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Smolting is a hormone-driven developmental process that is adaptive for downstream migration and
ocean survival and growth in anadromous salmonids. Smolting includes increased salinity tolerance,
increased metabolism, downstream migratory and schooling behavior, silvering and darkened fin mar-
gins, and olfactory imprinting. These changes are promoted by growth hormone, insulin-like growth fac-
tor I, cortisol, thyroid hormones, whereas prolactin is inhibitory. Photoperiod and temperature are critical
environmental cues for smolt development, and their relative importance will be critical in determining
responses to future climate change. Most of our knowledge of the environmental control and endocrine
mediation of smolting is based on laboratory and hatchery studies, yet there is emerging information on
fish in the wild that indicates substantial differences. Such differences may arise from differences in envi-
ronmental stimuli in artificial rearing environments, and may be critical to ocean survival and population
sustainability. Endocrine disruptors, acidification and other contaminants can perturb smolt develop-
ment, resulting in poor survival after seawater entry.

Published by Elsevier Inc.
1. Introduction

All salmonids begin their lifecycle in freshwater (FW), and the
anadromous forms move into seawater (SW) as juveniles, for longer
or shorter periods. For a few salmon species, in particular pink sal-
mon (Oncorhynchus gorbuscha) and chum salmon (O. keta), the lar-
val fry become SW tolerant soon after hatching, allowing them to
enter the ocean at an early life-stage. However, other anadromous
salmonids, including Atlantic salmon (Salmo salar), coho salmon
(O. kisutch), chinook salmon (O. tshawytscha), masu salmon (O.
masu), amago salmon (O. rhodurus), steelhead trout (O. mykiss),
brown trout (S. trutta) and Arctic charr (Salvelinus alpinus) do not
develop strong SW tolerance until at a significantly later juvenile
stage, most often the fish has reached 10–15 cm in body length
(McCormick and Saunders, 1987). At this stage, environmental
cues/zeitgebers, primarily photoperiod and temperature (Björnsson
and Bradley, 2007), initiate the smoltification process, preparing
the fish for downstream migration and transition to the marine
life-stage.

Smoltification, or parr–smolt transformation, is the biological
mechanism which allows the anadromous salmonids to make
Inc.

. McCormick).
use of both the FW and SW environments during their specta-
cular lifecycle (Hoar, 1976; Folmar and Dickhoff, 1980; Barron,
1986; McCormick and Saunders, 1987; Stefansson et al., 2008;
McCormick, 2009). Smoltification is driven by the endocrine system
and encompasses, in addition to the establishment of strong hypo-
osmoregulatory capacity, a number of morphological, biochemical,
physiological and behavioral changes, all of which improve fitness
for the pelagic, marine life-stage. These changes include an elonga-
tion of the caudal peduncle, suggested to improve pelagic swim-
ming performance (Winans and Nishioka, 1987), further aided by
a change in hemoglobin isoforms, increasing the oxygen carry-
ing-capacity of the blood (Fyhn et al., 1991). The change in color
from the dark parr coloration, to a silvery body color of the smolt
functions as cryptic coloration in open water (Hoar, 1988). There
is also a major behavioral switch, from territorial behavior of parr
needed to secure the food in rivers with low nutritional sources, to
that of schooling behavior of smolts (McCormick et al., 1998),
which may decrease predation risks during the river and early
marine migration, and can also be an effective predator strategy
for salmon in the open ocean.

Salmonid smoltification can be defined as a unique biological
process, but in a broader perspective, it is of importance to recognize
the number of parallel and/or similar processes which take place in
different animal groups. One such important parallel is flatfish
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metamorphosis (Power et al., 2008), a dramatic larval–juvenile life-
stage transition, which, as smoltification, includes a change in body
shape, physiology and behavior, allowing a shift in adaptive land-
scape. However, while flatfish metamorphosis does include a major
habitat change, as smoltification, this is a shift within the marine
environment from the pelagic to the benthic niche. This does thus
not necessitate the major functional reorganization of osmoregula-
tory tissues linked to the hypo- to hyperosmotic environmental
change which takes place during smoltification. Such environmen-
tal transitions are, on the other hand, seen in other diadromous fish
species such as eels, lampreys striped bass and shads, and even in a
number of highly euryhaline fish species such as flounder, killifish,
tilapia and others (McDowall, 1988). Even amphibian metamorpho-
sis has most of the same elements as salmon smoltification, with
changes in body shape, behavior, respiration and osmoregulation,
allowing a shift from aquatic to terrestrial environments (Brown
and Cai, 2007).

Over the last few decades, research into the biology of smoltifi-
cation has generated a huge, published body of data (see Björnsson
and Bradley, 2007), as well as a being the focus of a long series
of international conferences (Iwata, 2007). There is thus substan-
tial information on how environmental factors impact on the
endocrine regulation of smolt development which has been sum-
marized in previous reviews (Björnsson, 1997; Dickhoff et al.,
1990; McCormick et al., 1998; Stefansson et al., 2008).

