journey that will
take them downriver, through estuaries, and hundreds or
thousands of kilometres to ocean feeding areas. Prior to and
during this downstream movement, they display many com-
plex physiological, behavioral, and morphological adapta-
tions for seaward migration and life at sea. Along with these
complex changes, smolts face other challenges: new food
sources, diseases, parasites, and predators, which make the
smolt stage a critical one in which mortality can be high and
variable. Growth opportunities for salmonids are generally
better at sea than in fresh water, but natural mortality may be
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higher in the marine environment. The “decision” as to
whether the population or individual gains greater advantage
from migration or residence depends on the balance of these
two factors (see Jonsson and Jonsson 1993; Thorpe 1994).
The much greater fecundity of anadromous females and re-
duced mortality of eggs and fry in fresh water are the appar-
ent rewards for undertaking the risks of anadromy (Gross
1987).

In addition to the smolt migration, Atlantic salmon make
other movements in fresh water that are important to their
survival (Fig. 1 and next section), including movements to
winter habitat and spawning movements of mature parr. Be-
cause smolting, winter survival, and sexual maturation re-
quire high levels of stored energy, feeding and growth are of
prime importance during freshwater residence. Movements,
then, are mainly associated with attaining the maximum
amount of food or a suitable habitat while avoiding preda-
tion or other sources of mortality.

The downstream movement of smolts is a “true” migra-
tion, being highly directed, temporally synchronous, and oc-
curring in virtually all individuals of the appropriate
developmental stage. It is less clear whether the movements
made by Atlantic salmon before smolting are migrations and
no single definition of this term is accepted by all or even
most biologists. Dingle (1996) defined migratory behavior
as “persistent and straightened-out movement effected by the
animal’s own locomotory exertions or by its active embarka-
tion on a vehicle. It depends on some temporary inhibition
of station-keeping responses, but promotes their eventual
disinhibition and recurrence.” He also considered that migra-
tion is persistent, straightened-out (directed), undistracted by
resources that would ordinarily halt it, has distinct departing
and arriving behavior, and requires a special allocation of
energy. Under these terms, salmon movements in fresh water
would not be considered migrations unless they were di-
rected (e.g., upstream or downstream) and could not be
stopped by encountering a particular resource (e.g., habitat
or food). We do not know whether all Atlantic salmon
movements fulfill this definition, but in many cases they
clearly do not. While it is beyond the scope of the present
undertaking to classify salmon movements, we will conser-
vatively interpret most (but not all) nonsmolt movements in
fresh water as meeting the more general criteria of “move-
ment” rather than the more restrictive “migration.” Although
some of these considerations are semantic, they facilitate our
understanding of the external stimuli and internal motivation
that underlie the initiation and cessation of juvenile salmon
movements.

We also note that salmon can successfully complete their
life cycle without migrating. Maturation of male as parr is
common in many Atlantic salmon populations and there are
also several populations of “dwarf” Atlantic salmon in New-
foundland in which both females and males mature in
streams (Sutterlin and Maclean 1984). There are also many
“land-locked” populations in which smolts migrate down-
stream but reside in lakes rather than the sea (Berg 1985).
This capacity to complete their life cycle without anadromy
further demonstrates the plasticity of salmon life history
traits.

This paper reviews the movements and migrations of ju-
venile Atlantic salmon in fresh water from “swim up” fry to

the smolt stage and discusses possible motivations for these
behaviors. We also describe the smolting process in terms of
physiology, morphology, and behavior and discuss the pos-
sible role of olfactory imprinting in relation to these factors.
Finally, some factors affecting the mortality of smolts during
downstream migration and the transition from fresh to salt
water are reviewed and fruitful areas of future research are
presented.

We have divided the movements of juvenile Atlantic
salmon prior to the smolt transformation into five phases:
(1) movement of fry from the vicinity of their redds; (2) es-
tablishment and occupation of feeding territories; (3) spawn-
ing movements of sexually mature male parr; (4) shifting
from summer feeding territories to winter habitat; and
(5) descent from nursery streams to lower reaches of some
rivers in late autumn as a forerunner or component of smolt
migration.

Movement of fry from redds
Spawning areas are typically gravel beds with moderate

current velocity and depth (Fleming 1996). When their yolk
is largely or entirely absorbed, the fry emerge from the
gravel, mainly at night (Gustafson-Marjanen and Dowse
1983; Crisp and Hurley 1991b). Crisp and Hurley (1991a)
noted that fry disperal rates were low at water velocities
similar to their preferred velocities (25–70 cm@s–1) and that
dispersal rates were higher at lower water velocities. There
is, then, a tendency for the newly emerged fry to seek areas
with moderate current velocity rather than calm water.
R.L. Saunders (unpublished observations) noted that fry that
had recently completed yolk absorption delayed first filling
of their swimbladders in high water velocities. In their study
of movements of underyearling fry in a small coastal stream
during August–September, Saunders and Gee (1964)
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Fig. 1. Movement patterns of Atlantic salmon. Filled area
represents the range of estimated distances travelled for a given
life history stage. A representative 4-year life cycle (2-year-old
smolt) is shown on the x-axis (W = winter, S = spring and
summer, F = fall). Relative values for distance travelled are
approximate and taken from literature discussed in section on
“Fry and parr movement.” Smolt migration distance includes
both river and initial ocean migration.
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observed that most fry were found in shallow riffles with
more moderate current velocity compared to the faster riffles
and coarse substrate occupied by older, larger parr. In their
first summer, fry tended to remain in the area of their initial
capture; those recaptured in adjacent areas were near where
they were first observed. In early December fry had moved
into nearby parr habitat. However, the sensitivity of many
studies of stream-dwelling fishes to movement outside the
study area is low and there is good reason to question the as-
sumption of limited movement (Gowan et al. 1994).

The apparent tendency of fry to remain in localized areas
is important in several respects. First, juvenile salmonids are
incubated with full-siblings and maternal half-siblings (same
mother and different fathers) and the general tendency of
salmonids to associate with siblings (reviewed by Brown
and Brown 1996) suggests that families might remain to-
gether for some time after emergence. Such nonrandom dis-
tribution patterns could result in marked variation in family-
specific growth and survival. Second, limited movement by
juveniles, regardless of family, has important management
implications. Hatchery-reared fry may not move far from re-
lease sites; hence, releases should be in small groups, widely
dispersed in suitable shallow riffles (Crisp 1995;
McMenemy 1995).

