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OLFACTORY IMPRINTING IN COHO SALMON:
JAVIORAL AND ELECTROPHYSIOLOGICAL EVIDENCE
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Arthur D. Hasler, Andrew E. Dizon? and Ronald J. Poff?
Lakoratory of Limnology, University of Wisconsin, Madison, Wisconsin

Abstvact. The olfactory hypothesis of salmon homing states that salmon imprint to the
chemical odors of their homestream and use these odors to relocate the same stream during their
spawning migration. To test this hypothesis, fingerling coho salmon were exposed to a chemical odor
{morpheline} not known to be associated with natural river odors. An equal number of fish were not
exposed (conirols). Both groups were stocked into Lake Michigan without having any river experience.
During the spawning migration, morpholine was dripped into a river mear the location where fish were
released. 1t was hypothesized that if the salmon were imprinting to morpholine as the homestream
odor, then anly the exposed group of fish would recoghize the river as the bomestream, since it con-
tained morpholine.

Thyee separate methods (census, ultrasonic tracking and recording EEG responses from the ol-
factory bulb of 2 salmon brains) were used Lo test this hypothesis. Results from the census of returning
fish demonstrated that a significantly higher number of morpholine-imprinted fish, as opposed to non-
imprinted fish, returned to the morpholine-scented stream to spawn, Results from behavioral experiments
with fish equipped with ultrasonic transmitters and followed under natural migratory conditions indicated
that imprinted fish stopped migrating in an area where they encountered morpholine odors. Imprinted fish
moved through the area without stopping when no oder was present. Similarly, there was a charac-
teristic strong specific response of imprinted spawning salmon to morpholine as evidenced hy the EEG
technique, while non-imprinted fish responded less strongly to morpholine. All three lines of evidence
independently demonstrated that coho salmon imprinted to morpholine reacted to the chemical as
adults, supporting the olfactory imprinting hypothesis. {Key words: Olfactory imprinting hypothesis;
coho salmon; behavioral experiments; natural migration).

INTRODUCTION

It has long been demonstrated that anadromous salmonid tishes, after
spending up te several years in the ocean, return with great specificity to
their natal stream to spawn and die. How this remarkable biclogical phenome-
non, termed "homing", is accomplished is still not completely understood, al-
though a variety of sensory mechanisms have been suggested (Hasler 1966;
Harden Jones 1968). Most workers agree that the fish probably use a com-
bination of cues in order to find their way hoine, especially since there are
two well defined aspects of the migration, orientation in the open ocean and in-
shore orientation including recognition of the main river, as well as the home
tributary. During the final stages of migration, olfactory cues are considered
to be of primary importance in guiding the fish's movements. The present
study provides some new evidence supporting the olfactory hypothesis, espe-
cially with regard to odor imprinting.

REVIEW OF THE OLFACTORY HYPOTHESIS

Before discussing this new evidence, the authors would like to briefly
review the basis for the olfactory hypothesis for salmon orientation and discuss
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some of the difficulties encountered by previous investigations. It has been
hypothesized that each stream has a different chemical composition and thus
unique odor characteristics which the salmon are able to remember and use

to locate the homesteam during the spawning migration {Hasler and Wisby
1951 Wisby and Hasler 1954; Hasler 1966). The process of forming a per-
manent memory? to homestream odors during a critical period in the early
stages of the life history of a salmon has been termed "imprinting" (Hasler
and Wisby 1951; Brett and Groot 1963; Madison et al. 1972; Cooper and Hasler
1972). Behavioral and neurophysiological evidence supportis this hypothesis
{Hasler and Wisby 1951; Wisby and Hasler 1954; Groves et al, 1968; Hiyama

et al. 1966; Idler et al. 1961; Fagerlund et al. 1963; Hara et al. 1965; Oshima
et al. 1969a, 1969b; Hara 1970; Dizon 1971%). Unfortunately there is not enough
space to discuss this work individually, but the authors would like to point out
some common problems, For example, although behavioral studies have demon-
strated certain perceptual capabilities of salmon, they have not ciearly shown
how these are related to the natural situation, Another underlying problem not
controlled in much of the work reported is the factor of "recent experience”
{Brett and Groot 1963; Oshima et al. 1969a). Many studies have looked at be-
havioral and physiological responses of migrating saimon captured in the home-
stream to various water samples. In many of these experiments, the largest
response was usually to homestream water, indicating a retention of odor cues.
It has been argued that some or all of the experimental results might be ex-
plained as a response to the odor of the water to which the salmon were most
recently exposed (i.e., homesiream water), instead of involving long-term
memory. Oshima et al. (1969a) using electrophysiological techniques, for ex-
ample, have demonstrated that salmon which had previously shown no response
to University of Washington, College of Fisheries water exhibited responses
when they had been held in this water for 67 hr. The fish responded more
strongly to this water than to homestream water.

