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ABSTRACT

The behaviour patterns of juvenile Atlantic salmon exposed
to photoperiods (light-exposed fish) and of those exposed to
control conditions (control fish) were compared. A negative
phototaxls was exhiblted by both control and light-exposed fish,
The intensity of the light stimulus had very llttle effect on the
Intensity of the phototaxis in the light-exposed fish, while the
control fish showed an increase in the intensity of the phototaxis
with an increase in the intensity of the light stimulus. The
control fish showed an increase in the reaction to the light
stimulus the longer the stimulus was applied at the higher levels
of stimulation, while the light-exposed fish exhibited this
behaviour at the lower levels of stimulation., Both the control
and light-exposed fish preferred currents to still water, but the
preference of the llght-exposed flsh was stronger than that of
the control fish. The control fish tended to avold the faster
flowing water to a greater extent than the light-exposed fish,
while the latter were more sensitive to changes in current inten- :
sity. In a vertical light gradient, the light-exposed fish were |
very active, moving rapidly up and down the water column, while
the control fish were relatively qulescent and settled to the
bottom at low light intensities. In a horlzontal light gradlent,
the control and light-exposed fish remained in the areas of low
light intensities, Both groups showed a stronger avoldance of
the light sources of higher intensities, but tended to move 1nto
the brighter areas with low light sources, The control fish

exhibited a stronger reaction to the less intense light gradients
than the llght-exposed fish, whereas the latter showed the stronger
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ABSTRAGT (CONT'D) ?

avolidance reaction to the more intense light sources, These
differences in behaviour are attributed to the increased

activity and sensitivity of the light-exposed fish, resulting
from thelr exposure to photoperlods, It 1s shown that the control
fish behaved similarly to the selmon parr, while the light-exposed
fish behaved similarly to the migrating salmon smolts, The
significance of the behaviour patterns studied is discussed in

relation to the downstream migration of Atlantic salmon,
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I, INTRODUCTION

It has been demonstrated that light and temperature play
a very important role in the maturing and metamorphosis of
fish (Hoover, 1937; Hoover and Hubbard, 1937; Bullough, 1939).
The theory is that these environmental factors stimulate the
pituitary gland, an endoerine organ situated in the cranilal
region, and it in turn activates the other endocrine organs,
chief among which are the gonads, By this sequence of events

the various changes associated with maturity are brought about,

Relatively 1little experimental work has been done on this
hypothesis and many of the results are in themselves conflicting,
For example, Allison (1951) found that supvlementary light

delayed spawning in the brook trout (Salvelinus fontinalis),

whereas Hazard and Eddy (1951) found that exposing the same
species to increased amounts of light accelerated spawnling by
one month, Furthermore, light was sometimes found to be the.
most important factor (Harrington, 1950) and at other times
temperature seemed to be the dominating factor (Burger, 1939).
These relationships were found to vary from species to specles
and even between males and females in the same species, In
all of these experiments, an examination of the gonads or some

other histological structure was used as an index of maturatlion.

In view of the physiological, bilochemical and physical
changes which the Atlantic salmon (Salmo salar L.) undergoes
prior to its migration from the rivers and streams to the sea,

this species seemsto be admirably suited for research in this

.y

field from a new point of view, Although this change 1s
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manifested in radical alterations in the external structure of
the fish and the internal mechanisms of the variocus systems, a
less obvious change occurs in the ethology of the fish. Ethology
is the study of the various behaviour patterns of a particular
specles and an ethological change 1s a change in these behaviour
patterns, whereby at one stage of 1ts life history a species
behaves in a certaln way under a given set of environmental
conditions and at another stage 1t behaves differently under an

identical set of conditions,

Although an ethological chenge has not been clearly
demonstrated in the Atlantic salmon, it is not unreasonable to
agsume thgt it does occur since it has been worked out in great
detall for four species of Pacific salmon, belonging to the same
family, Salmonidae (Hoar, 1958). Prior to their seaward migra-
tion, coho salmon (Oncorhynchus kisutch) and sockeye salmon

(Oncorhynchus nerka) show numerous black marks along the right

and left sides of the body which characterize them as being in
the parr stage of development., Assoclated with this stage are
distinetive behaviour patterns, which are stereotyped within a
given species, but which may vary from species to species,

With the onset of seaward migration, the parr marks in these

two specles disappear and the fish take on a silvery sheen,

This is the smolt stage of the downstream migrating fish, With
this change in external appearance comes a change in the activity
of the endocrine glands and an assoclated change in the behaviour
patterns, some of which may even reverse (e.g. reaction to light,

reaction to water currents). The remaining two Pacific salmen,

the chum (Oncorhynchus keta) and the pink (Oncorhynchus gorpuscha ),
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migrate to sea shortly after hatching and in these the

ethologlecal chanse 1s not as marked,

As a result of these observations on Pacific salmon and
assuming that an ethological change does take place in Atlantic
salmon at the time of seaward migration, a working hypothesis
was set up in experimenting with the effect of light on the
development of these Juvenile Atlantic salmon., If, as suggested
above, light 1s an important factor in the development of fish,
then exposing juvenile salmon parr to photoperiods, and control-
ling the temperature at a relatively constant level, should
cause a change in thelr rate of development. Therefore, being
chronologically of the same age, the fish exposed to light
should show behaviour patterns different from control fish,
subjected to more normal conditions of light, Some evidence ;
may also be present of the disappearance of parr marks in these

light-exposed fish, 1

II, LITERATURE

A, The Effect of Light on the Maturation of Fish

Seebohm (1888) is usually credited with the origilnal
suggestion that natural daylight is a very important environ-
mental factor in the maturing of animals, but before the work
of Rowan (1924,1925) practically no experimental evidence had
been put forth in connection with this theory and most of 1t
was speculative in nature, Rowan showed that when the Junco A

(Junco hyenalis) was subjected to daily increases of light in
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the winter months at low temperatures, the gonads matured and
the birds started to sing. Thelr normal breeding season was

in the spring.

Rowan's work stimulated research in this field and many

groups of animals were studied.

The results of some of the experiments carried out in this
study indicated that altering the given amount of light had the
effect of accelerating the rate of maturation of the fish studied,
causing them to spawn several months before their normal spawning
season, Hoover (1937), Hoover and Hubbard (1937), Hazard and
Eddy (1951) and Corson (1955) showed that by subjecting the brook
trout (Salvelinus fontinalis) to increasing amounts of light per
day followed by decreasing amounts, the fish spawned two months
before normal spawning season. However, Hazard and Eddy (1951)
found that the same result could be obtained by subjecting the
fish to decreasing amounts of light only, but that now the fish
spawned only one month before normal spawning season, These
experiments were performed six to nine months before the spawn-
ing season, Similar results were found by Merriman and Schedl