Movements of parr
Parr, in their second or succeeding juvenile years, are typ-

ically found in fast flowing riffles in association with rough
gravel substrate and they defend feeding territories against
other parr and heterospecifics. (Kalleberg 1958; Keenleyside
and Yamamoto 1962; Gibson 1966, 1993). The size of the
territory depends on the size and density of parr, food avail-
ability, the size and roughness of the substrate, and current
velocity (Kalleberg 1958; Grant et al. 1998). Territorial and
efficient position-holding behaviors (Arnold et al. 1991) en-
able parr to maximize their opportunity to capture floating
aquatic and terrestrial invertebrates (Godin and Rangeley
1989; Gotceitas and Godin 1992). This positioning is facili-
tated by a reduced swimbladder volume and resulting in-
creased density of parr at high-water velocity (Saunders
1965).

Atlantic salmon are not confined to stream riffles at the
parr stage but may also be in slow-moving water such as
pools (e.g., Saunders and Gee 1964). Parr tended to remain
in the type of habitat where they were first observed but
moved from riffles to pools during periods of low water,
usually returning to riffles when water level rose again. Parr
displaced up- or down-stream were subsequently observed at
their original capture sites within 14–39 days (Saunders and
Gee 1964). Saunders (1960) noted that where brook trout
(Salvelinus fontinalis) were abundant in pools, their pre-
ferred habitat, salmon parr were absent from these pools
whereas in allopatry salmon occupied pools.

In addition to movements within the natal stream, salmon
may move to other rearing sites. For example, in a large
Finnish river (the Teno), fry left the main river and entered
tributaries too small for spawning, where they grew faster
and attained a larger size as smolts than in the main (spawn-
ing) stream (Erkinaro and Niemelä 1995). Parr often move
into the small tributaries during summer and remain there
until they leave as smolts one or more years later. The small

tributaries have much rougher substrate than the spawning
stream, not only producing more food organisms but also
better winter habitat. In some instances parr may move to
cooler tributaries to avoid high temperatures (R.A. Cunjak,
personal communication). Armstrong et al. (1997) observed
that a few 1-year-old and older fish moved into an area that
had been depleted of juvenile salmon but that most fish did
not move far from their small territories. Thus, fish that col-
onize new areas may represent a small number of highly
mobile individuals. It is unclear whether all fish have a weak
tendency to move and movement is influenced primarily by
environmental factors, or whether there are mobile and sed-
entary individuals in each population as reported for chinook
salmon (O. tshawytscha; Bradford and Taylor 1997). We
currently have a very limited understanding of the risks as-
sociated with parr movements and the rewards of colonizing
new areas.

In many Newfoundland streams, parr move up or down-
stream to lakes within the stream system (Chadwick 1982;
Hutchings 1986), where parr are observed singly or in small
schools. Salmon parr from some streams may also spend
weeks or months in estuaries during the summer (Cunjak et
al. 1989, 1990; Power and Shooner 1966). Cunjak et al.
(1989) reported that the larger parr in estuaries apparently
went to sea as smolts whereas the smaller ones probably re-
turned to their natal stream in autumn. Thus, although
salmon parr generally have territories and a rather limited
home range, they can occupy habitats ranging from riffles to
pools and lakes within the stream system and even to estuar-
ies. The extent to which population pressure influences the
movement from riffles to other habitats is a subject needing
further investigation.

Movements of mature male parr
Apart from the habitat choices of parr rearing in streams,

some males become sexually mature and move up or down
stream to spawning sites (Buck and Youngson 1982; Young-
son et al. 1983). It was believed for some time that mature
male parr were incapable of stimulating large anadromous
females to spawn and that the male parr served only as satel-
lite spawners, dashing in at the last second to contribute
their milt (Jones and King 1952). During courtship, the large
anadromous males repeatedly chase away the parr but can-
not do so during the crucial moment when the large fish re-
lease their spawn. However, Hutchings and Meyers (1985)
reported that sexually mature male parr are capable of
spawning with anadromous salmon (grilse) in the absence of
large anadromous males. Mature parr eat salmon eggs
(Cunjak and Therrien 1996), which could have an important
function in providing energy to replace that expended in the
production of gonads and participation in spawning.

Movements to winter habitat
Juvenile Atlantic salmon take advantage of seasonally

warm water to maximize food intake and growth but they
must conserve energy during winter when food is less avail-
able and maintaining station in rapidly flowing water would
have a high energy cost. Usually they enter spaces under or
between stones, sometimes in excavations associated with
redds made the previous autumn (Cunjak 1988; Erkinaro et
al. 1994). The size of the “home stone” is usually correlated
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with the size of the parr (Cunjak 1988). Winter sites are of-
ten in the same area as summer feeding territories (Saunders
and Gee 1964; Rimmer et al. 1983) but there is some move-
ment, probably in response to changing physical and chemi-
cal conditions and the availability of food (Cunjak and
Randall 1993; Cunjak 1996). Smirnov et al. (1976), Riddell
and Leggett (1981), and Cunjak (1988) emphasized that parr
have reduced daytime activity during winter, leaving their
hiding places at night to feed. This is in keeping with the ob-
servation that salmon parr become negatively phototactic in
winter (Rimmer 1980). Daytime hiding behavior in winter
allows parr to maintain position without great expenditure of
energy and may make them less vulnerable to predation at a
time when they have a reduced escape response. Hiding in
the stream bed does not entirely preclude salmon from feed-
ing during winter. Riddell and Leggett (1981) and Cunjak
(1988) observed that overwintering parr consume some food
but the rates of consumption and digestion are probably
quite low because low temperatures are only slightly above
freezing in most salmon nursery streams during midwinter.
Cunjak (1988) discussed the importance of winter feeding to
maintain energy reserves in dealing with stresses associated
with drastic physical and chemical conditions as well as
those resulting from human activity.