More data indirectly supporting the olfactory hypothesis have come from
transplant experiments (Wickett 1958; Ricker 1959; Donaldson and Allen 1957,
Carlin 1968). Fingerling salmon taken from their original homestream and
transplanted to another stream a short period of time before the beginning of
their downstream migration returned to the second stream to spawn. Two im-
portant conclusions have been drawn from these results., First, they have shown
that the memory of the homestream is not inherited. Second, they have demon-
strated the existence of a rapid learning process which occurs at the time the
juvenile salmon begin their seaward migration (Carlin 1968; Donaldson and Allen
1957). Although it is commonly assumed that this rapid learning process is con-
nected with olfactory imprinting, there is little direct evidence to establish this as-
sumption, except for the work of Jensen and Duncan (1971},

ARTIFICIAL IMPRINTING TO CHEMICAL ODORS

Despite the difficulties encountered in past research, it was felt that the
olfactory hypothesis, and more specifically, the chemical imprinting process,
warranted further investigation because of its potential as a powerful tool in terms
of fisheries management. The problem was how to find a better method to test this
hypothesis under more natural conditions and how to treat the experiment in such a

4The term “memory” does not imply conscious thoughi.

EDizon, A. E. “Ecological Aspects of the Evoked Olfactory Bulb Electroencephalograph of Fish with
Special Reference to Homing Behavior in Salmon™ (Ph.D. thesis, University of Wisconsin, Madison,
Wisconsin, 1971).
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way as to eliminate alternative sensory mecahnisms. Most researchers believe
Ihat isolating the odors or some sort of decoy experiment would solve these pro-
blems. The approach the authors have taken has been to combine these suggestions.

In brief review, the olfactory hypothesis states that salmon imprint io the
chemical odors of their homestream and use these odors to relocate the same
stream during their spawning migration. To test this hypothesis, the authors
foliowed the suggestion of Hasler and Wisby (1951) and attempted to imprint
voung salmon to chemical odors not normally associated with natural river
odors and subsequently decoy the migrating adults into a stream artifically
treated with the odor. Behavioral and neurophysiological techniques were used
to test the specific response of returning salmon to the odor.

CENSUS

Methods

In 1971, 16,000 coho salmon (Oncoriynchus kisuich) fingerlings hatched
and reared at Wild Rose Fish Hatchery were transported to South Milwaukee,
Wisconsin and held in large tanks at the city's water filtration plant located
adjacent to Oak Creek (Fig. 1). The fish were divided into two groups, 8000
of which were exposed to morpholine and 8000 which were not exposed
{controls). Fin clips were used to distinguish between the two groups. Lake
Michigan water was supplied to
the tanks from an intake crib lo-
cated about 1.50 km offshore ENE
of Oak Creek, so that the water
the fish were being held in was
not associated with any future
stream with which the fish would

SCALE _wo0” | come into contact. Morpholine

T was dripped into one of the tanks

M at a steady-state concentration of
5 x 107 mg/l. Morpholine was
chosen as the imprinting chemical
because Wisby (1952)8 found that
it was a stable organic compound
which is soluble in water and
could be detected by coho salmon
at low concentrations (107® mg/1).
It was neither an attractant nor
a repellent for coho at this con-
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About two weeks after the onset
of smolting or the beginning of active
downstream migration, presumably when
odor imprinting was no longer occur-
ring, the fish were released at the mouth
o N of Oak Creek. During the spawning
e season in the fall of 1971 and 1972, the
chemical was added to Oak Creek at
. HOMEWARD ORIENTATION approximately the same cencentration
t to which the fish were exposed. Since
o mo the purpose of this method was to elimi-
no.of tish /© nate all exposure to the future "home-
‘;”/ stream’ (Oak Creek), it was hypothesized
» that if salmon were imprinting to home-
stream odors (morpholine in this case)
then only the merpholine-exposed fish
would recognize Qak Creek as the home-
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35 7| weo ,o/ e Results
o Stansard »® . o X .
B2 ot ;%fm—d.oood-_ -- Salmon released in the spring of
o3 H 1971 were recovered in the fall of 1971
weE o[——~ and 1972. In 1971, 31 morpholine-

exposed sexually mature juvenile coho
returned to Oak Creek compared to only
3 controls. During the 1972 adult run,
185 morpholine-exposed fish and 25
controls were captured. These results
supported the existence of olfactory im-
printing and long term memory of main-
stream odors.

The number of salmon returning to Oak Creek over the course of the fall
followed roughly a normal distribution, centered in the second week of November
(Fig. 2a). The peak of this curve correlated well with the other aspects of the
study.

FIG. 2. Correlations between census, tracking
and EEG studies.