Most of these data are, however, derived from hatchery-raised
fish being studied in hatchery or laboratory environments, often
with rough simulation of environmental conditions. Although
these studies have been of major importance in elucidating key
features of the physiological smoltification process and its endo-
crine control, there are indications that such data may still not
accurately depict the processes which take place in wild fish in
nature.

The main focus of the present review on ‘‘the environmental
endocrinology of smoltification” is therefore to examine in greater
detail the information available on environmental and endocrine
control of smolting, with emphasis on wild salmonids. We will re-
view the available studies on salmon in their natural environment,
and through make inferences through comparisons with labora-
tory studies. Through an understanding of the environmental fac-
tors controlling smolt development we hope to allow prediction
of impacts of climate change, endocrine disrupting compounds
and other anthropogenic impacts on salmon. We will also point
out important gaps in our knowledge and potentially fruitful areas
for future investigations.

2. Hormones and environmental cues

Smolt development involves the interaction of several endo-
crine systems, including stimulation by the GH-IGF-I system, corti-
sol and thyroid hormones, and inhibition by prolactin (Barron,
1986; Björnsson, 1997; McCormick, 2009). GH and cortisol are
both significantly elevated during smoltification and induce the
major changes in osmoregulatory capacity by stimulating the
development of branchial, SW-type chloride cells as well as chang-
ing intestinal osmoregulatory function. This allows the fish to com-
pensate for osmotic water losses in the marine environment
through drinking of SW, with subsequent extrusion of monovalent
ions by the gills and divalent ions by kidneys. Thyroid hormones
are also elevated during the smoltification process, and there is
evidence for their role in both morphological (silvering) and behav-
ioral (downstream migration) changes, although their precise
mechanism of action in promoting downstream migration is still
unclear (Ojima and Iwata, 2007). Prolactin increases early in smolt
development and decreases at the peak of smolting (Young et al.,
1989), and recent data indicate that prolactin is inhibitory to the
actions of GH and smolt development itself (Nilsen et al., unpub-
lished results). In addition, changes in other hormones such as
insulin (Plisetskaya et al., 1988; Mayer et al., 1994) and sex ste-
roids (Nagahama et al., 1982; Patiñio and Schreck, 1986; Sower
et al., 1992; Yamada et al., 1993) have been observed during sal-
mon smoltification, but much less research has been carried out,
leaving their roles even more speculative.

Although the whole smoltification may take months to com-
plete, rapid changes in physiology and/or behavior can occur with-
in this time-frame. Thus, establishing well-defined endocrine
profiles requires a substantial series of sampling points from a
well-defined population of fish. Obtaining this from wild fish pop-
ulations remains a major challenge, especially as the smoltification
period encompasses a migratory phase. The most complete endo-
crine profiles have therefore been established on captive fish. The
best documented species is the Atlantic salmon, for which compre-
hensive smoltification profiles have been established in a series of
studies; for GH (Prunet et al., 1989; Stefansson et al., 1991; Björnsson
et al., 1995; McCormick et al., 1995, 2000, 2002; Agustsson
et al., 2001; Handeland et al., 2003), IGF-I (Agustsson et al., 2001;
McCormick et al., 2000, 2002), cortisol (McCormick et al., 2000,
2002), thyroid hormones (Prunet et al., 1989; McCormick et al.,
1995, 2000, 2002) and prolactin (Prunet et al., 1989). Comprehen-
sive endocrine profiles exist also for coho salmon (Sweeting et al.,
1985; Björnsson et al., 1989; Young et al., 1989; Sower et al., 1992;
Shrimpton et al., 1994a) and to lesser extent for other species.

Both the developmental timing and environmental cues con-
trolling smolt development differ among species and even among
populations of the same species (McCormick, 1994). Adding com-
plexity, the various aspects of smolting process are likely to be un-
der the control of different environmental cues. Thus, physiological
changes appear to precede the switch to migratory behavior, and it
has been suggested that changes in behavior require environmen-
tal (e.g., photoperiod) and endocrine ‘priming’ factors that may be
similar to those that control physiological development, followed
by ‘releasing’ factors (e.g., water temperature or flow) that initiate
behaviors (McCormick et al., 1998).

Photoperiod is the most important determinant of the timing of
smolt development in Atlantic and coho salmon (McCormick,
1994). Temperature is less important than photoperiod in regulat-
ing physiological smolt development, but still has substantial im-
pact (McCormick et al., 2000, 2002). The relative importance of
photoperiod and temperature is critical especially in relation to
predicted increases in temperature due to climate change. Temper-
ature is likely to control ecological conditions that determine smolt
survival during downstream migration and early ocean entry (an
‘‘ecological smolt window”). If smolt migration is primarily cued
by temperature, then the fish may respond appropriately. How-
ever, if photoperiod or water flow is the major cue for migration
timing then smolts may have only a limited capacity to shift to ear-
lier migration which would be appropriate for earlier springs
caused by climate change (McCormick et al., 1998). Another impor-
tant factor will be the relative response of freshwater and ocean
conditions to climate change; if rivers change more rapidly than
coastal environments, than their may be a mismatch between
the migratory timing that would promote maximum survival in
the two environments.