(1941) with the four-spined stickleback (Apeltes guadracus),

by Scrimshaw (1944) with the guppy (Lebistes reticulatus), by

Harrington (1950) with the bridled-shiner (Notropis bifrenatus)
and the sunfish (Enneacanthus obesus), by Medlen (1951) with

the poeciliid fish (Gambusia affinis), and by Kawamura and

Otsuka (1950) with the goldfish (Carassius auratus). The results

from these experiments showed that by exposing the varlous “
species of fish to either increased amounts of light or contin-

uous light before the normal spawning season, the rate of f

N



5=
maturation was significantly accelerated and the fish became

mature or spawned before the normal breeding season,

From a few of the experiments, 1t was concluded that varying
the amount of light delivered to the fish decelerated their rate

of maturation. Allison (1951) gave Salvelinus fontinalis supple-

mentary light each day and found that spawning was delayed about
six weeks, Hazard and Eddy (1951) found an identical result
with the same specles by increasing the amount of light per day
over natural daylight. However, the experimental period in this
case overlapped the normal spawning season and this may account

for the apparent confllict with results of the other workers,

Some experlimental work has been done on another aspect of
this same problem; viz., the effect of darkness and smell amounts
of light on the maturation of fish,and it was concluded that in
this case maturity and spawning were greatly depressed., Rasquin
(1949) and Rasquin and Rosenbloom (1954) state that when the
characin (Astyanax mexicanus) was kept in darkness, the immature
eyanophll-fuchsinophtl ratio was retalned or Inverted in the
pltuitary gland and the gonads were reduced in size, However,
1t was indicated that the light activates the pituitary directly
or by organs other than the eyes, since fish, blinded and kept
in natural daylight,still showed a normal piltultary ratlo. Alsg
when the fish held in darkness were placed in natural daylight,
the cyanophil-fuchsinophil ratio returned to normal., Similarly,
Bullough (1940) found that minnows (Phoxinus laevis ) showed a
delay in the rate of gametogenesis when they were kept in darkness

or under reduced light conditions,

.
-
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Contrary to any of the foregoing results, some workers
concluded that light had no effect on the maturation of fish,
Burger (1939) subjected the male killifish (Fundulus heterocclitus)

to a decrease in the amount of light per day followed by an
increase at the same rate and found no significant difference
In the rate of spermatogenesis as Jjudged by the microscoplc
appearance of the testes, The same result was obtained by
subjection to an increase in light followed by darkness,
Matthews (1939) found an identical result when the same speciles
was subjected to either continuous light or darkness, Finally,
Merriman and Schedl (1941) showed that the four-splned stickle-

back (Apeltes guadracus) exhibited no difference in the rate of

gametogenesis, whether they were held under conditions of
increased light, constant light of 11,75 hours per day, or

several minutes of 1light each day.

A few experiments on the effect of light indicated that :
in some instances temperature is more important than light in
controlling the rate of maturation of fish, Burger (1939) states

this for Fundulus heteroclitus when he found that, under ldentical

light conditions, one group of fish held at 6-10°C showed
Immature testes while another group held at 14-209C showed
active spermatogenesis, Bullough (1939) similarly found that

Phoxinus phoxinus, under conditions of increased light followed

by coastant illumination, showed a significant increase in
gonadal weight at higher temperatures while this increase was

absent at lower temperatures,

In summary, the results from the experiments performed on
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the effect of light on the maturation of fish have shown that
light sometimes accelerates the rate of maturation, it sometimes
decelerates this rate, and at other times it has no effect on the
rate of maturation., The actual case may be that the effect of
light is not the same for all species of fish and in one species
it may aid the developmental processes of the gonads and associated
structures, whereas in another species it may retard the same
processes, Also, temperature may predominate over the effect of
light in some species. Another factor important in the effect of
light seems to be the period of the year in relation to the normal

spawning season that the experiments are performed.

B. Biological Changes Associated with the Seaward Migration

of Salmon and Related Species

The biological changes which occur in the various species
of salmon at the time of their seaward migration fall into three

categories: physical, biochemical, and behavioural (ethological).

(a) Physical changes

In the process of transforming from the parr to the smolt
stage, radical alterations occur in the physical aprearance of
salmonid fishes. In addition to minor changes in the external
structure of the fish, the most obvious are the disappearance of
the characteristic parr marks and the change in colour from the
dark, olive-coloured skin of the parr to the silvery sheen of the
smolt, In this connection, Robertson (1948) states that the

stripped skin of the parr of the rainbow trout (Salmo gairdneri) -

!
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showed intense plgmentation, whereas that of the smolt was
silvery with very little plgment belng present, The latter was
attributed to increased guanine deposition and the disintegration
of melanophores in certain areas in the skin of the smolt., The
numerous pigments in the skin of the parr being concentrated in
particular areas were responsible for the parr marks, This
explanation of the physical change from parr to smolt seems to

hold true for other species of the Famlly Salmonidae also.

(b) Biochemical changes

A general review of the physiological and blochemical
aspects of the migration of anadromous and catadromous fishes
1s given by Greene (1926), in which the early theories and conclu-

slons on this subject are considered,

One of the changes deomonstrated in salmonid fishes at the
tilme of seaward migration 1s the abllity to adapt to changing
salinities, Rutter (1904) was able to raise the salinity of the
blood of Pacific salmon, as these fish grew, while Sumner (1905,
1906) changed young chinook salmon (Oncorhynchus tschawytscha)
from freshwater to 1,013 density salt water with no ensulng harm
to the fish, Similarly, Scott (1916) concluded that anadromous
fish can sdapt themselves to great external osmotlc changes by
e change in the osmotic pressure of the blood, These early results
indicated that, at the time of migration, salmonid fish can
readily adapt to the change from the freshwater to the marine

medium,

In later experiments on salinity adaption, Huntsman and

Hoar (1939) found that the survival time of Atlantic salmon in
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concentrated saline solutions incressed with increased length

of the fish, but this would be expected on the basis of the

change in surface to volume ratlo, Therefore, they concluded

thet the great resistance to sea water a’ the time of parr-smolt
transformation must come about fairly rapidly. Similarly,

Black (1951) found that when the Pacific species of chum and

coho salmon fry were transferred from fresh water to sea water,

the density of the fish and the body chloride increased above
normal in the first few hours, but the body chloride of the chum
decreased to normal shortly thereafter, The coho salmon died in
the concentrated saline solutions, However, when these fish were
returned to fresh water after 12 hours in sea water, the density
and body chloride decreased to normal. After acelimation to dilute
sea water before transfer to stronger sea water, the chloride
decreased with increased acclimation time, The coho salmon adapted
less readily to sea water than the chum and this was attributed to
the early downstream migration of chum salmon, These later
results showed that the adaption of salmon to varying salinities
seems to be effected by changes in the density and chlorlde content

of the fish and this ability to adapt develops rather qulckly. 3

Concerning the internal mechanisms associated with downstream
migration, the thyroid gland seems to be most closely linked with
the blochemical changes related to osmoregulation. Hoar (1939)
found that the seaward migrants of the Atlantic salmon showed
helightened thyroid activity and the same was found for ralnbow
trout (Robertson, 1948). Hoar and Bell (1950) demonstrated that
the migrating chum and pink salmon fry, and the non-migrant socleye,

had qulescent

N

coho, and spring salmon fry, of the genus Ooncorhynchus,
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thyroid glands, while the corresponding migrants had varying
degrees of activity., In addition, when the migrant fish wvere

held in freshwater over their migration period they developed

very hyperplastic thyroids, Hoar (1952) states that the thyroid
gland of juvenile underyearling migrant alewives (Pomolobus
pseudoharencus) was quiescent, while the gland for sexually

mature fish was mildly active. The land-locked forms from Lake
Ontario had extremely hyperplastic thyroids. Similar results

were found for juvenile underyearling and yearling smelts (Osmerus
mordax), where the thyroids were slightly active, while the migra-
ting spawning stage fish had very actlive glands, The post-spawning

fish agein had quiescent thyroids,

More generslly, these blochemlcal changes are summarized
Py Fontaine (1948,1951), who states that, at the time of migration,
internal physiological changes, governed by the neuro-endocrine
complex, produces a metabollc stress which forces the fish to
move into waters of different salinities, Similarly, Hoar (1953)
emphasizes that the blochemical changes, at the time of smolt
transformation, are in a direction which malkes the fish more like

e marine species,

In summary, the results from studies on salmonid fishes
have pointed to the fact that at the time of migration significant

changes occur in the blochemistry of these fish,
(c) Behavioural (ethological) changes

