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Physiological Mechanisms of Homing Ability
in Sockeye Salmon: From Behavior to Molecules
Using a Lacustrine Model

Hiroshi Ueda, Yuzo Yamamoto, and Hiroshi Hino

A number of studies have investigated the amazing abilities of salmon to migrate long distances from
the ocean to their natal streams for spawning, but much remains unknown because of the difficulties in following the
whole life cycle, especially the oceanic migration. Kokanee Oncorhynchus nerka (lacustrine sockeye salmon), offer prom-
ise as systems for studying the physiological mechanisms of homing ability in salmon. Three types of physiological study,
from behavior to molecules, were conducted using Lake Toya and Lake Shikotsu, Hokkaido, Japan, as model “oceans”
and are reviewed here. The first study examined homing behavior of mature sockeye salmon in Lake Toya using ultra-
sonic tracking systems, testing for use of visual cues and magnetic orientation. Visual cues, but not magnetic orienta-
tion, appeared to be important in straight homing behavior. The second study examined the effect of hormonal control-
ling mechanisms, in relation to sexual differences, on homing duration (the time required to home) and homing accuracy
during the spawning season in Lake Shikotsu. Administering gonadotropin-releasing hormone (GnRH) analog shortened
homing duration. The third study examined the olfactory discriminating ability of home stream odorants using a two-
choice test tank. Sockeye salmon exhibited preferential upstream selective movement toward artificial home stream
water that had been prepared to mimic the composition of amino acids and related substance of the home stream. These
results demonstrate the suitability of the lacustrine model for studying the physiological mechanisms of homing ability
in sockeye salmon.

almon have an amazing ability to

migrate thousands of kilometers from

the open ocean to their natal stream to
reproduce after several years of oceanic feed-
ing. It is widely accepted that specific cues
associated with the natal stream are imprinted
to particular areas of the nervous systems of
juvenile salmon during downstream migra-
tion and that adult salmon utilize these cues
to recognize the natal stream during the hom-
ing migration. Since the olfactory hypothesis
for salmon homing was proposed by Wisby
and Hasler (1954), the olfactory homing
mechanism has been investigated in many
behavioral, physiological, biochemical, and
neurobiological studies (see reviews; Cooper

and Hirsch 1982; Hasler and Scholz 1983;
Doving 1989; Stabell 1992; Ueda and
Yamauchi 1995; Satou et al. 1996; Bertmar
1997; Nevitt and Dittman 1998; Ueda and
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Shoji 2002; Quinn 2005). The olfactory dis-
criminating ability is believed to be exerted
only within a short distance of the coast of
the natal stream as it is impossible for salmon
to use only this ability for a long distance
migration from the feeding area to the natal
area. For open water orientation, the contribu-
tions of a map and compass system have been
discussed (Quinn and Groot 1984; Quinn et
al. 1989; Hansen et al. 1993; Ogura and Ishi-
da 1994; Dittman and Quinn 1996; Ueda
2004). However, it remains unclear both
which  sensory systems play leading
roles in open water orientation and how
the olfactory system discriminates stream
odors. One of the reasons for this uncertainty
is the lack of a suitable model system for inten-
sively examining homing ability in salmon as
they move from open water to the natal stream.

Lacustrine sockeye salmon offer a model
system for studying homing ability. We review
three studies, ranging from behavior to
molecules, examining the physiological
mechanisms of homing ability in lacustrine
sockeye salmon. First, the homing behaviors
of mature sockeye salmon whose sensory cues
had been impaired were

sockeye salmon was studied using upstream
selective movement toward artificial home
stream water using a two-choice test tank. The
results are reviewed and discussed with
respect to open water orientation, sex-
dependent hormone actions on homing
migration, and olfactory mechanisms of fresh-
water discrimination.

Study Areas and Populations

All studies were conducted in Lake Toya (sur-
face area 71 km?, average and maximum
depth 116 m and 179 m, respectively) or Lake
Shikotsu (surface area 78 kmz, average and
maximum depth 265 m and 363 m, respec-
tively), large caldera lakes in Hokkaido,
Japan. Most lacustrine sockeye salmon in
both lakes are spawned and released from
hatcheries within a few months of emergence.
Although the smolting process in lacustrine
sockeye salmon is not well understood, adults
attain maturity in 3-5 years and return to
their natal hatchery for breeding (Figure 1).
The active spawning season is the middle of
October to early November in both lakes.
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Figure 1. Life histories of lacustrine and anadromous sockeye salmon. Dotted line:
lacustrine form; solid line: anadromous form.
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Biotelemetry of Homing Behavior