In at least some species of anadromous salmonids, temperature
regulates the length of time during which the smolts are capable of
good survival after ocean entry, with elevated temperatures nar-
rowing this ‘‘physiological smolt window”. ‘‘Desmoltification” is a
process including the loss of some, but not all, smolt characters,
and takes place if the fish do not reach seawater before the ‘‘phys-
iological smolt window” closes. The best documented characteris-
tic of desmoltification is the loss of hypo-osmoregulatory ability
(Zaugg and McLain, 1976; McCormick et al., 1997), but the involve-
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ment of the endocrine system in the loss of smolt characteristics
has not been elucidated in detail. In Atlantic salmon smolts, there
is a strong correlation between high GH levels in FW and improved
hypo-osmoregulatory ability after reaching seawater (Björnsson
et al., 1998). Although data on plasma GH levels of FW smolts fol-
lowing peak of smoltification are somewhat ambiguous, both for
coho salmon (Young et al., 1989) and Atlantic salmon (Agustsson
et al., 2001), both pituitary GH mRNA and in vitro pituitary GH
secretion rate decreases (Agustsson et al., 2001), indicating a role
of GH in desmoltification.
3. Comparisons between hatchery and natural environment

Billions of salmon smolts are raised each year in hatcheries to
be aquacultured or released into the wild. This provides easy ac-
cess to experimental animals and facilities where the smoltifica-
tion process and its endocrine control can be studied. In contrast,
only a few studies have attempted to elucidate the hormonal con-
trol of the smoltification process in wild fish in nature, or indeed, if
this is affected by the hatchery environments. This is an important
issue, as salmonids are still essentially non-domesticated species,
being held and studied in man-made environments.

The Salmo and the Salvelinus species, together with O. mykiss,
the rainbow/steelhead trout, are iteroparous. Thus, in commercial
salmon aquaculture, selected fish can be kept at broodstock facili-
ties for several spawning cycles, and/or used in large selective
breeding programs. Most prominent of these is the Norwegian
AquaGen selection program for Atlantic salmon (http://www.aqu-
agen.no/en/), with the farmed salmon in Norway currently of the
9th AquaGen selection generation. For the above species, large-
scale, net-pen cultures are the most common, with growth after
smolting of Atlantic salmon occurring in SW, whereas in rainbow,
brown, and brook trout as well as Arctic char growth through mat-
uration usually takes place in FW. For both Atlantic salmon and
some trout species, there are significant, hatchery-driven restora-
tion and/or recreational fishing programmes in which juveniles,
raised from wild-caught parents, are released into the wild, at
the alevin, parr or smolt stage. In contrast to the iteroparous spe-
cies, the Pacific Oncorhynchus species are semelparous, dying after
spawning. For these species, the dominating aquaculture strategy
is to obtain eggs and sperm from returning ‘‘wild” adults, and rear
juveniles until release for restoration and/or commercial sea
ranching.

Irrespective of whether directed rearing-selection programs are
being used or not, hatchery rearing will unavoidably have pheno-
typic as well as genetic effects on the reared fish, likely including
epigenetic effects. Thus, hatchery fish are influenced by the rearing
environment, which is most often lacking in structural complexity,
differences and/or lack of environmental cues, and a higher popu-
lation density than found in nature. Hatchery practices of parental
selection, together with hatchery-related differences in survival
relative to wild condition, may have substantial impact on the ge-
netic composition of the fish population (Crozier, 1998).

Artificial rearing environments with environmental cues which
differ from those in the wild can result in important differences in
smolt development and its endocrine control between captive and
wild salmon. This is a significant issue in light of the huge numbers
of hatchery-reared juvenile salmon released world wide annually.
Hatchery-reared fish generally have lower return rates than fish in
the wild (Jonsson et al., 2003), and altered environmental control
of smolting may be an important contributing factor to these dif-
ferences (McCormick et al., 1998). While it is often possible to sim-
ulate important environmental conditions/cues such as
photoperiod and temperature, or keep them ambient, in the hatch-
ery/laboratory, this is in most cases not practical, and numerous
more subtle environmental parameters are not as easy to emulate.
These include the diurnal changes in light intensity, including
dawn and dusk, as well as changing nocturnal light conditions
due to the lunar cycle. Unless the fish have access to unfiltered,
free-flowing river water, such possible environmental cues as diur-
nal and seasonal changes in temperature, flow rate and silting, as
well as seasonal changes in prey items, are lost. Further differences
between captive and wild conditions are related to the raceway/
tank structures most always used in research. Irrespective of shape
or size, these are usually devoid of the complex structural features
normally present in the natural environment, including bottom
structures such as gravel, rocks and vegetation, as well as banks
and bank vegetation, all providing variation in water flow speeds
and opportunities for cover and foraging. Such rearing environ-
ment impacts negatively on the cognitive development of the fish
(Marchetti and Nevitt, 2003), and in combination with high stock-
ing density, effectively abolishes the natural behavior pattern of
salmonid juveniles such as establishment of social hierarchies
and territoriality. This, in turn, may create conditions of elevated
stress, especially notable as cortisol is one of the major smoltifica-
tion-related hormones. The lack of predators in the captive envi-
ronment, together with rhythmic, predictable feeding schedules
with high-energy diet, further creates conditions different from
the natural environment.