One of the most important chenges assoclated with the N
migration of salmonid fishes, and one that can best explain the

mechanisms of their migration, is the change 1n their behaviour ‘
A
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under various environmental conditions., These behaviour patterns
vere recognized very early in the study of fish., For example,
Lyon (1904,1909) stated that the rheotactlc responses of ish
vere caused by the stimulation of the optlc and tactile senses
due to tiie movement of the fish in the water since he found that
blinded fish could not orient themselves until they came in
contact with a part of their environment, It was concluded that
in turbulent streams the difference in velocity serves to orient
the fish and in quleter waters the sight of, or contact with,
the environment serves the same purpose., In a similar study on

the rheotaectic behaviour of speckled trout (Salvelinus foatinalis),

Elson (1939) found that these fish were randomly distributed in
still water, but were oriented against the current in moving water,
When they were transferred from still water to moving water,
orientation against the current was noted first, then orientation
alternated with random distribution, and finally uniform distri-
bution resulted, In this comnection, it was found that the shorter
the adaption time to still water, the shorter was the duration of
the reaction to the transfer to current, When transferred from
current to still water, these fish exhibited a high degree of
random wandering. Elson also stated that a preference for weaker
current and a positive reaction to an increase in current was

evident,

Considerable research has been conducted in an attempt to
discover the factor or factors responsible for initiating and
maintaining the migrations of fish, Roule (1914) contended that
salmon migrate toward water of low Op supply and, consequently,

not into heavily polluted waters. shelford (1918 a,b) stated
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that hydrogen-ion and hydroxide-ion concentration are very
important in fish migration, whereas Foerster (1929) concluded
that sockeye salmon showed no discrimination of oxygen concentrat-
icn, but choose waters with a low pH. Foerster futther states
that the impulse to migrate originates in the reproductive organs.”
He found that at one time a species may choose warm water in
preference to cold water in a tributary er stream and at another
time cold water may be preferred. Therefore, he concludes that
temperature does not have a clear-cut effect on the upstream
migration of salmon. Foerster (1939) found that no correlation
existed between the mean annual temperature and the time of the
downstream migration of sockeye salmon. However, the colder the
water in the period of several months before migration, the longer
the migration was delayed. Foerster concluded that an increase
in temperature was the initiating factor for migration in these
sockeye salmon, while the cessation of migration was brought about
by a temperature blanket in the upper layers of the lake, through
which the salmon could not penetrate. Wisby and Hasler (1954)
observed that coho salmon, with the olfactory mechanism destroyed,
failed t6 choose their parent stream as well as control fish with |

the olfactory mechanism intact.

In regard to the mechanics of the downstream migration of
salmon and the relation of the various behaviour patterns to this
migration, Huntsman (1948), in a general way, states that the
downstream migration of salmon smolts is because of a failure of
the positive rheotactic responses, coupled with random wandering

due to increased activity., Again, Clemens (1951) contends that the

!
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downstream displacement of young sockeye salmon is a result of
their inability to hold positlon in the current. In thelr second
spring, the salmon move into the warmer surface waters of the
lakes, and, because of Increased activity and fallure of rheotactic
responses, they move into the outlet of the lake and down into
the streams, From the streams, most displacement occurs at
night when rheotactlic responses are at a minimum., Once into the
Stralt of Georglia, their preference for less saline waters takes
the fish into the upper out-going currents., Hoar (1953) states
generally that coho salmon, Atlantic salmon and steelhead trout
defend territory in the daylight and become inactive at night,
This accounts for thelr prolonged stay in the streams as parr.
The prolonged stay of sockeye salmon in lakes is associated with
their preference for deeper water, their negative phototaxis and
their tendency to form inactive schools, In the parr-smolt trans-
formation of these salmonid fishes, the chief factor seems to

be the effect of a photoperiod on the pituitary gland.

Hoar, in a series of papers based on experimental research
over a period of years, gives a detailed analysis of the behaviour
patterns of four species of Pacific salmon and the changes in
these patterns as the fish pass from one stage to another. These
results are very pertinent to the experiments described in the

present paper, and a detalled consideration of them seems necessary.

In regard to schooling activity, chum and pink fry and coho
smolts, in quiet water, school and mill very intensely, Whereas
the coho fry never shovw true schooling and milling (Hoar, 1951). <

Sockeye fry are also schooling fish, but the schools are less
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active and more irregularly orlented than in the other species
(Hoar, 1954). Schooling behaviour is evident in the sockeye smolts
et the time of migration, but it 1s less intense than in the coho
smolts (Hoar, 1954)., Nipping and defence of territory in these
salmon seems to be inversely related to schooling, in that the more
tendency a species has to school, the less tendency 1t has to nip

and to defend territory.

In relation to the internal influences controlling the degree
of activity of these salmon, the thyrold gland and the gonads,
via their particular hormones, seem to be the most important.
Hoar, MacKinnon and Redlich (1952) showed that chum migrants,
treated with the thyrold hormone, thyroxine, or the gonadal hor-
mone, testosterone, exhibited less intense grouping than control Q
fish or fish treated with the antithyroid drug, thiourea. The |
latter, In fact, increased the tendency to aggregate. Also, the
thyroxine and testosterone treated groups displayed more activity
and swam closer to the surface than the thiourea treated groups
and this Increased activity accounted for their lesser tendency
to aggregate, It was further found that thyroxine and testos-
terone increased the swimming speed of chum fry while thiourea

decreased this speed.

In a series of studies on the rheotactic responses of the
Pacific salmon, it was found that chum fry show positive rheotaxis
with only occasional displacement by the current (Hoar, 1951), and
a marked preference for current over still water (MacKinnon and
Hoar, 1953). Pink fry, although showing the same reactlons to
current as chum fry, are displaced more often by the current

(Hoar, 1951)., Goho fry also show positive rheotaxis, but they have ¢
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only a slight preference for flowing water, and move into lesser
flows at high current intensities, They become adapted to current
much more rapldly than the chum fry, whlle the chum fry show
greater success 1ln swimming against a current than coho fry
(MacKinnon and Hoar, 1953). Sockeye fry show no evidence of
adaption to moderate currents. Sockeye smolts show & strong
preference for fast water, whille coho smolts show an avoldance
of fast water. ©Sockeye are also more successful than coho in
swimming against a current (Hoar, 1954). These positive
rheotactic responses were found to change to negative responses
at high temperatures (Hoar, 1951, and Keenleyside and Hoar, 1954).
It will be shown later how these various rheotactlic responses
are related to the mechanics of the downstream migration of the

different species,

It has been shown that the reaction of the Pacific salmon
to light varies from species to specles, Coho fry and coho smolts j
show a definite cover reaction but the stronger avoldance of
light is demonstrated by the coho smolts (Hoar, 1951), Sockeye
fry and sockeye smolts also show a definite cover reactlon to
light, with the cover reaction of the smolts again being more
intense. The negative reaction of sockeye fry 1s more intense
than that for chum or pink fry (Hoar, 1954). Hoar, Keenleyside
and Goodall (1957) showed that pink and chum fry were uniformly
photopositive under low light intensities, whereas coho fry,
coho smolts, sockeye fry and sockeye smolts were photonegative
under all light intensities studied, Chum and sockeye fry and
sockeye smolts showed a marked tendency to retreat under strong
light and to emerge at low light intensities, whereas the reverse

picture was found with the pink and coho fry and coho smolts.
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These reactions seem to be affected by certaln hormones since
Hoar, MacKinnon and Redlich (1952) state that treatment with

thyroxine and testosterone caused a slizht displacement of the
coho fry to the lightest area of the experimental tank and the

chum fry to the dark area of the tank,

In addition to the eye, at least cone other organ seems to
be important in these reactions to light; the pineal complex.
Hoar (1955) found that blinded sockeye smolts showed no avoidance
reaction to movements on the part of the observer in the daytime
but were still negatively phototactic. They were also startled by
a flashlight at night. When the pineal organ was also probed, no
negative phototaxis was apparent, nor were they startled by a
Tlashlight at night. With the pineal organ alone probed, the

fish showed an avoidance normal for sockeye both day and niébt.