Salmon likely use their olfactory discriminato-
ry ability during migration from coastal
waters to the natal stream, but it is unclear
which sensory cues are involved in open
water orientation. Recent rapid advances in
biotelemetry technologies make it possible to
study underwater fish movement in great
detail (Cooke et al. 2004). In particular, ultra-
sonic transmitters have been used to investi-
gate the migratory behavior of salmonids in
the coastal eastern Pacific Ocean (Quinn et al.
1989) and the central Bering Sea (Ogura and
Ishida 1994). Ultrasonic tracking has been
used in combination with sensory ablation
experiments, which blocked visual and olfac-
tory cues or magnetic senses, to study ocean-
ic migratory salmonids (Deving et al. 1985;
Yano and Nakamura 1992; Yano et al. 1996).
However, it is difficult to carry out controlled
experiments on anadromous fish as they
migrate from the sea, in their prematuration
phase, to their natal

ent mature male sockeye salmon:

1. Experimental blocking of magnetic cues
using a magnetic ring;

2. (Control) application of a surrogate
brass ring with no influence on magnetic
cues;

3. Experimental blocking of visual cues
through blinding; and

4. Experimental blocking of magnetic and
visual cues.

The experimental fish were then released
near the center of the lake and their homing
migrations tracked.

Results

Sockeye salmon with the magnetic blocking
and control treatments returned straight to
the natal area after 1 h of random movement
(Figure 2A, 2B). The blinded sockeye salmon

stream, where they
mature. Lacustrine forms
offer a good model sys-
tem for studying the
homing mechanisms of
salmon from open water
to their natal area for

reproduction.
Toya Lake
Station
Methods
The sensory cues of

mature sockeye salmon
were impaired and then
their homing migrations
were tracked from the
center of Lake Toya to
the natal area using an

Akebono
Hatchery

ultrasonic tracking sys-
tem (Ueda et al. 1998).
Four treatments were
each applied to a differ-

Figure 2. Tracks of four mature male lacustrine sockeye salmon in Lake Toya during
the spawning season. Arrowheads indicate each fish’s point of release: A—magnetic
cue-interference fish, B—magnetic cue-interference control fish (brass ring), C—
visual cue-interference fish, D—visual and magnetic cues-interference fish.
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moved to the shore of Naka-Toya in the
evening and stayed there for a few days, far
from the natal area (Figure 2C). The sockeye
salmon whose visual and magnetic cues were
both blocked moved in a direction opposite to
the natal area, and were rediscovered in the
natal area on the following evening, suggest-
ing the possibility of involvement of olfactory
cues in finding the natal area (Figure 2D).

Discussion

The ultrasonic location transmitters were
combined with sensory ablation to evaluate
homing capability, particularly orientation
ability, of sockeye salmon. Visual cues
appeared critical to the straight homing of
sockeye salmon, while magnetic cues did not
appear to be necessary. However, magnetore-
ceptor cells have been identified in the nose of
rainbow trout O. mykiss (Walker et al. 1997).

Further investigation of the role of mag-
netic cues in salmon homing migration is
required. Moreover, since lacustrine salmon
experience the lake for their entire life cycle,
they may be able to learn and exploit other
sensory systems. Thus the lacustrine experi-
ments may shed light on sensory systems
available for use in open water orientation but
may not necessarily reflect what is actually
used in oceanic migrations.

Hormonal Controlling Mechanisms

The salmon homing migration is closely relat-
ed to gonadal maturation, which is regulated
mainly by the brain—pituitary—gonadal axis.
Briefly, gonadotropin-releasing hormone
(GnRH) controls gonadotropin (GTH: LH and
FSH) synthesis and release from the pituitary
gland. Gonadotropins induce steroidogenesis
in the gonads, and steroid hormones stimu-
late gametogenesis and final gameto-matura-
tion; estradiol-17f (E;) and testosterone
(T) are active in vitellogenesis, T and 11

ketotestosterone (11KT) in spermatogene-
sis, and 17, 20p-dihydroxy-4-pregnen-3-one
(DHP) in final gameto-maturation in both
sexes (Nagahama 1999). We investigated the
hormone profiles in the brain—pituitary—
gonadal axis in relation to homing migra-
tion and gonadal maturation of mature
lacustrine sockeye salmon in Lake Shikotsu
(Ueda 1999).