However, it should be emphasized that despite all the numer-
ous differences in biotic and abiotic factors noted above, rendering
most hatchery and laboratory environments at best an imperfect
simulation of the natural conditions, the fact remains that salmo-
nids do smoltify under these ‘‘artificial” conditions, and these
hatchery-raised fish can successfully survive the SW phase of their
lifecycle. This indicates that the smoltification process is a funda-
mentally robust process, which makes biological sense. If success-
ful parr–smolt transformation was dependent on a large number of
environmental signals and conditions, the geographic variation of
salmon habitats, together with unpredictable variation in temper-
ature, water flow, nutrient availability, and to some extent light
conditions, would easily disrupt the seasonal smoltification
process.

As noted earlier, there are, however, a number of indications
that there are significant differences between wild and hatchery-
reared smolts in number of physiological parameters as well as
ultimate reproductive success. McCormick and Björnsson (1994)
examined endocrine differences between migrating Atlantic sal-
mon smolts and non-migrant parr that had been released as fry
into tributaries of the Connecticut river 2 years earlier as part of
a restoration program. Comparisons were also made with the same
population of fish kept in the hatchery environment throughout
smoltification. Plasma thyroxine (T4), cortisol and growth hormone
(GH) levels were all significantly (5- to 100-fold) elevated in the
smolts compared with parr, underscoring the importance of these
hormones in driving the smoltification process. In comparison be-
tween the river-released smolts, smolts raised and kept in the
hatchery had reduced plasma GH and T4 levels during the smoltif-
ication period, and larger increases in plasma cortisol. Wild brown
trout smolts captured in two Swedish streams had higher plasma
GH and gill Na+,K+-ATPase (NKA) activity compared with hatch-
ery-reared fish of the same stock released into the same stream
(Sundell et al., 1998). Coho salmon smolts from the Quinsam River
(British Columbia, Canada) were shown to have greater increases
in plasma cortisol and the number of gill cortisol receptors in wild
fish compared with the same stock maintained and sampled in the
hatchery (Shrimpton et al., 1994b). This same stock of wild Quin-
sam River coho salmon (Canada) had higher gill NKA activity at
the time of release, spent less time in the river and estuary, and
had higher marine survival than hatchery-reared fish (Chittenden
et al., 2008).

http://www.aquagen.no/en/
http://www.aquagen.no/en/
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Substantial changes in physiological and endocrine status have
been observed in hatchery smolts after release into the wild. High-
er levels of salinity tolerance, gill NKA activity, plasma GH, IGF-I
and T4 were observed in hatchery-reared Atlantic salmon smolts
that had been released into the wild and recaptured a month later
during downstream migration compared to fish that remained in
the hatchery (McCormick et al., 2003). These endocrine and phys-
iological changes were similar to those seen in the same stock of
smolts that had been reared in the wild from first feeding. Thus,
many of the differences in hatchery and wild fish may be due to
differences in environmental conditions between the two
environments.