Autumn downstream movement of presmolts
In some headwater tributaries the large parr, those likely

to become smolts the following spring, depart their summer
rearing areas and move downstream for some unknown dis-
tance, not necessarily entering an estuary or the sea (e.g.,
Meister 1962). R.L. Saunders (unpublished observations)
marked large parr moving downstream past a counting weir
on the headwaters of the Northwest Miramichi River, New
Brunswick in the early 1960s. A few of these marked fish
were recaptured the following spring at a counting weir far-
ther down river, 12 km above head of tide. It was assumed
that the marked fish spent the winter at some location be-
tween the two counting fences. Riddell and Leggett (1981)
found large numbers of parr moving downstream and out of
Rocky Brook (an upriver tributary of the Southwest
Miramichi River) in autumn and that there was no smolt mi-
gration in Rocky Brook the following spring. Youngson et
al. (1994) described a similar autumn migration of parr and
their contribution to the fishery from Girnock Burn, an
upriver tributary of the River Dee in Scotland. Such move-
ment to larger, downriver habitats in winter may reflect a
need for appropriate physical habitat or greater energy input
than is available in the nursery stream. Riddell and Leggett
(1981) suggested that the habitat which is suitable in sum-
mer and winter for smaller parr is unsuitable for larger parr
because the gravel substrate is too small to provide refuge.
In such salmon populations, one might view the smolt run as
beginning with the downstream migration of large parr in
late autumn. If salmon become imprinted to the odors of
their nursery stream and this is the mechanism by which
they return to that stream, imprinting in such stocks must
take place no later than the autumn when they emigrate from
their natal stream (Dittman and Quinn 1996).

Researchers and management agencies should consider
these movements by juvenile salmon at various life stages. It

is important to understand both the “typical” movement of
juveniles and the full range of possible movements (Fig. 1).
In addition, differences in behavior attributable to distinct
populations or river habitats will be important to conserva-
tion of populations (Saunders 1981).

Extensive research on the physiology of smolting has
been conducted over the last 20 years, due in part to the de-
mands of the salmon culture industry and government en-
hancement programs that release billions of salmonid smolts
annually. The extent of this research is exemplified by the
five International Smolt Workshops that have been held
since 1982, the proceedings of which have been published in
the journalAquaculture(Volumes 28, 45, 82, 121, and 168).
Rather than comprehensively review this material (as has
been done by McCormick and Saunders 1987, Hoar 1988,
and Boeuf 1993), we will present an overview of smolt
physiology that emphasizes factors that are relevant to our
understanding of the population biology of Atlantic salmon
and future research efforts.

Several morphological changes are obvious during
smolting. The deposition of guanine and hypoxanthine in the
skin and scales covers the parr marks and results in the ex-
ternal silvering that is characteristic of smolts. Reflective
silvering is common to many pelagic fishes and is presum-
ably adaptive for predator avoidance. Darkened fin margins
also characterize Atlantic salmon smolts. Smolts grow more
in length than weight, resulting in reduced condition factor
(weight relative to length) (S.D. McCormick, unpublished
results). Loss of total body lipid during smolting also re-
duces condition factor (Wedemeyer et al. 1980). It is unclear
whether lower condition factor is part of an adaptive change
in morphology during smolting (e.g., to increase swimming
performance in open water) or if it results from the energetic
demands of smolt transformation. The emergence of teeth
and changes in body shape that have been found in coho
salmon,Oncorhynchus kisutch(Gorbman et al. 1982) have
not been demonstrated in Atlantic salmon.

Many of the physiological changes that occur in Atlantic
salmon smolts in fresh water are adaptive for seawater entry.
These include development of a high level of salinity toler-
ance, increased scope for growth in seawater, shift in visual
pigments from porphyropsin to rhodopsin (the latter charac-
teristic of ocean fishes, Alexander et al. 1994), change in he-
moglobin to the adult isoforms (Koch 1982), and increased
buoyancy (Saunders 1965). The development of salinity tol-
erance is obviously important to seaward migrants and has
been the most widely studied physiological change that oc-
curs during smolting. The mechanisms for increased
hypoosmoregulatory ability include differentiation of the
gill, gut, and kidney (McCormick and Saunders 1987). In-
creased gill Na+, K+-ATPase activity, number and size of gill
chloride cells, and intestinal water permeability have been
strongly linked to increased salinity tolerance during
smolting (Boeuf 1993). Although parr can survive gradual
acclimation to seawater (Duston 1994), smolts can directly
enter seawater with minimal ionic disturbance (Hoar 1988).
This heightened hypoosmoregulatory ability permits uninter-
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rupted feeding after seawater transfer, whereas nonsmolts
experience high plasma ion concentrations and delayed
feeding for several days (McCormick 1994). The increased
salinity tolerance of smolts also permits decreased estuarine
residence time (Tytler et al. 1978; McCormick et al. 1985)
and improved swimming performance in seawater (Jarvi
1989), both of which may reduce exposure to estuarine pred-
ators. Smolts are adapted not just to survive in seawater, but
to thrive there.

It should be emphasized that smolting is fundamentally a
developmental phenomenon; juvenile Atlantic salmon must
be of an appropriate size-related developmental stage or they
will not smolt in response to environmental cues (Fig. 2). In
the wild this translates to a lower age at smolting in southern
latitudes with long growing seasons (1-year-old smolts in
Spain, France, southern British Isles, and New England) and
increasing smolt age with increasing latitude (usually 2–
4 year old smolts; Wedemeyer et al. 1980; Hutchings 1998;
Metcalfe 1998). The precise nature and proximate
(neuroendocrine) regulators of this size-related development
in smolting are unknown.

Of the environmental factors that regulate physiological
development during smolting, photoperiod has the greatest
influence. Seasonally advanced increases in daylength or
out-of-phase photoperiod can advance smolting by many
months (Duston and Saunders 1995). Although there is some
evidence for an endogenous rhythm of smolting (Eriksson

and Lundqvist 1982; Duston and Saunders 1990;
McCormick et al. 1995a), increased daylength is probably
necessary for complete smolting to occur. The capacity of
photoperiod to affect smolting may be restricted at low tem-
peratures (<3°C, McCormick et al. 1995b), indicating that
temperature may be a controlling factor in smolting (Fry
1971). Temperature also has a role in the timing of smolt de-
velopment that may be more direct and of particular impor-
tance in wild fish. Several laboratory studies indicate that
increasing mean daily rearing temperatures from 2 to 10°C
can advance smolting (as judged by peak gill Na+, K+-
ATPase activity) by up to a month. In reviewing the influ-
ence of temperature on smolt development, McCormick et
al. (1996) concluded that although increased temperature
was not necessary for the completion of smolting, it acted
with photoperiod to advance smolting and could act as a di-
rective factor in the absence of photoperiod cues. High tem-
perature increases the rate of loss of physiological smolt
characteristics (Duston et al. 1991; McCormick et al. 1996)
and has serious implications for smolt survival in the wild
(discussed below).