Methods

Adult sockeye salmon were captured from
September to November adjacent to their
natal hatchery prior to spawning. They were
sampled for serum steroid hormones, tagged,
and released in the center of the lake. Fish
were sampled again at recapture to character-
ize changes in steroid hormone levels in
individual migrants as well as homing dura-
tion and homing percentage by month (Sato
et al. 1997).

Homing Duration: Results and Discussion

Homing duration shortened significantly from
September to October in males and from
October to November in females (Figure 3A).
All males returned faster than females early in
September and October and half of the males
did not return to the natal site in November.
In contrast, 78-90% of females returned over
the entire 3-month sampling period (Figure
3B). The average homing percentage of either
sex for 3 months was 83%, indicating no dif-
ferences in the total number of homing indi-
viduals between male and female.

The sex ratio of chum salmon on the
spawning ground is predominated by males
early and females late in the spawning run
(Bakkala 1970). Quinn and Foote (1994) also
demonstrated that sex-specific differential
arrival timing on the spawning grounds and
subsequent differences in reproductive suc-
cess in sockeye salmon. The drastic reduction
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Figure 3. Changes in homing duration (A) and percentage (B) of lacustrine sockeye salmon in Lake Shikotsu from
September to November. Error bars represent SE **, P < 0.01 by Student’s #-test.

of male homing percentage late in the season
suggests, beyond differential survival, possi-
bly less selection pressure on males for
spawning at the natal site, and therefore
increasing probability of straying to spawn as
final maturation approaches.

The occurrence of relatively few nonhom-
ing females throughout the sampling period
may be related to the following two popula-
tion-level hypotheses: 1) the conservative pro-
tection of these individuals’ strain from the
disruption of being captured at their natal
spawning site and 2) the enhancement of
their strain arising from a wild spawning dis-
tribution within the lake.

Steroidal Hormone Profiles: Results

The sexual differences in homing behavior are
thought to be reflected by the different steroid
hormone profiles between males and females
(Sato et al. 1997). In males, the reduced hom-
ing duration coincided with increased serum
11KT levels. Reduction of homing percentage
was associated with increased serum DHP lev-
els (Figure 4A). In females, the reduced hom-

ing duration coincided with an increase of
serum T and DHP levels, and a drop in serum
E; levels (Figure 4B).

Steroid Hormone Implantation Studies: Results

Since GnRH treatment has been reported to
be highly effective in inducing GTH release,
ovulation and spermiation in teleost fishes
(Zohar 1996), we investigated the effect of
GnRH analog (GnRHa) implantation on both
homing profiles and serum steroid hormone
levels of fish in September (Sato et al. 1997).
GnRHa implantation reduced homing dura-
tion and caused dramatic increases in serum
DHP levels in both sexes (Figure 5). An inter-
esting discrepancy was observed between rap-
idly and slowly returning individual males:
rapidly returning males showed higher serum
T levels and lower serum DHP levels than
slowly returning individual males.

To examine the direct action of T and DHP
on homing duration, T and DHP were
implanted in fish in September in comparison
with GnRHa-implantation (Kitahashi et al.
1998b). GnRHa-implanted fish returned sig-
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Figure 4. Changes in serum steroid hormone levels of male (A) and female (B) lacustrine sockeye salmon from September
to November in Lake Shikotsu. White and black bars represent the mean + SE of the indicated number of samples shown
in parenthesis at the time of release and return, respectively. *, P < 0.05; **, P < 0.01 by Student’s t-test.
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Figure 5. Effects of GnRH analog (75 ug/fish) and steroid hormone
(200 pg/fish) implantation on homing duration of lacustrine

sockeye salmon in Lake Shikotsu in September. Number in
parentheses indicate returning fish/releasing fish. Error bars
represent SE of the samples shown in parenthesis (number of
return/number of release). *, P < 0.05; **, P < 0.01 by Student’s #test.

nificantly earlier than the control fish
regardless of sex. T implantation tended
to reduce homing duration in both males
and females, but not to a statistically sig-
nificant degree. DHP implantation also
significantly shortened homing duration
in females, but it did not have any signif-
icant effect in males. These steroid hor-
mone implantations did not affect serum
T and DHP levels.