The environmental factors that are responsible for the stimula-
tion of hormone activity after release of hatchery fish into the wild
are unclear. Biotic factors such as food availability and predator-re-
lated foraging risks, social interactions such as territorial competi-
tion as well as schooling behavior and can affect physiology and
endocrine control. Similarly, abiotic factors such as environmental
structures, flow, temperature and water quality, could be of impor-
tance. Transfer of hatchery-reared Atlantic salmon to 5 and 11 �C
temperature treatments characteristic of the hatchery and wild
conditions, respectively, resulted in higher levels of plasma GH
and IGF-I and lower plasma T4 in the warmer temperature regime
(McCormick et al., 2003). When hatchery-reared honmasu salmon
(O. rhodurus � O. masou) parr were released into a river system and
compared with wild parr and parr kept at the hatchery, GH levels
were found to be lowest in the wild parr, higher in the hatchery
parr and highest in the river-released hatchery parr for 3 months,
after which GH levels decreased to become similar to those of the
wild parr (Munakata et al., 2000). In interpreting the data, it must
be noted that the study covered a period (June–November) of riv-
er-resident parr development (0+ age) and not the smoltification
period. Starvation or restricted rations result in elevated GH levels
within 5–10 days (Pierce et al., 2005) and fast-growing salmonids
have lower GH levels than slow-growing conspecifics, a phenome-
non related to higher GH-receptor densities and thus also higher
GH turn-over rate in fast-growing fish. The elevated post-release
GH levels of the honmasu salmon parr over a 3-month period are
thus likely the result of a lower feed intake by the released parr
that the wild parr during the first 2 months of post-release, seen
as a lower stomach fullness (Munakata et al., 2000). While not a re-
lease into the natural environment, Zydlewski et al. (2003) trans-
ferred 1+ aged hatchery-raised steelhead trout from traditional
concrete raceways to a ‘‘semi-natural” rearing pond which in-
cluded some submerged structures. The transfer also resulted in
a change in rearing density, but rations were kept similar between
the raceway- and pond-reared fish over a 5-month period, from
August to January. A striking physiological difference between
pond- and raceway-reared fish was the significantly higher levels
of plasma GH in pond-reared fish seen both in November and Jan-
uary. This was concomitant with higher growth rate of the pond-
reared fish as well as a greater seawater tolerance, indicating a
smoltification-related change in physiology and endocrinology.
4. Endocrinology of post-smolts during coastal and ocean
migration

Following parr–smolt transformation and downstream migra-
tion, salmon move through estuarine and coastal environments be-
fore reaching the open ocean. They are considered post-smolts
when they leave the estuary and enter full salinity seawater in
the coastal zone. Studies from Norwegian and British waters sug-
gest that Atlantic salmon post-smolts spend less than a month in
the fjords and coastal waters before continuing their migration to-
wards the richer feeding grounds in the ocean (Holm et al., 1982;
Dutil and Coutu, 1988; Hvidsten and Lund, 1988; Thorpe, 1994).
During their early marine migration, the diet of Atlantic salmon
post-smolts changes, and feeding conditions and early marine
growth are suggested to be critical to the overall marine survival
and year-class strength (Andreassen et al., 2001; Friedland et al.,
2000, 2009; Rikardsen et al., 2004; Haugland et al., 2006; Peyronnet
et al., 2007; McCarthy et al., 2008). The completion of parr–
smolt transformation and downstream migration represents the
culmination of a series of physiological and behavioral changes
which are preparatory for seawater entry (Hoar, 1988; McCormick,
2009), with further adaptations taking place in response to seawa-
ter (see, e.g., Björnsson, 1997; Björnsson et al., 1998; Handeland
et al., 1996, 1998, 2000; McCormick et al., 1989; McCormick,
1995, 2009; Nilsen et al., 2003, 2007, 2008; Stefansson et al.,
2003, 2008, in press). These physiological changes represent a crit-
ical part of the adaptive process to ocean conditions and studies
have suggested that they confer substantial selective advantages
during the critical early marine phase of anadromous salmonids
(Levings et al., 1994; Andreassen et al., 2001; Stefansson et al.,
2003, in press).

A major challenge of salmon smolts during the estuarine and
early marine phase is the acclimation to the high salinity of
full-strength SW. Gill NKA activity is high in wild smolts during
downstream migration (McCormick and Björnsson, 1994; Stefansson
et al., 2003, in press), and remains high or increases further in
post-smolts in SW. The NKA levels in wild post-smolts in SW, in
the range 10–20 lmol ADP mg prot.�1 h�1 (Stefansson et al.,
2003, in press), are in line with laboratory studies (Nilsen et al.,
2007; Stefansson et al., 2007), and likely represent long-term
NKA activity of Atlantic salmon in SW. Concurrent with the
changes in NKA activity, the relative expression of NKA a subunit
isoforms changes. FW smolts show high expression of NKA a1b,
and levels remain high in post-smolts in SW. In contrast, NKA
a1a mRNA levels decrease between smolts in FW and post-smolts
in the fjord, with a further reduction to undetectable levels in
Atlantic salmon post-smolts caught on the summer feeding
grounds in the Norwegian Sea (Stefansson et al., in press). These
changes agree with laboratory results (Nilsen et al., 2007) during
smoltification and SW transfer of Atlantic salmon, and further
illustrate the concept of NKA a1a and a1b as FW and SW isoforms,
respectively (Richards et al., 2003; Nilsen et al., 2007; McCormick
et al., 2009).

Once the smolts have left the estuary and entered the coastal
zone their growth rate increases as they begin feeding on abundant
marine prey (Levings et al., 1994; Andreassen et al., 2001; Stefansson
et al., 2003, in press; Rikardsen et al., 2004). Atlantic salmon
post-smolts may grow at a rate as high as 1 mm per day during
their first spring and summer at sea (Stefansson et al., in press).
This high growth estimate is supported by data on marine growth
of larger Atlantic salmon post-smolts, found to grow by 0.45 mm a
day (Jacobsen, 2000), as well as increased muscle RNA/DNA ratio
during the coastal post-smolt migration (Stefansson et al., in
press). Post-smolts appear to prioritize rapid growth and protein
deposition during the feeding migration in spring and summer,
and their energy intake during this period is high enough to allow
deposition of energy as lipid and glycogen (Stefansson et al., 2003,
in press). From low levels in smolts and early post-smolts, condi-
tion factor increases in oceanic fish, concurrent with an increase
in lipid levels, hepato-somatic index and total energy content.