Another important behaviour pattern evident in these Pacifie
Salmon is their activity at very low light intensities, Foar
(1951) remarks that as the light intensity decreases to a very
low level in the night, the pink and chum fry rise to the surface
of the water and their activity increases., The coho fry, on the i
other hand, are very qulet at night and in shallow water rest on
the bottom, The coho Smolts are very active both day and night,
but they too show increased activity in the night (Hoar, 1951).

Hoar, Keenleyside and Goodall (1957) found that recently emerged

plnk fry rose to the surface at low light intensities and even

swam into the surface film, but thls behaviour disappeared as

the fish grew older. The chum fry showed no marked response to s
the changing light intensity in the vertical gradient, although

a slight tendency of the older migrants to remain nearer the
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surface was evident. The coho fry and coho smolts showed no
response to the light gradient, although the fry were closer
to the surface than the smolts. Both fry and smoliswere inactive
at low 1lizht intensities, Thc sockeye smolts were indifferent
to the light intensity in the vertical 1light gradient and moved
very rapidly straicht up and down the water column, causing near
random distribution. The reactlions of the sockeye fry changed
from 2 photonegative to a photopositive reaction in the period

under consideration.

Hoar (1954) observes that the various specles of Pacifie
salmon differ in their preference for depihs in a vertical column
of water, Sockeye fry showed more depth preference than any
other species, while chum and coho fry were more evenly distri-
buted, Sockeye smolts showed random distribution in the vertical
water column, due to increased activity, while coho smolts were

deeper in the water column than coho fry,.

All of the foregoing results have been derived from experi-
ments performed under laboratory conditions., However, Neave
(1955) found that some of these results were at variance with
the observations of the fish in their natural habitat. He found
that, in contrast to Hoar (1951), tne pink and chum fry in the
Streams very often showed negative phototaxis and negative
rheotaxis, In explanation of this contrasst in observations,
Hoar (1956) found that pink salmon fry, which have never schooled,
are negatively phototactic and do not emerge into bright light,
Schocled fish, on the other hand, show a strong cover reactlon .
only when the increase in light 1ls very abrupt. Since fish held

in the laboratory would have a greater chance to develop the I

R
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schooling behaviour, this is a possible explanation of the

difference between laboratory and field observations,

In summary, let us consider how Hoar (1958) relates the
various behaviour patterns of these Pacific salmon to their
downstream migration., The chum and pink fry migrate downstream
almost immediately after emergence from the gravel. According
to Hear (1958) this can be explained by the following reasoning,
In daylight, chum and pink fry are positively phototactic in the
laboratory (probably negatively phototactic in the field - Neave,
1955) and positively rheotactic., Therefore, they will not be
displaced by the current even though they may wander into exposed
fast-rumning water. However, at night, these fish become more
active and rise to the surface of the water., They then lose
visual and tactile contact with the bottom, and, consequently,
thelr positive rheotactic behaviour is decreased. The ability
to keep up with the current is lost and downstream displacement

results,

When the sockeye fry are displaced downstream and reach
the deep water of the lake, thelr negative phototaxils and
preference for deep water will result in their prolonged stay
in the lake. However, at the time of smolt transformation,
their increased activity will cause downstream displacement in
the night when visual and tactile contacts with the environment

are lost,

The coho fry on the other hand shoWw positive rheotaxis in
daylight and decreased activity at night, when they become

inactive and settle to the bottom. Consequently, in the daytime, q
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these fish can keep up with the current and a2t night they are

on the bottom out of the influence of the surface current,
Downstream migration of the fry 1s thus prevented, When these
coho fry transform to smolts, however, they become much more
active both day and night and will be displaced downstream during
the night when poslitive rheotaxls falls due to loss of contact
with the bottom,

Additional evidence to support the above explanation of
the downstream migration of Juvenile Pacific salmon was pu; forth
by Ali (1959). On the basis of research on the ocular structure,
retinomotor and photo-behavioural responses of Pacific salmon,
he suggested that the downstream migration occurs as a result of
the eyes of the salmon being in a semi-dark-adapted state for a
short period at dusk. This 1s caused by rapid decrease in ;
Incident light intensity and the relatively slower rate of |
dark-adaption of the retina at this time. Consequently, the
fish lose their reference points in the stream and swim with the

current or are displaced downstream,

ITI, MATERIALS AND METHODS

A, The Holding Apparatus

The apparatus for holding the juvenile salmon, while the
experiments were being performed, consisted essentially of six
wooden holding tanks, 91 cm long, 45 cm wide, and 30 cm high,
connected to a reservoir tank, 183 cm long, 90 cm wide, and 120 cm %
high (Figure 1 and Figure 2), Water was delivered from the

1
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reservolr tank to each of the six holding tanks by a rotary
pump, operated by an electric motor, and drained back by gravity
to the reservolr tank through overflow pipes located in one end
of each holding tank, A nylon net was placed in the overflow
end of each tank to prevent the fish from entering the water
systems, Plastic plpes were used throughout the ecireulating
water system since these were found to be the least toxic to the J
fish, The water was aerated, and mixed to ellminate serious
temperature gradients, by alr stones located in each tank, through
which alr was slowly bubbled from a nearby pressure controlled
compressor. Prelimlnary oxygen determinations of the water were
made by the Winkler method and the flow of air was regulated by
a valve to give adequate oxygen concentration in each holding
tank, The temperetiure of the water was controlled by means of
two refrigeration plates, located in the reservoir tank and
connected to a refrigeration unit by black iron plpes. This unit
could be adjusted to any desired temperature level, and this
level could be malntained withint 0,5°C for a considerable

period of time,

Mounted above each holding tank was a wooden frame, Iin
which were located three 20 watt fluorescent light bulbs. When
the three of these were on, a light intensity of 25 ft-c was

maintained at the surface of the water in each tanik,

The above water system, however, was not an entirely closed
one as the description might imply. It was found that a small
flow of water had to be maintained into the reservolir tank, because o
the mortality in the holding tanks would be high without it. The

reason for this was not investigated, but 1t may have been some q




e T T e T T A o3 W

-2]-
"unknown" substance which the fish were depleting from the water
or some substance which was becomling concentrated in the recir-
culating water, since the temperature was kept reasonably constant
and the food supply and oxygen concentration were adequate. It
may have been associated with COp concentration but no tests

were run to determine if the COp changed significantly while the

water was not rumming into the resservolr,

B. The Experimental Material

The experiments to study the effect of photoperiods on the
behaviour of juvenile Atlantic salmon were carried out in the
Biology Department of the Memorial University of Newfoundland,
The fish were obtained from Margaree Hatcheries, Frizzleton,

Nova Scotia, and were all in the yearling stage, having been

hatched in the spring of 1958, In this stage young Atlantic

salmon have the distinct black marks along the right and left

sides of the body and are known as parr, They ranged in length

from approximately 2 to 4 cm at the beginning of the experimental
period to 6 to 8 cm at the end of the experimental period. The
acclimation temperature of the holding tanks was malntained at é
15 iﬁ.SOC during the experiments carried out in the summer

months and dropped down to approximetely 10°¢ in the fall and

59¢ during the winter months. The experiments were started 1in

Msy, 1959, and continued until January, 1960 (Figure 3).