Discussion

It is quite interesting to note that the
direct actions of T and DHP on homing
migration are sex dependent. The peak
of plasma T levels in lacustrine sock-
eye salmon of both sexes was observed at
the time when they gathered at the
mouth of their natal stream in Lake
Chuzenji, Japan (Ikuta 1996). Andro-
gens are well-known to be involved
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in stimulating aggressive behavior in teleost
fishes (Villars 1983), and serum T and 11KT
are the two major androgens which influence
spawning behavior as well as the social
dominace heirarchy (Kindler et al. 1989;
Cardwell and Liley 1991; Pankhurst and
Barnett 1993; Brantly et al. 1993; Cardwell et
al. 1996). Although DHP is known to be
a maturation-inducing steroid in salmonids
(Nagahama and Adachi 1985), its function to
the central nervous system has not yet
been clarified. The functional roles of T
and DHP on the salmonid homing migration
should be further investigated with special
attention to their action on the central
nervous system.

GnRHa implantation was also highly effec-
tive in accelerating gonadal maturation in
anadromous, maturing sockeye salmon of
both sexes. Expression of GTH subunit genes
in the pituitary gland was examined and
revealed that the levels of GTH a and LHf
mRNAs in GnRHa-implanted fish were high-
er than those in control fish, but the levels of
FSH mRNA showed no change (Kitahashi et
al. 1998a). Implantation of GnRHa caused a
significant elevation of serum DHP levels in
both sexes, but had no effect on levels of T
and 11KT in males or E5 and T in females
(Fukaya et al. 1998).

This suggests GnRH in the brain stimu-
lates LH release from the pituitary gland,
and then LH enhances serum DHP levels
in both sexes during the later part of the
homing migration in salmonid fishes. GnRH
is believed to play a leading role in the hom-
ing migration of both sexes (Urano et al.
1999), but gonadal steroids, especially T
and DHP, seem to have sexually different
influences on homing migration. Further
study using our model systems may reveal
sexual differences in hormonal control of the
homing migration in salmonid fishes with
special reference to the early part of the hom-
ing migration.

Olfactory Discriminating Ability

Since the olfactory transduction mechanism
in fish began to be examined by electrophysi-
ological techniques, many studies have been
carried out on the olfactory discriminating
ability of salmon. The early studies reported
that application of natal stream water to the
olfactory epithelium of homing salmon
induced a large olfactory bulbar response
(Hara et al. 1965; Ueda et al. 1967; Hara
1970). Later, it was shown that not only the
natal stream water but also waters from other
streams induced olfactory bulbar responses in
salmon (Oshima et al. 1969; Ueda et al. 1971;
Dizon et al. 1973; Bodznick 1975). Using
coho salmon O. kisutch, behavioral and elec-
trophysiological ~ studies reported that
imprinting with a synthetic odor such as
phenyl ethyl alcohol was possible (Nevitt et
al. 1994: Dittman et al. 1996).

We examined the olfactory discriminatory
ability of lacustrine sockeye salmon, which
were reared in the culture pond of Toya Lake
Station, by recording the integrated olfactory
nerve response according to the technique of
Sveinsson and Hara (1990). The olfactory
organs elicited different response properties to
various freshwaters regardless of sex or
gonadal maturity (Sato et al. 2000). The
source and effluent water from the culture
pond evoked the minimum and maximum
response magnitudes, respectively.

Various odorants are released from fish
including amino acids, steroids, bile acids,
and prostaglandins (Hara 1994). Several stud-
ies have suggested that juvenile salmonids
produce population-specific odors or
pheromones, which might be detectable by
the adults during the homing migration (Nor-
deng, 1971; Groot et al. 1986; Quinn and Tol-
son 1986; Courtenay et al. 1997). It has also
been demonstrated that sex steroids and
prostaglandins that have effects on the olfac-
tory epithelium of salmonids may act as sexu-
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al pheromones (Moore and Scott 1992; Moore
and Warning 1996). These odors may modify
the source water in such a way as to make the
culture pond water more detectable to the
olfactory system.

In cross-adaptation experiments, the cul-
ture pond water abolished the secondary
response to the river water, but the river water
did not abolish the secondary response to the
culture pond water. The minimum concentra-
tion (threshold) to induce the olfactory nerve
response to the culture pond water after adap-
tation to the lake water was between 0.1 and
1.0%. This threshold level suggests that the
olfactory discriminatory ability of salmonids
during homing migration must function with-
in a limited distance from the natal river.