The physiological adaptations which take place during the early
phase of salmon ocean migration, i.e., high hypo-osmoregulatory
capacity, growth and energy metabolism, are all processes that
are under control of the growth hormone—IGF-I system (Björnsson,
1997; Björnsson et al., 2002; Reinecke et al., 2005). Plasma GH lev-
els of wild Atlantic salmon smolts were shown to be higher in
smolts captured in the fjord compared to those captured in-river
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(Stefansson et al., 2003, in press). Similarly, higher levels of plasma
GH and IGF-I were observed in hatchery-released smolts in the
estuarine zones in Maine (USA) compared to those during river
migration (McCormick et al., unpublished results). These increases
were followed by slight decreases in both hormones as fish moved
several kilometers offshore, perhaps an indication that increased
GH and IGF-I is important during initial exposure to seawater. In
rapidly growing post-smolts caught off the Norwegian coast and
in the Norwegian Sea in summer there were strong reductions in
plasma GH levels and a concurrent increase in IGF-I levels. A de-
crease in the plasma GH/IGF-I ratio is in agreement with laboratory
data on fast-growing Atlantic salmon (Stefansson et al., 1991;
Nordgarden et al., 2006) and coho salmon post-smolts (Larsen
et al., 2001; Beckman et al., 2004a). The findings of Stefansson
et al. (in press) of a decrease in circulating GH levels and an in-
crease in IGF-I are in line with the general vertebrate model for
the relationship between GH and IGF-I (Wood et al., 2005). Concur-
rent with low circulating GH levels, an increase in GH production
(judged by high pituitary mRNA levels) was observed in rapidly
growing oceanic post-smolts, suggesting that GH is quickly re-
moved from circulation by high GH-receptor (GH-R) activity in
the liver (judged by increased hepatic GH-R mRNA levels), stimu-
lating hepatic IGF-I production (judged by high hepatic IGF-I mRNA
levels) and release of IGF-I into circulation. Comparing the increase
in RNA/DNA ratio through post-smolt migration from the river to
the high seas with a concurrent increase in IGF-I levels, our results
further support IGF-I as a candidate endocrine indicator of growth
in fish (Beckman et al., 2004b; Picha et al., 2008).

The findings of Stefansson et al. (in press) further suggest
important roles of GH and IGF-I at the level of the brain and pitu-
itary, both as regulators of cellular proliferation and differentiation,
and as key elements in the feedback loops regulating production
and release of GH and IGF-I. Brain GH and IGF-I receptor transcrip-
tion was higher in post-smolts than in smolts in FW, suggesting a
possible role of GH in the growth and differentiation of the brain in
post-smolt salmon. Significant changes were also observed in pitu-
itary IGF-I receptor mRNA levels, with higher transcription in post-
smolts in the Norwegian Sea.

THs are involved in a wide range of physiological, developmen-
tal and behavioral processes in teleosts (Power et al., 2001; Dufour
and Rousseau, 2007; McCormick, 2009). Salmonid smoltification is
generally associated with an increase in circulating T4 levels, while
T3 levels are regulated within a more narrow range (Dickhoff et al.,
1985, 1997; Ebbesson et al., 2000, 2008; McCormick et al., 2007;
Stefansson et al., 2007). Exposure of smolts to seawater causes a
further increase in plasma T4 levels (McCormick and Saunders,
1990; Young et al., 1995). In hatchery and wild Atlantic salmon
smolts there is an increase in both plasma T4 and T3 levels in the
estuarine and near coastal zone after entry into seawater com-
pared to in-river levels (Stefansson et al., in press; McCormick
et al., unpublished results). The high T4 levels and the continued in-
crease in circulating levels of the biologically more active form, T3,
suggests a major activation of hepatic conversion of T4 to T3 in
post-smolts in SW, probably related to the high metabolic activity
and rapid growth and development of the post-smolts on the feed-
ing grounds in the Norwegian Sea (Stefansson et al., in press).

5. Endocrine disruption of smolt development

As noted in Section 1, the parr–smolt transformation is a prepa-
ratory adaption for downstream migration and seawater entry.
There is substantial natural mortality during this period with
important consequences for adult return rates. The complexity of
this developmental event and the variety of adaptations necessary
for migration and success in an altered habitat appear to make
smolts susceptible to a variety of external stressors. The anthropo-
genic factors affecting smolts and their consequences for marine
survival have recently been reviewed (McCormick, 2009), and we
will summarize the key features known to date.