During the experimental period the fish were fed on fresh
beef liver. An equal amount of food was delivered to each tank
twice dally at 5°C and 10°C and three times daily at the higher

acclimation temperature of 15°C. »
!
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Upon their arrival the 300 juvenile salmon were divided
into two groups of 150 fish each., One group, designated as the
"1ight-exposed fish", was held in the three tanks which had the
fluorescent lights above them turned on for 16 hours per day
(6:00 a,m, - 10:00 p.m.) and off for the remaining 8 hours
(10:00 p.m, - 6:00 a.m.). This was accomplished by means of a

time switch operating in the circuilt.

The three tanks in which the remeining fish (150) were
held, had no lights over them. These fish are designated as
"control", The only illuminstion received by them ceme from
the lights over the experimental tanks, plus the illumination
‘ffom the celling lights, when these were on, giving a total of
less than 1 ft-c at the surface of the water for 16 hours per
day and darkness for the remaining 8 hours. The duration of
exposure of the particular fish ;sed in the experiments 1s given

in comnectlion with the individual experiments,

It 1s realized that under these conditlons the "control
fish" were n@t subjected to normal light conditions as found in
nature, but rather to reduced light. However, it is felt that
these fish exhibited behaviour patterns which were typlcal of
Atlantic salmon parr in nature and this will be verified to some

extent in the discussion of results.

C. Experimental Apparatus

Four basic behaviour patterns were studied in these

experiments. They were;

(2) Positive-Negative Phototaxis (response to a light
stimulus),
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(b) Rheotaxls (preference for water currents of
various intensities).

(¢c) Surfacing at low light intensities (vertical
distribution in a vertical light gradient),

(d) Behaviour with respect to a horizontal light

gradient (horizontal distribution in a horizontal
light gradient).

(a) Phototaxis apparatus and methods of observation

The phototaxis experiments on juvenlle Atlantic salmon are
divided into two groups, referred to as Series I and Series II.
The methods of observation in these two series were essentially
the same but In Serles I experliments the size of the apparatus
was much smaller than in Series II experiments. Also, 5 fish
were used at one time in Series I exveriments and the temperature
of the water was 15.0°C, whereas in Seriles II experiments, 10 fish
were used at one time and the water temperature dropped from
10,0°C to 5.0°C throughout the experimental period, Series II
experiments were performed at a later date than Serles I experi-

ments,

In the phototaxis experiments, Series I, a glass aquarlum
51 cm long, 30 cm wide, and 29 cm deep was used (Figure 4). A
centre board divided the aquarium into two equal compartments,
while a space was left below the board so that the fish could
move freely from one compartment to the other, A light of desired
intensity was located directly above the centre of each compart-
ment and heavy black curtain extended above the centre of the tank
between the two light bulbs, so that each compartment could be
1lluminated independently of the other, That 1is to say, one

compartment could be kept relatively dark while the opposite
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compartment was belng illuminated., The entlre apparatus was
surrounded by black curtain to ensure that no external light
rays entered the experimental tank, The light intensity at the
surfece of the water could be varled by. adjusting an 1iris
diaphragm, interposed between the light bulb and the water sur-
face, by varying the distance between the light bulb and the
surface of the water, or by using different wattages of light
bulbs, Observation of the fish was made through a peek-hole in

tne curtain,

The usual procedure of observatlon in Series I experiments

was to place 5 fish in the aguarium, cover it with a light-proof

cover, and leave the fish undisturbed with the room darkened for
30 minutes, At the end of this time a licht of desired intensity

was switched on over the centre cf one compartment. Consedquently,

one compartment of the experimental aquarium was illuminated and
the other was darkened., After 10 seconds, the number of fish

in the "lluminated" and "darkened" compartments was counted.
Another 20 seconds were allowed to elapse and the number of fish
in each compartment was agaln counted. This was 30 seconds after
the light had been switched on. Finally, another 30 seconds were
allowed to pass and a third count of the number of fish was made,
This was 60 seconds after the light had been turned on., At the
end of this count, the lights were immedlately reversed, the one
over the "illuminated" compartment being switched off and the one
over the "darkened" compartment being switched on., The former
"11luminated" compartment now became "darkened" and the former
"darkened" compartment became "illuminated". The above procedure
Qas then repeated for 60 seconds, as before. In this way the

lights were reversed four times, glving a total of 5 counts of
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the number of fish in the "illuminated" and "darkened" compart-
ments at 10 seconds after the light stimulus was applied, 5

counts at 30 seconds after the stimulus was applied, and 5 counts
at 60 seconds after the stimulus was applied, This was considered
to be a complete experiment. The fish were then removed and a

new group of 5 fish was placed in the tank., A duplicate experi-

ment was then run identical to that outlined above. From 5 to 10
of these experiments were run at each light intensity, glving a
total of 25 to 50 counts at each of the 10 seconds, 30 seconds,

?ff&' and 60 seconds periods, These perlods after the light was turned

Rt on will hereafter be referred to as the 10 second level, the 30
second level, and the 60 second level respectively. Both control
and light-exposed fish were tested at 0.1, 0.2, 2,0, 20.0 and
200,0 ft-c,

Since 1t was felt that the small number of flsh and the
small size of the apparatus used may have had some effect on the
results, another series of experiments using a larger number of

fish and larger tank was conducted (Series II).

The apparatus used in the phototaxis experiments, Series II,
was similar in prineciple to that used in Series I, It consisted
of a wooden tank, 244 cm long, 30 cm wide, and 30 cm deep (Figure
5). Three or four light bulbs instead of one were used above
each compartment and a ground glass plate was interposed between
the lights and the surface of the water, to give a uniform light
distribution along the bottom of each compartment. In these
experiments observation was made through a glass end in the tank .
and a net was placed 16 cm from the glass to keep the fish away

from it. This was necessary because the fish had a tendency to q
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be attracted by theilr reflection in the g;lass, A similer net
was placed in the opposite end to make conditions uniform on
either side, In the end opposite the glass, an overflow nipe

was situated, so that water flowed continually in at the rlass

end and out throush the overflow pine at the other end, In this
vey fresh water was kept circulating in the tank, and the

temperature remailned fairly constant during an experiment,

e oonservations fer the Series II experisents were of two
types, Tne uswudl procedure in one case wWas similar te Seriles I.
Tea fish were placed in the tank and left in the light for 60
minutes, This was to ensure that the eyes of the control ana
light-exposed fish would be in the same state of light-adaption
at the beginning of the experiment, It was assumed that the fact
that they were living under different light conditions in the
helding tenks might heve some effect on their true reacticns to
the 1light stimulus, because of different degrees of light- or
dark-adapflon (see Ali, 1960). After this period in the light, b
the fish were further sublected to 30 minutes of darkness, At
the end of this time, a light of lnown intensity was switched on
over one compartment and the observations were made identical
to those in Series I experiments, Ten reversals of the lights
vere mede in inese experiments, giving a total of 10 counts of
the numbers of fish in the"illuminated" and "darkened"compartments
at each of tae 10 second, 30 second, and &0 second levels. This
vas considered to be one complete experiment, The lights were
then switched off and the same fish were left in the tenk in .
dartness Tor 30 minutes, Te exneriment was then repeated, Ten of

these experiments were performed on the sare croup of 10 fish, i
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giving a total of 100 counts at each of the 10 second, 30
second and 60 second levels. A different group of 10 fish
was then placed in the tank and 10 experiments were run identiecal
to that above. This was considered a duplicate group of experi-
ments. Therefore, in all, if the duplicate experiments are
combined, a total of 200 counts at each of the 10 secoﬁd, 30 §
second, and 60 second levels on 20 fish was made, Experiments

were run at 20.0 ft-c¢ and 200.0 ft-c,

While the above experiments tested the reactions of the fish
to an intermittent light stimulus, the second type of observations
studled the reactions of control and light-cxposed fish to contin-
uous lignt, Ten fish were again placed in the wooden tank and
left with the lights on for 60 minutes. At the end of this time,
instead of leaving the fish in darkness, the light was turned off ‘!