(1) = mean of two fish tested on the same day.

BEHAVIORAL EVIDENCE FOR OLFACTORY IMPRINTING

Methods

The census of returning salmon gave only indirect information on the
actual behavioral response of salmon to chemical odors. To obtain more direct
information, imprinted fish equipped with ultrascnic transmitters were released
along the shoreline of Lake Michigan and tracked into an area scented with
morpheline.! The hypothesis was that if morpholine-imprinted fish were cueing
on morpholine, they would remain in the scented area. The control experiments
were conducted by tracking imprinted fish through the same area when no ocdor
was present. To check for the possibility that fish were behaving differently
when morpholine was present, not because they were imprinted to it, but be-

The reason that ultrasonic tracking was used over more standard behavioral methods, such as experi-
mental tanks or Y-mazes, was that it allowed the authors to conduct experiments under more natural
conditions, since the [fish’s movements were not restricted.
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cause it was a unique odor compared to normal shoreline odors, non-imprinted
fish were tracked through the area when morpholine was present.

Salmon used for this study were captured in Oak Creek and identified as
imprinted or non-imprinted fish by fin clips. After capture, to control for re-
cent odor experience to morpholine, the fish were held in a tank supplied with
Lake Michigan water between 1 and 148 hr {(mean about 76 hr) before they were
tracked. Thus, if fish responded to morpholine it was probably not because
they were recently exposed to the chemical before tracking.

An ultrasonic transmitter (7.3 x 1.4 c¢m) was inserted down the esophagus
into the stomach of the fish. Since coho stop feeding during the spawning mi-
gration, the effect of the transmitter was probably minimal. Tagged fish were
transported by boat to the release point about 3.2 km north of Oak Creek along
the shore of Lake Michigan. A directional hydrophone connected to receiving
equipment on a tracking boat was used to follow the signal from the tagged
fish. Positions were determined in relation to markers placed at 130 m in-
tervals along the shoreline and tracks were plotted on a map (Figs. 3 and 4).
The release site was selected because the authors assumed that fish released
along the shore would follow the shoreline south back to Oak Creek. The de-
coy area was located between the release point and Qak Creek. I some cue
other than olfaction was operating to get the fish back to the mouth of Oak
Creek, then the fish would have to pass through the scented area before reach-
ing Oak Creek. Since salmon normally migrate up rivers to spawn, the decoy

site was chosen because a
FIGURE small stream ran into the
lake at that point,
UTRASONIC Morpholine was dripped
TRACK  PLOTS into the lake in a line exiend-
A.morpholine dmprinted  fish  iNg from the mouth of the

L . stream to about 75 m offshore
B marpholine imprinted  fh creating an “odor barrier" ,
C-non-imprinted  fish through which the fish had to
400 I swim.

SCALE

Results

Twenty-two salmon were
tracked past the decoy area.
At the beginning of each track,
fish milled in the release area,
possibly some sort of adjust-
ment period from handling and
transport. Movement patterns
between the release point and
the decoy area were similar
for all figh; migration was
usually along the shoreline,
typically within 30 m of shore.
After imprinted fish encountered
the line of morpholine (10
. tracks) they always stopped
' migrating and milled in the
area for up to four hours
before continuing south {Figs.
3a and 4a). When no odor.

FIG. 3. QGeneralized ultrasonic track plots for morpholine-
imprinted (2 and b) and non-imprinted (¢} fish.
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moved south in 1971 and 13 moved south in 1972. A total of 30 fish were
iracked in 1972. Only the 1972 tracks were included in looking at homeward
tendency during the spawning season since corresponding EEG and census data
was not collected in 1971 { see Madison et al. {1973) for more details]).

ELECTROPHEYSIOLOGICAL EVIDENCE FOR OLFACTORY IMPRINTING

Methods

In addition to the behavioral experiments, the authors have used an elec-
trophysiclogical approach to determine the response of salmon to homestream
odors (morpholine) (Cooper and Hasler 1973a; 1973b). This technique involved
recording olfactory bulb electroencephalographic {EEG) responses of morpheline
imprinted and non-imprinted spawning salmon to morpholine. Earlier EEG work
(Hara et al. 1965) demonstrated that the largest responses of homing salmon,
tested with a variety of water samples, were usually to homestream waters.
The authors hypothesized that if galmon were imprinting to morpholine, then
morpholine-imprinted fish should have responded more strongly to morpholine
than non-imprinted fish. :

Imprinted and non-imprinted salmon were captured in Oak Creek, para-
lyzed with flaxedil (2 mg/kg body weight) and restrained in a holding box. Their
gills were perfused with city tap water saturated with oxygen. A portion of
the skull over the forebrain was removed with a dental drill to permit the
insertion of an electrode into the olfactory bulb. EEG recordings (Fig. 5) were
made with a Grass Polygraph and integrator. Heartbeat (EKG) was monitored
as an indication of the fish's condition. Fourteen water samples were used,
including morpholine {to test for chemical imprinting), .06 M NaCl (an easily
defined stimulus with a characteristic repetitive response), Oak Creek water,
Lake Michigan water {to test for recent odor experience) and some other or-
ganic compounds. Samples were presented in random order and introduced in-
to the nares with a squeeze botile.