The neuroendocrine system is the primary means of
transmitting environmental change to physiological response
and there is strong evidence that smolting involves the
coordination of several endocrine systems (Bern 1978).This
can be contrasted with metamorphic events in flounders and
amphibians that are primarily stimulated by thyroid hormones,
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Fig. 2. Multiple interactions between the environment and the organism that lead to smolt development. Growth conditions such as
temperature, food, photoperiod, and competition determine growth of Atlantic salmon parr. A critical size (or size-related development
stage) is necessary for smolting to proceed and thus environmental conditions determine the age at which smolting occurs. Once this
developmental stage has been reached photoperiod and to a lesser degree temperature regulate neuroendocrine changes that bring about
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downstream migration (see also Baggerman 1960). The possible neuroendocrine or physiological mediators of these rapid effects are
not currently known.
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although other endocrine systems are certainly involved.
Growth hormone, insulin-like growth factor I (IGF-I),
cortisol, and thyroxine have all been implicated in the devel-
opment of salinity tolerance in smolting and these hormones
all increase during smolting (Hoar 1988). Increased
daylength has a strong positive effect on growth hormone
levels in smolts (Björnsson et al. 1989; McCormick et al.
1995a) and, to a lesser extent, stimulates plasma levels of
IGF-I, cortisol, and thyroxine (McCormick et al. 1995b).
Relatively little is known about the possible influence of
temperature on these hormones during smolting of Atlantic
salmon. Prolactin has a negative influence on salinity toler-
ance, perhaps through its antagonism of the action of growth
hormone (Madsen and Bern 1992). Most of the evidence for
the involvement of hormones in smolting has been in rela-
tion to their effects on salinity tolerance. Although thyroid
hormones influence silvering, hemoglobin forms, and retinal
pigmentation (Hoar 1988; Alexander et al. 1994), endocrine
control of other aspects of smolting have not been widely
examined. The influence of hormones on migratory behavior
would be especially interesting but has not been widely ex-
amined in fishes.

Maturation of male parr reduces but does not eliminate
the probability of later smolting (Saunders et al. 1982;
Hansen et al. 1989; Berglund et al. 1991). Previously mature
parr released into the River Imsa in spring were 30% less
likely to migrate than immature parr (Hansen et al. 1989).
Large mature parr can smolt the following spring (Saunders
et al. 1994) and it is possible to increase the proportion of
the mature males that smolt by keeping them in heated water
during winter (Berglund et al. 1991) or by stripping the ma-
ture parr in the autumn (Hansen et al. 1989; Greenstreet
1992). Sex steroids have a negative effect on several aspects
of smolt development including salinity tolerance and mi-
gratory behavior (Lundqvist et al. 1989; Berglund et al.
1994). However, sex steroids in previously mature salmon
parr have returned to low levels well before completion of
smolting in spring (Mayer et al. 1990; Shrimpton and
McCormick, unpublished data) indicating that the negative
influence of maturation on smolting may be part of develop-
mental decisions determined well in advance of spring
changes in smolt physiology (Metcalfe 1998). Although in-
creased size results in greater incidence of mature male parr,
maturation has a negative effect on growth in autumn
(Berglund 1992). Maturation may therefore affect the proba-
bility of smolting simply by influencing fish size, causing
some fish to fall below the size threshold for smolting. It re-
mains to be seen whether other mechanisms are also
invovled.

Although the patterns of smolt development vary among
populations, the genetics of smolting have not received
much research attention and there is conflicting information.
Birt et al. (1991) found substantial differences between ana-
dromous and nonanadromous populations of Atlantic salmon
in Newfoundland. The anadromous stock had higher gill
Na+, K+-ATPase activity, more and larger gill chloride cells,
and greater silvering than a nonanadromous stock. Although
no difference in salinity tolerance was found, the authors
suggested this may have been due to the low salinity
(32 ppt) used in these tests (other studies have used 35–

40 ppt). Reduced salinity tolerance has been found in other
nonanadromous stocks in Newfoundland (Burton and Idler
1984). In contrast, Staurnes et al. (1992) found no difference
in gill Na+, K+-ATPase activity and silvering between ana-
dromous and nonanadromous strains in Norway. Orciari and
Leonard (1996) found that fish that originated from the
Penobscot River, Maine, and from Icelandic rivers devel-
oped differently when transplanted in a tributary of the Con-
necticut River as fry; smolts from Icelandic stocks were
smaller and migrated earlier than Penobscot or Connecticut
river strains. These studies indicate that genetic factors are
important in size at smolt development, intensity of physio-
logical changes, and timing of migration. Population-
specific differences in smolt development could be very im-
portant to conservation and restoration and deserve much
more attention. For instance, the trajectory of smolt develop-
ment and migratory behavior may be quite different in fish
from long rivers (where physiological development may fol-
low initiation of migration) compared to fish in short rivers
where physiological development may precede migration.
Extinction of stocks, as has occurred in southern New Eng-
land, may make restoration difficult due to the loss of adap-
tive features characteristic of regions or watersheds.

Behavioral changes during smolting
Numerous behavioral changes occur during downstream

migration of smolts, including increased negative rheotaxis
(i.e., downstream orientation) and schooling, decreased
agonistic and territorial behavior, and increased salinity pref-
erence (Hoar 1988; Iwata 1995). Although endogenous
rhythms in smolt-related behavior may occur, the studies de-
scribed below strongly indicate that behavioral changes dur-
ing smolting are dependent on environmental change. For
instance, Gibson (1983) found that Atlantic salmon parr and
smolts in artificial streams had similar agonistic behaviors
that did not change in spring and concluded that smolt-
related increases in buoyancy and seasonal increases in wa-
ter velocity were necessary to cause decreased agression and
downstream migration. Findings such as these also under-
score the interelation between physiological and behavioral
changes during smolting. Baggerman (1960) suggested that
“migration occurs only when the animals are in the proper
physiological condition (migration disposition) and at the
same time under the influence of appropriate external stim-
uli which act as releasers.” The interaction of internal devel-
opmental events, environmental “priming” factors (which
bring about “migration disposition”) and “releasing” factors
is shown in Fig. 2. The importance of light, temperature, and
water flow as releasing factors that act to initiate down-
stream migration of smolts is discussed below. It should be
noted that most of these studies rely on correlations and
there is little experimental evidence establishing the environ-
mental factors that initiate migration. In addition to these en-
vironmental factors, other factors such as social cues (i.e.,
the presence of other migrants) may play a role in initiating
downstream migration (Hansen and Jonsson 1985). The syn-
chronous nature of smolt migration (occurring over a 3–
6 week period in most populations) is due to the individual
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smolts reaction to these releasing factors and may have the
adaptive value of overwhelming predators by sheer numbers.