over one compartment., Tne fish were left an additional 30 minutes

and observations began, The numbers of fish in the "illuminated"
and "darkened" compartments were then counted at 30 second inter- ‘%
vals for 15 minutes, glving a total of 30 countis per experiment.
The lights were then reversed and the former "illuminated" compart-
ment became "darkened" and the "darkened" comoartment became
"illuminated", The fish were left 30 minutes under these condi-
tions and a second experiment was run identical to the first, A
total of 7 experimenis were run in this way on the same group of
fish, ziving a total of 210 observations. A duplicate group of
experiments was performed with a procedure ldeantical to the first

group and this gave, in all, a total of 420 counts on 20 fish.

In addition to the usual counts, observatlons were made on

!
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the reaction times of these fish to the light stimulus. 1In the
procedure outlined above for the reaction ta' continuous light,
immediately following the reversal of the lights, the fish were
observed for 10 minutes and the time recorded when each fish
entered the shaded compartment. This gave some measure of the

time 1t took for the fish to react to the light stimulus,

(b) Rheotaxis apparatus and method of observation

The apparatus for this set of experiments consisted of a
wooden trough 244 cm long, 30 cm wide and 28 cm deep (Figure 6).
A longitudinal partition, 30 cm wide and 122 cm long, divided the
trough into two equal channels for half 1ts length, At a distance
of 15 em from the end of the longitudinal partition,a screen was
placed dividing the trough into experimental and non-experimental
chambers. In the non-experimental chamber an overflow plpe was
placed, so that the water could be adjusted to any desired level.
At the upper end of each channel in the experimental chambers a
reservoir was constructed, and this sloped by means of a ramp
18 cm long from a height of 13 cm to the floor of the trough.

A vhite line, drawn from the end of the longitudinal partition
to the screen, divided the common chamber into two parts., One
part was considered to belong to one chamnel and the other part
to the other channel, Water flowing into one of the reservolrs
at the upper end of the trough overflowed the ramp, causing a
current in one channel of the trough but no current in the oppo-
site channel. In the common chamber the current flowed through
the net and only at high flows (current velocitles), was an
appreciable current created in the no-current channel, Water for

the experiments was drawn from a reservoir, which was controlled '
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at the desired temperature level by a refrigeration unit., Flows
of 2000, 4000, 8000, 16,000, and 32,000 ml/min flowing into the
reservolr were obtalned by adjusting clamps on two lengths of
rubber tubing, which siphoned the water from the reservoir to i
the experimental trough. The llght intensity in all of these

experiments was 1-2 ft-c at the surface of the water, i

During an experliment, 10 fish were placed in the common
chamber of the trough, where a net prevented them from entering
elther channel. The flow was adjusted to the desired rate and
the fish left for 20 minutes to adept to the trough. At the
end of this tlme the retaining net was removed and the fish left oy
10 minutes to take position in the flow or no flow channel. At ;
the end of 10 minutes, the number of fish in each channel was »f
counted at one minute intervals for 16 minutes, giving a total 13
of 17 counts per experiment, The fish were then changed and the ‘
experiment repeated, Flve experiments were run at each flow,
giving a total of 85 counts., Channels were alternated as to flow '§
and no flow sides to prevent bias in one or the other of the

channels, The maximum temperature difference between channels

i ‘ 'f: WaS 003000

-'35 (¢) Surfacing apparatus and method of observation

The apparatus used for the surfacing reactions conslsted
of a cylindrical tank, 86 cm high and 56 cm in diameter, painted
gray on the inside (Figure 7). 4 cylindrical shield consisting
of wire netting, wrapped in the shape of a cylinder and surrounded
by black curtain, was placed over the top of the tank and fitted

neatly around the top rim on the tank, At the top of the shield,
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a cardooardcover was placed and the fish were obvserved from
above throuzh a peek-hole in the cover. The varticular licht

being used was alsc suspended through this cover.

At the oeginning of an experiment 10 fish were placed in
the tank, the light turned on, and the fish left undisturbed for
30 minutes, At the end of this time, the number of fish in the
upper one-third nortion of the tank was counted at one-minute
Intervals for a period of 10 minutes, ziving a total of 10 counts,
Another group of 10 fish was then vlaced in the tank and the
exveriment was repeated identically, Five of these duplicate
experiments were performed at light intensities of 0, 0,04, 0.2,

1.0, and 5.0 ft-c, ziving 2 total of 50 counts on 50 fish at each

light intensity.

(d) Light-gradient apparatus and methods of observation

The avperatus for these experiments consisted of a rectang-
ular trough, identical in dimensions to that used in the rheo-
taxis experiments (Figure 7). At 30 cm intervals along the tank,
black lines vere palnted transversely, dividinﬁ it into seven diff-
erent compartments. These compartments vers numbered I-VII, At
one end of the tank a gzlass end was installed and a light reflector
and light were attached, This gave a horizoantal gradlent of 1light
intensities, decreasing from high intensity at the glass end of
the tank to low intensity at the opposite end, the absolute
intensities depending on the wattage of llight being used. Three
different lizhts were used; viz, 7.5 watt, 100 watt and 300 watt,
giving three different light zradients, A curtain was hung near

the ceatre of the tank 11 the Tirst set of exveriments, and the fish
1
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were observed through a peek-hole in this curtain, Since this
cast some doubt on the results because it was belleved that the
fish saw the movements of the observer, a second set of experi-
ments was run to determine if this was so, A mirror was mounted
above the tank so that the fish could be observed from below the

tank, In this way the fish were not disturbed, L

The experiments 1in the light gradlent study were divided
into two groups., As in the phototaxis exveriments, they are
referred to as Series I experiments and Series II experiments,

The apparatus was the same for both Series I and Series II experi-

ments and the only difference was in the number of fish used and

the procedure of observation., The Series II experiments were

performed at a later date than Series I experiments.

In the light-gradient experiments, Series I, the trough was
filled with water at the desired temperature, 10 fish were placed
in the tank, and the light was turned on at the end of the tank,
The fish were then allowed to remain 30 minutes to take positlon
in the light gradient. The number in each compartment was then
counted a2t one minute intervals for a period of 10 minutes, giving :
a total of 10 counts ver experiment, Flve experiments were per-
formed with each light bulb used, giving 2 total of 50 counts per
light bulb, During an experiment no water flowed into tane trough

but the temperature remained fairly constant (% 0.5°C).