For the purpose of standardizing the response of each trial, the in-
tegration of the responses to each test sample was divided by the integration
of the NaCl record. The means of at least three trials and in most cases
four trials per fish (usually the subject's heartbeat became erratic after four
trials) are presented for 1% morpholine (Table 1}). In addition, the means of
fish tested only once or twice are alse included in Table 1. The mean re-
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sponses were ranked according to magnitude and then tested for significance
by the Mann-Whitney Rank Test {Siegel 1956). Responses that were closer
than 0.03 were considered the same rank.

Resulls

Eleven imprinted fish and 9 non-imprinted fish were tested using the EEG
technique. The responses of the imprinted and control fish to morpholine were
significantly different for the eight imprinted fish and six control fish tested
at least three times (U = 3, P_<_0.001). When the additional three imprinted and
three contro! fish were added ic the sample size, the responses were still
significantly different (U = 12, P<0.01). Morpholine-imprinted fish responded
strongly to morpholine; control fish did not (Fig. 5). Imprinted fish did not
respond to Oak Creek water without morpholine. Other chemicals typically
produced no response.

The magnitude of the response to morpholine was roughly correlated with
the number of salmon returning to the stream. The largest evoked potentials
pccurred at the peak of the run (Fig. 2¢ and Table 2).

Evidence against the recent exposure hypothesis has been found in the
EEG experiments. Non-imprinted salmon did not respond to morpholine, even
though they had been exposed to it in the stream. Furthermore, imprinted
salmon held in a trap in Oak Creek for a week did not respond to Qak Creek
water nor did fish held for several days in a tank supplied with Lake Michigan
water respond to the Lake Michigan sample. In both instances, fish responded
strongly to morpholine.

These results strongly supported the odor imprinting hypothesis?,
SUMMARY AND CONCLUSIONS

A Unified Approach fov Studying Olfactory Imprinting

In summary, the authors have used three separate methods (census, ul-
trasonic tracking and EEG) to test if migrating coho salmon exposed to mor-
pholine as juveniles recognized the odor and used it for homing. Resulis from
the census experiment demonstrated that a significantly higher number of
morpholine-imprinted fish, as opposed to non-imprinted fish, returned to Oak
Creek to spawn. Results from the ultrasonic tracking study indicated that
imprinted fish, followed under more or less natural migratory conditions,
stopped migrating in an area where they encountered morpholine odors. Im-
printed fish moved through the area without stopping when no odor was present.
Similarly, there was a characteristic strong specific response of imprinted
spawning salmon to morpholine, as evidenced by the EEG technique, while
non-imprinted fish did not respond or responded less strongly to morpholine.
All three lines of evidence independently demonstrated that coho salmon ex-
posed to morpholine during the smolting period reacted to the chemical as
adults, supporting the olfactory imprinting hypothesis. Recent exposure does
not seem to have been an important factor compared to long-iterm memory
as was indicated by both behavioral and electrophysiological studies,

5Dizon et al. (1973) were actually the first to use electophysiological methods to study the effect of
imprinting to morpholine in coho salmon. For two groups of fish, one exposed to morpholine as
fingerlings and the other left unexposed, there was a significantly different response to morpholine
when these fish were tested with the EEG technigue ten months later. Fish were ranked according

to the strength of response (Table 3). Imprinted fish responded more strongly to moarpholine than
non-imptinted fish.
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There was also a correlation between the peak of the spawning season,
an increased EEG response of imprinted salmoa to morpholine and a stronger ]
tendency for initial homeward orientation of tracked fish. It seems reasonable
to suggest that these observations are related to increased sensitivity to spe-
cific chemical odors possibly {riggered by changing hormone levels. An hor-
monal basis for increasing sensitivity is especially attractive considering the
rapid physiclogical changes the fish undergo during the course of the spawning
season. Kleerekopter (1969) has also stated that it was clear that the acuity of
the olfactory sense in fishes can be affected directly and indirectly by hormones.
If the increased sensitivity hypothesis is true, it may go a long way toward ex-
plaining some of the variability in the results of previous investigations.

in conclusion, results from this unified approach indicated that coho
galmon can learn, retain and use artificial chemical information to achieve
successful homing. It seems unlikely that salmon possessing this ability
would not use this mechanism in the natural situation.
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