Light
As discussed above, photoperiod is the seasonal

“zeitgeber” that triggers a complex series of physiological
events that prepare salmon for migration. Although
photoperiod influences migratory behavior of Pacific salmon
smolts (see Hoar 1976), there has been no direct investiga-
tion of the role of photoperiod in regulating behavioral
changes in Atlantic salmon smolts. By analogy to other ver-
tebrate migrations, photoperiod may act to increase activity
(migratory restlessness or Zugunruhe) and make fish sensi-
tive to other factors (releasing factors) that initiate migra-
tion. Thus, photoperiod may determine the range of dates
during which migration may occur but other factors such as
water temperature, flow, and turbidity may act as releasing
factors.

Smolt migration usually takes place during the night, but
towards the end of the migration period smolts are also ob-
served during the day (e.g., Osterdahl 1969; Thorpe and
Morgan 1978). The fact that smolts move downstream at
night may be an adaptation to avoid potential predators (Sol-
omon 1982). At high latitudes in areas with midnight sun,
Atlantic salmon and brown trout (Salmo trutta) smolts mi-
grate during hours of strong sunlight (see Thorpe and Mor-
gan 1978 for review). In a Swedish river at 64°N, Osterdahl
(1969) observed a change from nocturnal migration in late
May and early June to a diurnal pattern in late June. There
was no information on the length of the night during the
smolt run, but at this latitude in May and June the nights are
short and there is no period of real darkness. Daytime migra-
tion may also occur farther south; in the River Piddle, U.K.,
many Atlantic salmon smolts migrated in bright sunlight,
whereas brown trout smolts migrated primarily in the early
hours of the night (Solomon 1978). Moreover, Fraser et al.
(1993) maintained that late descending smolts tended to mi-
grate during daytime because the higher water temperature
increases their ability to avoid endothermic predators such
as birds.

Temperature
Water temperature is one proximate factor initiating

downstream migrations in fish (Jonsson 1991). Several stud-
ies have shown that increasing water temperature in the
spring is strongly correlated with the initiation of the smolt
run (e.g., White 1939; Mills 1964; Osterdahl 1969;
Bagliniere 1976; Solomon 1978; Jonsson and Ruud-Hansen
1985). Several authors have reported that downstream mi-
gration of smolts of Atlantic salmon and brown trout occurs
at about 10°C or slightly above (White 1939; Mills 1964;
Osterdahl 1969; Solomon 1978). Jonsson and Ruud-Hansen
(1985) reported that only water temperature, not water flow,
turbidity, or lunar cycle influenced the timing of Atlantic
salmon smolt migration in the River Imsa. The increase in
water temperature between 9 April and 16 May explained
91, 95, and 89% of the yearly variance in the date of 25, 50,
and 75% yearly cumulative smolt descent, respectively.
Smolts began to descend at temperatures between 5.8–
11.2°C and the smolt run started early in years when the

water temperature was high or when the increase in tempera-
ture was rapid, indicating that for the River Imsa the timing
of smolt descent was controlled by a combination of temper-
ature and temperature increase during spring rather than by a
specific water temperature or by degree-days. Direct experi-
mental evidence would help determine whether these corre-
lations are causally related to the initiation of smolt
migration.

Water flow
High water flow in rivers may stimulate downstream

movement in a large number of fish species (Jonsson 1991)
and the downstream migration of smolts has been linked to
increased water flow (e.g., Berry 1932, 1933; Allen 1944;
Osterdahl 1969; Hesthagen and Gärnäs 1986). In the River
Orkla, Norway, Hesthagen and Gärnäs (1986) observed that
migration of Atlantic salmon smolts was initiated by the first
spring peak in water discharge when the water temperature
was above 2–3°C. It has been hypothesized that smolt mi-
gration is a result of a passive displacement (Tytler et al.
1978; Thorpe et al. 1981), although this hypothesis has
gained little general support (Thorpe and Morgan 1978; Sol-
omon 1978; Kennedy et al. 1984; Bourgeois and O’Connell
1988). It is clear, however, that smolts migrate more quickly
at high water flow than low (Youngson et al. 1989). Smolts
appear to move actively out into the main current of the
river to avoid being caught in backwaters and sloughs
(Hansen and Jonsson 1985), indicating that the descent is
not purely passive. Similarly, smolts migrating through lakes
move faster than the downstream current velocity (Groot
1965; Bourgeois and O’Connell 1988), suggesting that local
adaptations in this trait may occur in salmonids reared above
lakes (but see Thorpe et al. 1981 for evidence to the con-
trary). In both the rivers Gaula and Surna, the survival of
hatchery-reared smolts improved significantly when they
were released at high water discharge within the normal pe-
riod of migration (Hvidsten and Hansen 1988), as was also
observed in rivers in Maine, U.S.A. (Hosmer et al. 1979).
This may be because they migrated at a faster speed and
were closer to the water surface, using high turbitidy to
make them less visible to predators.

Estuaries and fjords
Knowledge of salmonids in the early marine phase is rela-

tively scarce and has been reviewed by Thorpe (1994). The
estuarine residence time of Atlantic salmon is relatively
brief, generally lasting only one or two tidal cycles (Tytler et
al. 1978). In estuaries schools of postsmolts reside in and are
displaced with the surface current and movement is influ-
enced by the tide and the direction of the water flow (Carlin
1969; LaBar et al. 1978; Thorpe 1988; Pethon and Hansen
1990; Jonsson et al. 1993). Several authors have concluded
that smolts in the upper estuary move by selective ebb tide
transport (Fried et al. 1978; Moore et al. 1995) but display
active swimming in the lower estuary or bays (Moore et al.
1995; Lacroix and McCurdy 1996). Tytler et al. (1978)
found that hatchery fish spent less time in the estuary than
wild fish, although the possibly greater effect of the stress of
tagging on wild fish cannot be ruled out. The marine
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migration of Atlantic salmon has recently been reviewed by
Hansen and Quinn (1998).

The differentiation of conspecific populations of Atlantic
salmon and other salmonids, which makes their management
complex, arises in part from their tendency to learn site-
specific odors during freshwater residence and seaward mi-
gration and seek these odors when they mature years later.
This homing behavior isolates populations which, under the
pressure of natural selection in different habitats, adapt to
their local environment (Saunders 1981; Taylor 1991). The
patterns of olfactory learning that enable the salmon to home
are thus critical aspects of their freshwater lives.