In the second group of experiments, light gradient experi-
ments, Series II, the procedure was somewhat different from that
outlined above for Series I, In this case 14 fish were placed
in the tank in the evening and left overnight with the tight turned

on at the end of the tank and the room in derkness, Obseivatiqns:
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began at 9:00 a.,m, the following morning. The positions of the

fish with respect to the compartments I-VII were recorded at 30
second intervals for a period of 20 minutes, glving a total of i
40 counts, This was repeated at 12:00 noon, at 3:00 p.m., and ,ET
at 6:00 p.m. The fish were then left overnight and the observa- |
tions were repeated the following day. Thus, in all, a total of :5
280 to 320 counts were made on 14 fish in one experiment, The
fish were then removed from the tank and a new group of 14 fish
wag used, The experiment was then run identlcal to that above,
This was considered a duplicate experiment., Therefore, if the
duplicate experiments are combined, a total of 560 to 640 counts

were made on 28 fish,
IV. RESULTS

A, General Behaviour of Fish

(a) BSeries I experiments

Acclimation Temperature = 15.°C
Exposure Time of "Light-Exposed Fish" to Light
of 25 ft-c¢ Intensity and 16 Hours Dally Duration:

Group 1 - 4240-5200 hours (265-325 days)
Fish used in phototaxls experiments, Serles I

Group 2 - 1200-2128 hours (75-133 days)
Fish used in rheotaxls experiments surfacing
experimentsy and horizontal light gradient
experiments, Series I.

In the Series I experiments, control flsh menifested very S

?ij' little "spontaneous activity". This term 1s used in the present
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paper to mean actlivity which comes about because of the inherent
behaviour patterns of the specles such as schooling or roaming
to and fro in quiet water. This 1s opposed to the type of activity
manifested when an orienting factor such as a light stimulus is ©
acting upon the fish, Whenever control fish were placed in an
experimental tank, exploratory wandering was observed in the first
30-40 minutes, After this initial period, the fish became relat-
ively quiescent, with only occasional drifting to and fro of
Individuals, Unless the llght intensity was falrly high, any move-
ments on the part of the observer disturbed the fish very little,

The light-exposed fish, however, were in merked contrast to
the control fish, 1Instead of becoming quiescent after the initlal
exploratory veriod, these fish contlinued to show marked activity
at both high and low light intensities. At all light intensities,
they reacted very strongly to movements of the observer and an
alarm reaction, resulting 1n-a quick turn and a darting movement
to some cover, was very apparent. This continuous and vigorous
activity made the observatlion of the light-exposed fish very

difficult at times,

(b) Series II experiments

Acclimation Temperature= 10°C at the beginning
of the experiments and 5.0°C at the end of the
experiments

Exposure Time of "Light-Exposed Fish" to Light
of 25 ft-c¢ Intensity and 16 Hours Dally Duratlon:
2080-4000 hours (130-250 days)
Fish used in phototaxis experiments,

Series II, and horizontal light
gradient experiments, Series II.
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In the Series II experiments, both the control and light-

exposed fish were less reactive to stimuli in the form of move- !

ments of the observer or stimuli from other sources in the experi- {
ments, Less spontaneous activity was exhibited by these fish

in quiet water but, relatively speaking, the light-exposed fish

were still more reactive to stimuli than the controls.

This lower level of activity in the Series II experiments
was attributed to the lower temperature of acclimation (10°C-

5°C) e

Although schooling, and nipping and defence of territory
were not studied in detail quantitatively, one observation on
what was belleved to be schooling behaviour seems worthy of
mention. In one of the light gradient experiments described
below, a group of light-exposed fish remaifed "schooled" in the
darkest end of the tank, all oriented away from the source of
light, for almost two days (see Figure 18d).

B. Behaviour with Respect to a Light Stimulus
(Positive-Negative Phototaxis)

(a) Series I experiments i

hcclimation Temperature = 15°C
Exposure Time of "Light-Exposed Fish" to Light
of 25 ft-c Intensity and 16 Hours Daily Duration:
4,21,0-5200 hours (265-325 days)

In the statistical analyses of the results, P = 0.0l was
chosen as the level of significance.

(1) Control fish
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In studying the contr¢l—~fish of the Series I experiments in
the glass aquarium of the phototaxis apparatus, it was found
that the reactlon to sudden 1llumination after dark-adaption
was very slight when lights of low intensity were used as
8timull, However, as the intensity of the stimuli increased
by the use of higher light intensitles, the magnitude of the
reactlon increased until almost a total response occured at the
highest light intensity (200 ft-c). The fish did not respond
at low intensities of stimulation until 2 or 3 stimuli had been
applied, by flashing the light on over one compartment and off
over the other at one minute intervals, The flsh was then seen
to sway its body right and left and swim slowly into the opposite
compartment or around the same compartment once or twice, At the
highest 1light intensities, the fish darted into the dark compart-
ment immediztely after the light was turned on and, as a rule,
remained there, Occasionally, a fish would move from the dark

to the light, but only to dart back again after a little while,

The variatlons in the reactions of the control fish to the
light stimuli were found to be fairly large (Table 1). This is
not surprising since these fish did not exhibit an "all-or-none"
type of reaction but were usually moving from one compartment to
the other, This varlation is particularly large at the lower
light intensities and 1s attributed to the small number of fish
used, and the possibility of 1light diffusion between light and
dark compartments in the small apparatus. This would cause the

dark compartment to be more shaded than dark,

At 0,1 ft-c. all of the averages of the per cent of fish
in the light compartment are above the 50% level and the t-test
shows that the per cent of control fish in the light 1s signifi-

cantly greater than the per cent in the dark at the 30 second
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level (Figure 9 and Table 2). At 0.2 ft-c there is a signifi-
cantly greater per cent of fish in the dark compartment as
compared to the light compartment at the 60 second level. When
2,0 ft~c was used, a significantly greater per cent of fish was
found in the dark compartment both at 30 and 60 seconds after
the light was turned on, and this was also the case for 20.0 ft-c,
At 200.0 ft-c the reaction to the light is very marked and at the
10 second, 30 second, and 60 second levels there is a significantly
greater per cent of fish in the dark (Figure 9 and Table 2). Thus,
from these experiments, the conclusion is that the control fish
are negatively phototactic to the light stimulus and this nezative

reaction increases as the light intensity increases,

In the range of light intensities, 0.1 to 20.0 ft-c, there
is very little difference among the percentages of fish in the
light compartment (Table 3 and Figure 9), A slight tendencey toward
a greater response at the higher light intensities seems apparent
but is by no means pronounced. In comparing the per cent of fish
in the light compartment at successive light intensities (1.e.

0.1 ft-c with 0.2 ft-c¢, 0,2 ft-c¢ with 2,0 ft-c), no significant
difference is found., However, when the lowest light intenslty
(0,1 ft-c) 1s compared with the highest in this range (20,0 ft-c),
a significant difference is found at the 30 and 60 second levels
(Table 3), This seems to indicate that the orienting effect of
the light in this range is very similar at the various levels of
intensity studiled But that this effect slowly increases as the
light intensity is increased, There may be a tendency for these
Tish to seek the light at very low light intensity since, if 0.2

ft-c is compared with 20,0 ft-c, no significant difference results,
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Outside of this 0,1 to 20.0 ft-c range, there is a very

significant difference in the response at 200.,0 ft-c (Table 3),
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Here the response is almost a total one, with only 8% of the
fish remaining in the light at 60 seconds after the light was
turned on, This seems to be a light intensity which the control

fish avold and they seek cover as soon as possible. ﬂi

In comparing the per cent of flsh 1in the light at each of the
three time levels after the light was turned on, it was found
that there was no significant difference at 0,1 ft-c, 0.2 ft-c,
or 2,0 ft-c (Table 4 and Figure 9)., At 20.0 ft-c, t-test shows
that the per cent of fish in the light at the 60 second level may
or may not be significantly different from the per cent at 10
seconds. When 200,0 ft-c was studled, the per cent of fish in
the light at 30 seconds after the light was turned on was not
Significantly different from the per cent at 10 seconds, but the
per cent at 60 seconds was significantly less than the per cent :é
at elther 10 seconds or 30 seconds, The conclusion to be drawn
from this is that the reaction to the light at the higher light