As an endocrine driven developmental event, smolting may be
susceptible to environmental contaminants that can act as endo-
crine disruptors (McCormick, 2009). It has been known for some
time that sex steroids can have negative effects on salinity toler-
ance, behavior, and other aspects of smolt development (Ikuta
et al., 1987). Fairchild et al. (1999) observed a positive relationship
between the amount of aerial spraying for spruce budworm (which
contained the surfactant nonylphenol, a known estrogen mimic)
and reduced numbers of returning adults, and hypothesized that
nonylphenol may have negatively impacted smolt development.
Physiological studies indicate that nonylphenol could disrupt
smolt development (Madsen et al., 1997), likely acting through re-
duced IGF-I plasma levels (McCormick et al., 2005). The levels of
nonylphenol required for this inhibition, however, are relatively
high and unlikely to affect smolts under environmentally relevant
conditions (Lerner et al., 2007a). Further research indicated that
exposure of yolk-sac larvae to environmentally relevant levels of
nonylphenol can affect smolt development a full year after the
exposure period, decreasing salinity tolerance and preference
through effects on thyroid hormones, IGF-I and perhaps other
endocrine pathways (Lerner et al., 2007b). The mechanism(s) of
this potentially epigenetic effect of estrogenic compounds is un-
clear, but the results underscore the importance of developmental
impacts of endocrine disrupting compounds.

The osmoregulatory development that allows smolts to have
high seawater tolerance while still in freshwater, may make them
more susceptible to external stressors, particularly those that af-
fect ion regulation. The smolt stage of Atlantic salmon is particu-
larly sensitive to acidification and associated increases in
aluminum; moderate conditions can lead to direct mortality and
less severe conditions result in loss of salinity tolerance and re-
duced adult return rates (Saunders et al., 1983; Kroglund et al.,
2007). These effects on smolts are thought to be responsible for
the extirpations of Atlantic salmon that have occurred in response
to acid rain in Norway and eastern Nova Scotia (Parrish et al.,
1998). Heavy metals also affect ion regulatory capacity in fish,
though their impact on smolts has not been widely examined.

A number of persistent organic pollutants have been found to
affect smolt development at levels well below those causing mor-
tality. Atlantic salmon smolts exposed to 100 lg l�1 atrazine have
compromised osmoregulatory ability in freshwater, reduced salin-
ity tolerance and lower growth rate after initial seawater exposure
(Waring and Moore, 2004; Nieves-Puigdoller et al., 2007). Expo-
sure of coho salmon smolts to the wood preservative didecyldime-
thylammonium chloride at 0.75 mg l�1 for 24 h resulted in
increased plasma cortisol, reduced gill NKA activity and lower
salinity tolerance (Johnston et al., 1998). Exposure of Atlantic sal-
mon smolts to 10 lg l�1 polychlorinated biphenyls (Aroclor
1254) results in reduced gill NKA activity, loss of plasma ions in
freshwater and lower behavioral preference for seawater (Lerner
et al., 2007c). Pink salmon eggs exposed to polynuclear aromatic
hydrocarbon (PAHs, 1–45 lg l�1) experienced a dose-dependent
decrease of growth rate in sea cages 10 months after the exposure
period (Heintz et al., 2000). PAH-exposure (19 lg l�1) of pink sal-
mon embryos that were subsequently released as downstream
migrating fry resulted in reduced marine survival from 1.3% in con-
trols to 0.8% in exposed fish in 1 year and from 2.0% to 1.7% in the
next, underscoring the importance of environmental conditions in
determining the impact of contaminants. Environmental contami-
nants may also interact to affect smolt development; exposure of
Atlantic salmon smolts to a mixture of 4-nonylphenol and atrazine
resulted in mortality and reduced salinity tolerance, whereas the
compounds alone had no detectable effect (Moore et al., 2003).
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In addition to effects on development of salinity tolerance, envi-
ronmental contaminants may affect other aspects of smolt devel-
opment. The olfactory system of salmonids is affected by a
variety of anthropogenic factors, including low pH, carbofuran,
cypermethrine and atrazine (McCormick et al., 2009). These factors
may affect the ability of smolt to detect prey and predators, and ad-
versely impact imprinting. Migratory behavior, salinity preference
and swimming capacity may also be impacted by contaminants
with negative effects on smolt survival (McCormick et al., 2009).
6. Conclusions and perspectives

To date, there have been only a few studies that have examined
the endocrine and physiological changes that occur during smolt
development in the wild. Under appropriate photoperiod and tem-
perature conditions in the hatchery and laboratory, it appears that
smolt development occurs in a pattern which is fundamentally
similar to that which occurs in nature. It is also clear, however, that
the timing and intensity of these changes can differ between
hatchery and wild fish, and that these may have substantial impli-
cation for survival and the use of hatcheries as a mitigation tool.
These differences may arise both from genetic differences, which
appear capable of developing within just a few generations, and
environmental differences that will be inherent in virtually all cap-
tive rearing. However, it may be possible to minimize these differ-
ences by determining the environmental factors that contribute to
difference in hatchery and wild fish. This is a useful goal, but will
require a much greater understanding of how environmental fac-
tors control smolt development than we currently possess.