Although it is widely known that salmon usually return to
their river of origin to spawn, two important issues remain
unresolved for Atlantic salmon and their Pacific relatives.
First, do salmon learn the site-specific odors at a single, crit-
ical period (“imprinting”) or do they learn odors in sequence
during all or part of their lives? Second, what is the interplay
between homing and spawning site selection in determining
the distribution of spawning adults? Both questions pertain
to the spatial precision of homing, hence the potential for
genetic isolation among progressively small local groups;
however, only the first of these two issues will be discussed
here.

Experimental studies on the spatial and temporal aspects
of olfactory imprinting have generally taken one of two
forms: displacement of salmon from their rearing site for re-
lease elsewhere and exposure of juvenile salmon to artificial
odors at selected developmental stages. Displacement exper-
iments, such as those conducted by Donaldson and Allen
(1958) with coho salmon (O. kisutch), revealed that almost
all salmon returned to their release site, not to the site where
they were reared. Similar results have been obtained with
Atlantic salmon (e.g., Carlin 1969; Potter and Russell 1994).
Not only do salmon generally return to the river where they
were released but they also tend to return to a particular sec-
tion of the river rather than other sections (Atlantic salmon:
Hvidsen et al. 1994; steelhead trout,O. mykiss: Wagner
1969; Cramer 1981). Atlantic salmon are particularly sensi-
tive to olfactory learning during smolting (Morin et al.
1989a, 1989b). Salmonids exposed to morpholine or
phenylethyl alcohol at the smolt stage were decoyed to sites
containing the odor as mature adults (e.g., coho salmon,
Scholz et al. 1976; steelhead trout, Scholz et al. 1978a;
brown trout, Scholz et al. 1978b; Atlantic salmon, Sutterlin
et al. 1982). Parr induced to undergo smolting by application
of hormones imprinted on odors whereas controls did not
(coho salmon, Hasler and Scholz 1983). Displacement, odor
exposure, and hormone treatment studies all support the hy-
pothesis that substantial imprinting occurs during the parr–
smolt transformation.

Despite the large body of experimental evidence that ol-
factory imprinting takes place during smolting, other lines of
evidence indicate that odors are learned much earlier and
that homing is a more complex process (Riddell and Leggett
1981; reviewed by Dittman and Quinn 1996). First, many
salmonids move away from their incubation site during their
residence period in fresh water (as discussed above) and

undergo smolt transformation farther down the river system,
yet they home to natal sites, not to sites where they smolted.
Second, close examination of the displacement studies
reveals that when the release site is near the rearing site,
many salmon return to the rearing site, especially if it is in
the same river system (reviewed by Quinn 1993). Third, ex-
periments have shown that salmon alevins and newly
emerged fry learn and respond to the odors of a stream
(Brannon 1972), conspecifics (Quinn and Hara 1986), and
artificial substances (Courtenay 1989).

It has been hypothesized that salmon imprint or learn a se-
quence of odors during their period of freshwater residence
and seaward migration (Harden Jones 1968; Brannon 1982)
and that they reverse this sequence during their homing mi-
gration. This may explain why salmon displaced from their
rearing sites as juveniles home to their release site as adults,
especially if it is in a different drainage area than the rearing
site. Once such salmon have located the release site, the
rearing site is not detectable and there is no stimulus for fur-
ther migration (Dittman and Quinn 1996). However, if they
were able to detect odors experienced earlier in their lives as
juveniles, they might continue migrating. The imprinting
process, even at the smolt stage, seems to involve more than
mere exposure to odors of a river or hatchery, as the date of
release affects homing performance (Hansen and Jonsson
1991). In support of a sequential learning hypothesis,
Hansen et al. (1983) have shown that smolts deprived of the
experience of part of their migration route failed to return to
their home river.

The act of migration itself may stimulate olfactory learn-
ing, as exposure to new odors can stimulate the thyroid hor-
mones associated with smolt transformation and imprinting
(Dittman and Quinn 1996). To the extent that this is true,
salmon may learn new odors as often as their movements
bring them into contact with such stimuli, although exposure
to novel waters does not always increase thyroid hormone
levels and successful imprinting does not depend on high or
rapidly rising levels (Dittman et al. 1994).

The smolt window: physiology, behavior, and predation
Many factors affect smolt survival and return of adult

salmon, although they are poorly known (e.g., Saunders
1981). Factors related to predation and processes in the open
sea are beyond the scope of this paper and we will empha-
size physiological factors operating at the parr–smolt trans-
formation (smolting) and the postsmolt stage (the period just
after the smolts have left the rivers). These periods are of
particular interest in salmon ranching because they strongly
influence overall marine survival (Thorpe 1994). The timing
of smolt migration seems to be crucial for survival of Atlan-
tic salmon (Hansen 1987) and the migratory timing of wild
smolts is presumably an adaptation to the area’s prevailing
environmental conditions. When hatchery-reared salmon
smolts are retained in fresh water they will “desmolt,” losing
many of the physiological and behavioral characteristics of
smolts (Lundqvist and Fridberg 1982). (Desmolt may be an
unfortunate term in that it implies a complete loss of smolt
characters; although some critical aspects such as salinity
tolerance and migratory urge are lost, elevated metabolic
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rate and scope for (freshwater) growth are not.) Duston et al.
(1991) have shown that higher temperatures result in a more
rapid loss of gill Na+, K+-ATPase activity and salinity
tolerance. After analyzing data from several studies,
McCormick et al. (1996) found that the decrease in gill Na+,
K+-ATPase activity was directly related to the number of de-
gree days (cumulative daily temperature) experienced by
smolts; there is an 80% loss in enzyme activity (equivalent
to parr levels) 400 degree-days after the peak in gill Na+,
K+-ATPase activity. These results under controlled condi-
tions indicate that the physiological smolt window will be
narrower in warmer water. Recent work on the Connecticut
River, which is near the historical southern limit of Atlantic
salmon in North America, indicates that late migrants have
lower gill Na+, K+-ATPase activity and salinity tolerance
than early migrants and that increasing numbers of fish are
affected in warmer years (S.D. McCormick, R.A. Cunjak, B.
Dempson, M.F. O’Dea, and J.B. Carey, unpublished data). A
temperature-related smolt window indicates that delays in
migration (such as those that occur at dams) will decrease
smolt survival and that these negative consequences will be
greater in warmer, southern rivers.