Several attempts to identity the natal
stream odor were made based on the olfacto-
ry bulbar response, and suggested that the
natal river odors were nonvolatile (Fagerlund
et al. 1963; Cooper et al. 1974; Bodznick
1978). Spectral analysis of the olfactory bul-
bar response suggested that the natal stream
odor was absorbed on activated carbon and
ion-exchange resin, insoluble in petroleum-
ether, dialyzable, nonvolatile, and heat-stable
(Ueda 1985). Unlike olfactory organs of ter-
restrial animals, only a limited number of
chemicals are known to elicit an olfactory
response in fish. Chemicals that elicit the
response from the olfactory organs of salmon
are amino acids, steroids, bile acids, and
prostaglandins (Hara 1994).

We analyzed the compositions of amino
acids and bile acids in waters from three
streams which flow into Lake Toya. Applica-
tion of bile acids, combined based on their
compositions in stream waters, to the olfacto-
ry epithelium induced only very small
responses. In contrast, application of mixtures
of amino acids induced large responses (Shoji
et al. 2000). The response to artificial stream
water based on the compositions of amino
acids and salts closely resembled the response

to the corresponding natural water. Cross-
adaptation experiments with three combina-
tions of the mixtures were carried out. The
response pattern to each combination closely
resembled the response to the corresponding
combination of stream waters.

Methods

Upstream selective movement of lacustrine
sockeye salmon, which were captured in the
Lake Shikotsu Hatchery, was investigated in a
two-choice test tank consisted of two water
inlet arms and one pool. Two tests were run:
one using natural lake water in each arm and
one using natural lake water in one arm and
artificial amino acid water in the other arm.
The artificial amino acid water was prepared
based on the compositions of amino acid and
related substances in the Lake Shikotsu
Hatchery water (Figure 6).

Results

Of 227 sockeye salmon tested, 81 (35.6%)
showed upstream movement to one of the
choice arms. When natural lake water flowed
from the two arms the moving fish exhibited
no selectivity between left and right arms.
When artificial home stream water flowed in
one arm, the moving fish exhibited strong
preference to that arm: 47 fish (75.8%) versus
15 (24.2%) (Table 1). There were no sexual
differences in upstream selective movement:
77.1% of males and 74.1% of females were
observed in the arm with the artificial home
stream water (Table 1).

Discussion

In our previous upstream selective movement
of chum salmon O. keta, over 80% of male
chum salmon showed upstream selective
movement in the artificial home stream water
(Shoji et al. 2003). Accordingly, we conclude
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Figure 6. The compositions and concentrations of amino
acid and related substances in the Lake Shikotsu
Hatchery water.

that amino acids dissolved in the home stream
water are home stream odorants. Further,
these results strongly support the hypothesis
that amino acids dissolved in stream waters
are home stream substances for salmon hom-
ing. It is likely that amino acids in stream
waters come from a variety of organisms,
including plants. Amino acids in the mucus
from the fish body surface may also con-
tribute to the formation of the natal stream
odors (Hara et al. 1984), but the large varia-
tion of amino acid compositions among the
streams cannot simply be explained by the
fish mucus amino acids.

Conclusions

We've reviewed our recent studies on the
physiological mechanisms of the homing
migration mainly in lacustrine sockeye
salmon in Lake Toya and Lake Shikotsu,

Table 1.

Selectivity of lacustrine sockeye salmon in the two-choice test tank.
0f 227 fish tested, 81 exhibited upstream movement (35.6%).
Among those that moved, no selectivity was observed when natural
water (NLW) flowed in both arms (NLW/NLW row). When artificial
home stream water (AHW) flowed in the right arm (NLW/AHW row),
fish preferentially selected that arm (**, P<0.01). Among the fish
exhibiting movement in the NLW/AHW test, the preference for AHW
was similar in males (77.1%) and females (74.1%).

LeftArm  RightArm  Significance
NLW / NHW 10 9
NLW / AHW 15 47 **
Males 8 27 >
Females 7 20 **

where the lakes serve as a model “ocean.”
Using this model, valuable insights into
salmon homing migration have been provid-
ed by three different approaches: physiologi-
cal biotelemetry of homing behavior, hormon-
al control mechanisms, and olfactory
discrimination ability. However, many aspects
remain unknown, such as the imprinting
mechanisms during downstream migration,
the triggering mechanisms of the shift from
feeding migration to spawning migration, the
sensory mechanisms of open water orienta-
tion, and the hormonal control mechanisms
for sensory systems as well as the central nerv-
ous system. Despite the difficulties in a tem-
porally limited spawning season, studies of
lacustrine models, from molecular biology to
behavioral biology, provide a new concept for
the physiological mechanisms of homing
migration in salmon.
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