Due to its ease of measure and its obvious importance, there has
been a large focus on salinity tolerance and growth in seawater.
This may be the most important metric for the salmon culture
industry, but other changes involved in smolt development will
be important for fish in the wild. Sustained swimming ability,
imprinting and homing, prey and predator detection and a myriad
of other changes will be important for ocean survival. These are
more difficult to quantify, but will be important areas of research
to accomplish a more complete understanding of the factors con-
trolling smolt survival.

A classic approach in elucidating endocrine regulation of phys-
iological processes involves in vivo hormonal treatments. This ap-
proach has been widely and successfully used in the laboratory
to elucidate functional relationships, for example between GH
and branchial NKA activity in salmonids (Björnsson, 1997). How-
ever, to apply this approach in field studies is challenging, with re-
capture as one of the main problems. Only a few endocrine
treatment field studies have been carried out on salmonids, and
only during the freshwater phase of the anadromous lifecycle
(allowing experimental fish to migrate out to sea certainly aug-
ments the recapture problem). In a series of studies, long-term,
slow-release GH implants have been used to examine different
aspects of growth, foraging, predator risks and survival in semi-
natural experimental streams (Johnsson et al., 1999, 2000) or in
natural stream systems (Johnsson and Björnsson, 2001; Martin-Smith
et al., 2004; Sundt-Hansen et al., 2009), both in resident brown
trout parr (Johnsson et al., 1999, 2000; Sundt-Hansen et al.,
2009) as well as in Atlantic salmon (Martin-Smith et al., 2004).
These studies demonstrate that GH is effective in stimulating in-
creased growth rate at the parr/resident freshwater stage. Even if
these studies are only indirectly related to the endocrinology of
smoltification, the approach is relevant in terms of future studies
on the endocrinology of smoltification in the wild. Examination
of the impacts of hormone manipulation on behavioral and
physiological aspects of smolting and survival in the marine
environment is a challenging but important area for future studies.
Continued development of telemetry and data-logging tech-
niques will allow ever more sophisticated retrieval of physical data
from wild, free-swimming fish. The novel use of magnetic field
information in data loggers to establish geographic location of
migration fish is a recent, important step forward. Development
of tag technologies should allow the assessment of the physiolog-
ical condition of wild fish. Heart rate monitors have already been
used in wild fish (Lucas et al., 1991). Future break-through could
include development of implantable sensors assessing intraperito-
neal fluid or plasma ion concentration or osmolality, and even
nutrient and hormone levels. Small and accurate glucose sensors
have been developed for diabetics and can be potentially applied
to fish. The integration of sophisticated geospatial positioning with
physiological monitors would dramatically increase our under-
standing of the environmental physiology and endocrinology of
fish.

Molecular methods have increasingly been used for the last sev-
eral years to help elucidate molecular mechanisms and their regu-
lation during the smoltification process. For field studies,
molecular approaches can provide practical advantages in terms
of the relative simplicity of collecting tissue samples, and a way
to gain insights into the molecular activity of endocrine tissues.
However, it is important not to lose sight of the fact that in endo-
crinology, it’s the circulating hormone which stimulate target tis-
sues, and gene expression or even hormonal content of endocrine
tissues have to be interpreted with caution in terms of endocrine
system activation. This is exemplified in a recent study on GH
endocrinology in Atlantic salmon, where complex and shifting
relationships were found between pituitary GH mRNA expression,
pituitary GH content and plasma GH levels, with all parameters as-
sessed in the same fish (Benedet et al., 2010). Recently, the ‘‘explor-
atory approach” of using microarrays to identify differential gene
expression during salmon smoltification has been employed (Au-
bin-Horth et al., 2009; Seear et al., 2010). While this is also likely
to be valuable approach in studying many physiological processes,
the challenges in using this approach in endocrinological research
are both that genes involved in hormone production are often only
expressed in defined (endocrine) tissues, and the that receptor
gene expression is often quite low. Further, as with all observa-
tional approaches, it is not the identification of differentially ex-
pressed genes themselves which is the key, but placing them in
the correct functional endocrine pathways. This may require fur-
ther development of rapid functional assays.

Laboratory studies have provided a solid foundation for the
understanding of the environmental and endocrine control of
smolting in anadromous salmonids. However, many of the chal-
lenges for salmon conservation and restoration affect smolts, and
may specifically involve smolt development, migration and sur-
vival. To understand and predict responses to climate change,
endocrine disruptors and other anthropogenic influences, it will
be crucial to increase our understanding of the environmental
endocrinology of smolt development of salmon in nature.
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