In addition to the change in physiological state of smolts,
it is likely that there are other mechanisms behind the obser-
vations that there is an optimal time for smolt migration.
These are less well understood, but predators, diseases, para-
site abundance, and food conditions clearly affect smolt sur-
vival. Atlantic salmon smolts are subjected to heavy
predation (see Mather 1998) from birds such as gulls, cor-
morants, herons, and mergansers (Huntsman 1941; White
1957; Reitan et al. 1987; Kennedy and Greer 1988), and
fishes such as Atlantic cod, saithe, pollack, striped bass, and
sea trout (Hvidsten and Mokkelgjerd 1987). There may be
an interaction between migration timing, physiological
readiness, and predation. Under laboratory conditions the
risk of predation is greater during acclimation of smolts to
seawater and osmotic imbalance during seawater acclima-
tion is greater in the presence of predators (Jarvi 1990;
Handeland et al. 1997). Thus, even if smolts with reduced
salinity tolerance (such as those migrating too early or too
late in their development) survive when they enter seawater,
they are less likely to escape predation due both to their
greater susceptibility and the increased time they need to
spend in an estuary for gradual acclimation. When smolts
are retained in saltwater pens or cages from spring to late
summer and autumn, they survive poorly when released de-
spite their larger size (Hansen and Jonsson 1986, 1989). This
is not the case, however, in Baltic salmon where experi-
ments with delayed release have demonstrated greater sur-
vival from late summer and fall releases than spring releases
(Eriksson 1988). Low salinity of the Baltic may release
smolts from their normal dependence on spring increases in
salinity tolerance.

These above findings indicate that there may be two inter-
acting aspects of migration timing that affect smolt survival
(Fig. 3). First, there is a physiological smolt window, con-
trolled by photoperiod, temperature, and flow, that deter-
mines the physiological and behavioral readiness of smolt
for migration and seawater entry. The importance of physio-
logical readiness to survival is indicated by the correlation
of adult return rates with the physiological condition of

hatchery fish at the time of release (Virtanen et al. 1991;
Staurnes et al. 1993). Second, there is an environmental
smolt window, in which seasonal changes in environmental
conditions in rivers, estuaries, and the coastal environment
are appropriate for high smolt survival. In the simple popu-
lation simulation shown in Fig. 3, when migration timing
and optimum environmental conditions coincide, adult re-
turns are high. When migration timing and optimum envi-
ronmental conditions are out of phase, adult returns are
substantially lower. Results of this hypothetical simulation
indicate that even when the magnitudes of migration and en-
vironmental conditions remain the same, alterations in their
timing can have significant effects on adult returns.

Pollution and stress
The physiological specializations that characterize smolts

may make them susceptible to a variety of external stressors
including pollutants. Although the greater capacity of smolts
to respond to acute stress may be adaptive for migration and
predator avoidance (Carey and McCormick 1998), it may
have negative consequences under many natural and unnatu-
ral (anthropogenic) circumstances. One important example is
the effect of acidity on smolt development. It has been
known for some time that acid (and acid plus aluminum) ex-
posures that have little effect on survival and growth of parr
or smolts in fresh water can completely eliminate the
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Fig. 3. Simple mathematical model of the interaction of
migration timing and environmental conditions and their effect
on adult survival. Migration timing and survival estimates are
typical for Atlantic salmon (e.g., Jonsson and Ruud-Hansen
1985; Hvidsten et al. 1995), but the temporal changes in
environmental conditions are largely hypothetical. Values for
migration timing are migrants per week. Adult returns are
calculated from the weekly number of migrants and weekly
survival rates. When migration timing and optimum
environmental conditions coincide (solid lines), adult returns
are high (total returns = 166). When migration timing and
optimum environmental conditions are out of phase by 2 weeks
(dashed lines), adult returns are lower (total returns = 94).
Results of this simulation indicate that even when the
magnitudes of migration and environmental conditions remain
the same alterations in their timing can have significant effects
on adult returns.
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development of gill Na+, K+-ATPase activity and salinity
tolerance (Saunders et al. 1983). Recent work suggests that
exposures as short as 12 h to relatively mild acidity (pH 5.2,
31 µg⋅L–1) aluminum) can compromise salinity tolerance
(Staurnes et al. 1996a). The timing of exposure is also im-
portant; acid conditions that have little effect on smolts in
April can greatly reduce salinity tolerance in May. Acid ex-
posures at the smolt stage have devastating effects on adult
return rates. Fish released in an acidic river in Norway often
have no adult returns and have an average of one-tenth the
returns of fish released at the mouth of the river or in a
neighboring limed river (Staurnes et al. 1996b). These return
rates were strongly correlated with the effect of acidity on
gill Na+, K+-ATPase activity and osmotic balance of fish
held in cages at the different release sites. These results il-
lustrate two important points. First, the smolt stage may be
particularly sensitive to acid rain (or run-off) and other pol-
lutants. Second, by affecting the development of salinity tol-
erance, these detrimental effects may not be apparent until
fish reach seawater. They may thus be difficult to distin-
guish from other marine mortality agents without experi-
mental studies.

In addition to acidity, heavy metals and organic pollutants
may also affect smolt development, although very few stud-
ies have specifically examined smolts. Heavy metals often
exert lethal and sublethal effects on ion transport functions
of the gill (Wendelaar Bonga and Lock 1992). Coho salmon
are more sensitive to copper and zinc toxicity as smolts than
as parr (Lorz and McPherson 1976). The numerous endo-
crine changes that occur during smolting may make smolts
susceptible to environmental pollutants that act as endocrine
disruptors (Kavlock et al. 1996). The smolt “habitats,” the
mainstem of rivers and estuaries, are more heavily impacted
by pollutants than high elevation tributaries where fry and
parr reside. The combination of potentially greater sensitiv-
ity of smolt and greater exposure to pollutants during migra-
tion may be important factors in smolt survival in many
areas. Much more laboratory and field work needs to be
done to examine the importance of pollutants in affecting
migrating smolts.

Pollutants may also interfere with the development of ol-
factory imprinting by juveniles and its expression (homing
by adults), though this has not been widely examined.
Royce-Malmgren and Watson (1987) reported that the re-
sponses of juvenile Atlantic salmon to amino acids varied
with pH and they hypothesized that straying might be
greater in acidified rivers. We are not aware of evidence that
straying and pollution are correlated and the olfactory im-
printing process seems to be remarkably capable of separat-
ing ephemeral from essential chemical characteristics of
rivers. Experiments and field data with Pacific salmon indi-
cated that adults avoid contaminated water (e.g., by volcanic
ash from Mt. St. Helens; Whitman et al. 1982; Leider 1989)
but that adults exposed to pollution from ash or crude oil
could subsequently home successfully in clean water (Whit-
man et al. 1982; Brannon et al. 1986).

Smolts are more sensitive to handling and swimming
stresses than parr (Wendt and Saunders 1973; Carey and
McCormick 1998). Although this may not be relevant for
many wild populations, it may be important for hatchery

smolts and smolts that must move over or around dams. The
impact of handling at, or movement through, dam bypass
structures or falling from great heights over dams has not
been thoroughly examined. It is important to note that
stresses may interact with one another or act additively to
the detriment of smolt survival (Barton et al. 1986). As
noted above, factors that may not be directly lethal (but have
physiological effects) may increase susceptibility to preda-
tion.

Hatchery-rearing
Experiments carried out in the River Imsa show that the

average survival rate of hatchery-reared smolts was only
half that of wild fish (Jonsson et al. 1991). This deficit may
be due to genetic changes related to the selection regimes in
hatcheries and nature, behavioral differences induced by cul-
ture conditions, and differences in smolt quality (such as
physical condition, physiological development, disease resis-
tance, and coloration), and time and method of release. Sur-
vival may be 30 times higher in hatcheries than in nature, so
inferior fish may survive in hatcheries that would have been
culled in a river. Moreover, the physical fitness of hatchery
fish at release may be lower than that of wild conspecifics.
Poor fin condition is more frequent in hatchery populations
than in the wild, but studies to date have yielded conflicting
results as to the importance of fin condition to adult returns.
Virtanen et al. (1991) and Vehanen et al. (1993) found no
correlation between fin condition and return rate, whereas
Farmer (1994) found that an index of smolt quality that in-
cluded fin condition was correlated with return rates. Hatch-
ery fish may also be at a disadvantage because of lower
physical activity in hatchery tanks and ponds than in the
wild. There may also be differences in timing of smolt de-
velopment in hatchery fish that may be inherent in artificial
rearing or related to specific hatchery conditions (e.g.,
photoperiod, temperature, and growth rate). The endocrine
status of wild and hatchery fish can be very different
(McCormick and Björnsson 1994), which in turn may affect
the rate of physiological development, migratory timing, and
return rates (Virtanen et al. 1991; Staurnes et al. 1993).
Hatchery fish have little experience in catching natural food
and avoiding predators but they may be able to learn very
quickly (Stradmeyer and Thorpe 1987). Maynard et al.
(1997) have recently reviewed hatchery performance in
salmonid enhancement and concluded that “seminatural”
culture conditions has the potential to increase smolt sur-
vival.

Movement among habitats is very important in Atlantic
salmon populations. There is no single sequence of move-
ments that characterizes all populations from fry to smolts
but rather there is an array of responses to the different envi-
ronments of salmon populations. These include movements
of fry from their redd sites, establishment and occupation of
feeding territories, spawning movements of sexually mature
male parr, shifting from summer feeding territories to winter
habitat, descent of large parr from nursery streams to lower
reaches of certain rivers in late autumn, and smolt migration
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in spring. Failure to protect these habitats and the capacity
of fish to move freely among them may have detrimental ef-
fects on many populations.

Smolting is a highly adaptive specialization for down-
stream migration, seawater entry, and marine residence; it is
controlled by several hormones and is characterized by nu-
merous physiological and behavioral changes in fresh water
which prepare smolts for an ocean existence. While still in
fresh water, smolts become silvery and streamlined, lose
their positive rheotactic behavior and territoriality and adopt
downstream orientation and schooling tendencies, and un-
dergo several physiological changes including increased sa-
linity tolerance, metabolic rate, and scope for growth.
Smolting is a critical stage for imprinting to odors used for
homing, though some learning may also occur earlier.
Photoperiod and, to some degree, temperature regulate phys-
iological changes, whereas temperature and water flow seem
to be key factors initiating downstream migration. The ap-
parent existence of a smolt window may be due to a limited
period of physiological and behavioral readiness of smolts
for seaward migration and the timing of downstream move-
ment into rivers, estuaries, and seawater with ecological
conditions such as food resources and predators. Interaction
among these factors is likely and makes both study and pre-
diction of smolt mortality difficult.

Smolt development is adversely affected by acidity, un-
suitable rearing conditions, and pollutants. In many cases
(such as acid exposure) smolting is more sensitive than
other life history stages. High temperature in spring will
shorten the period of physiological preparedness of smolts.
Unfortunately the migration habitat of smolts (the
mainstems of rivers and their estuaries) are often the most
heavily impacted by pollution, dams, temperature changes,
altered hydrographs, and other anthropogenic changes.
These factors may be directly lethal or may increase mor-
tality rates by delaying or inhibiting smolt migration and
making smolts more likely to encounter or be susceptible
to predators.

The declines in Atlantic salmon populations in many geo-
graphic areas have made an increased understanding of
salmon movement and migration imperative. Although
salmon are well known for their accurate homing, they are
also colonizers of previously uninhabited rivers and of new
habitats within rivers systems. We currently have limited
knowledge of the proximate factors (genetic and environ-
mental) that regulate homing versus straying and the costs
and rewards of exploring and colonizing new rivers or habi-
tats within rivers. Are highly mobile individuals genetically
different from the territorial residents? Are there stock-
(river-)specific migratory traits and are these adaptive?

Atlantic salmon research should move toward a greater in-
tegration of physiology and behavior, which until recently
have been examined separately. What are the environmental
and neuroendocrine factors that initiate and maintain smolt
migration and how do these relate to the physiological
changes that occur during smolting? What are the energetic
demands of migration and are they important to smolt sur-
vival? Is the altered growth pattern of mature parr the only
factor affecting subsequent smolting or are there other
mechanims by which maturation affects the individual’s

“decision” to smolt? What are the physiological triggers for
movements of fry and parr in fresh water?

Human activity has dramatically affected salmon popula-
tions, particularly where industrial activity is high (Parrish et
al. 1998). We do not yet know the factors that affect smolt
survival during river, estuarine, and early ocean migration.
How important are barriers to migration (such as dams) and
pollution affecting smolt survival? Fisheries have altered the
suites of predators in the coastal and ocean environment and
these changes could significantly affect smolt survival. We
have relied on laboratory experiments and hatchery-reared
fish for much of our understanding of smolting and migra-
tion. We must know more about wild fish, understand the
differences between hatchery and wild fish, and appreciate
the potential impact of hatchery releases on wild fish.
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