intensities 1s more rapid than at the lower intensitiles,

By a rather indirect treatment of the results of Series I
experiments, some measure of the change in the intensitles of the
reactions of control fish can be derived as the light intensity
varied, It is unfortunate that the total numbers of movements
of the fish from the dark to the light, or vice versa, at each
light intensity were not recorded in Series I experiments, but
an approximate measure of their activity and intensity of reactlon
can be obtained by the following procedure. First, the number of

fish in the light at 10 seconds after the light was turned on 1is
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compared with the number In the light at 30 seconds. Then the
number in the light at 30 seconds 1is compared with the number
in the light at 60 seconds. These_two comparisons would be done
between counts in the first observation period after the experiment @
began, The second observation period hegins 10 seconds after the |
the llghts are reversed., It can be seen that the number of fish {%
in the dark compartment at the end of the first observation period fi
becomes thé number in the light at the beginning of the second
observation period after the lights are reversed, Therefore, by
comparing the number of fish 1n the dark compartment, at the end Vf
of the first observation period, with the number of fish in the
light compartment at 10 seconds after the reversal of the lights,

In the second observatlion period, a measure of the number of reac-

tions in the first 10 seconds can be obtained, By repeating this ; £
procedure for each observation period in each experiment, summing |
the total number of reactions for all of the experiments, and
dividing this total by the number of counts made, an average number
of reactions can be obtalned for the first 10 seconds, the next 20
seconds and the final 30 seconds after the stimulus was applied,

Of course, this procedure does not account for the movement of an
individual fish into the light and back again, or vice versa, within
the interval between two successive counts, Also, 1t does not
account for the reactions of two different fish, one vwhich moves
into the dark or light and one which moves into the'light or dark,
However, it is felt that this does glve some measure of the varia-

tions in the reactions with changes in the intensity of stimulatlon.

In the analysis of the reactions, it seemed best to separate

them into positive, negative and zero reactlons., Positive

h
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reactions are movements of fish toward the light., Negative
reactions are movements of fish away from the light. Zero |
reactlons are instances of no movement on the part of the fish.
In Figure 10, the average per cent of reacticns to the light in
the first 10 second intervai after the light was turned on, the
average per cent in the first 30 second interval, and the average
per cent in the total 60 second interval are plotted against the 3§
light intensity of stimulation., This method serves to eliminate

many of the lrregularitles in the graphs,

The positlve reacticns remained fairly constant throughout
the whole range of intensities studied (0,1 - 200,0 ft-c), although
there is a slight decrease from 20-50% at 20.0 ft-c to 0.0 - 12,0%
at 200.0 ft-c. The per cent of negative reactions increased
eignificantly from 15 - 47% at 0.1 ft-c to 95 - 147% at 200.0 ft-ec.
To offset this increase, the per cent of zero reactions decreased
from 57 - 172% at 0.1 ft-c to 5 - 101% at 200,0 ft-c, This
indicates that at lower intensities of stimulation fewer fish are

reacting than at higher intensities (Firure 10),.

(2) Light-exposed fish

When light-exposed fish were studied in the glass aquarium
of the phototaxis apparatus, they behaved very differently from ‘«
the control fish, Whereas the control fish remainsd very quilet '
except at high light intensities, and nearly always remained on
the bottom of the aquarium, the light-exposed fish were very
active at all light intensitles studied, moving freely from one
compartment to the other with apparent disregard for the absolute

light intensity to which they were subjected. In addition to
1

horizontel movements into and out of the light and dark
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compartments, these fish also made vertical movements from the
bottom of the tank to the surface of the water, and some ventured
to jump over the'top of the tank, Fish that rose to the surface
and remained quiet there, oriented taemselves at a 45 degree angle

with the horizon,

As for control fish, the varlations of the reactions of
lignt-exposed fish to the light stimulus were found to be fairly
larce (Table 5). This also is attributed to the small number of

fish per experimeat and the small size of the apvaratus used,

At 0,1 and 0.2 ft-c, there is a greater ver cent of fish in
the light compartment at 10 seconds after the light was turned on,
althouzh thils difference 1is not significant (Figure 11 and Table
6). This may be because of the sluggishness of these fish in
reacting at these low light intensities, At 30 seconds and 60
seconds after the light was turned on under these light intensities,
there 1s a negative reaction to the light with the significantly
greater per cent of fish beins found in the dark compartiment. At
2.0 ft-c there is a significant negative response at the 10, 30
and 60 second levels, but at 20,0 ft-c there is a siegnificant
response only a2t the 60 second level., This latter difference
seems to be an anomaly, but it may be because of the increased
activity of these fish at the higher light intensitles, causing
a more random distribution in the first 50 seconds after the
stimulus is spplied, The response at 200,0 ft-c is negative,
with the significantly greater per cent of fish being in the dark
compartment at the 30 and 60 second levels. The response at thls
high light intensity is not nearly as intense as that of the con-

trol fish, and this is a result of the much greater activity of

i



e

TR I NIRER iy

\ .

!

4]

the light-exposed fish,

In the whole ranse of light intensities studied, there is |
no significant difference in the per cent of fish in the light
compartment of the aquarium when successive light intensities
are compared, or when the lowest light intensity in the range
is compared with the highest (Figure 11 and Table 7). This

resulted from the increased activity of these light-exposed fish,

causing them to be constantly on the move at all light intensities
except the very lowest, There seems to be a slight tendency to
move into the dark compartment at the higher light intensities,
but a t-test does not show a significant change in response. The
Inerease in negative reaction with increase in llght intensity 1s
not nearly as clear-cut as in the control fish, so much so that
the light-exposed fish can be sald to show no difference in the

intensity of their reactions in this range of light Iintensities,

In comparing the reazctions of the light-exposed fish at the
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three time levels of 10 seconds, 30 seconds, and 60 seconds after o x
the light was switched on, there is a significant increase in

negative response between the 10 second and 30 second levels at

0.1 and 0,2 ft-c, but none between the 30 and 60 second levels,
The increase in negative response is also significant between
the 10 and 60 second levels (Figure 11 and Table 8). This would
indicate that the negative response increases as the lnterval
after the stimulus is applied increases, but that the greatest
response occurs in the first 30 seconds., At 2.0, 20.0, and 200.0

ft-c¢, there is no significant difference in the negatlve response o

to the lisht between the 10 and 30 second, the 30 and 60 second,

or the 10 and 60 second levels., Since there is a significant
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negative response at these intensities, this would indicate that
the most of the reactlon occured within the first 10 seconds

after the light was turned on (Figure 11 and Table 8).

The positive, negative and zero reactions of these lignt-
exposed fish remalnéd almost constant throughout the whole range
of light Iintensities studied, but the positive reactions were is
very few while the negative and zero reactions were more numerous. B
The per cent of negative reactions increased from 35-135% at
0.1 ft-c to 80-162% at 2.0 f+~c and then decreased to 55-127% at
200,0 ft-¢, The per cent of zero reactlons decreased from 47,5~
125,5% at 0,1 ft-c to 20-88% at 2.0 ft-c and then increased to
40-120% at 200,0 ft-c, This indicated that the reactions of
these light-exposed fish remalned falrly constant throughout the
range of light intensities studied, (Fizure 12),

(3) Comparison of the reactions of control and v
light-exposed fish A

At 0,1 ft-c, there was a slgnificantly greater per cent of
control fish in the light compartment at 30 and 60 seconds after
the light was turned on, thus indicating that the light-exposed i
fish reacted more intensely to this light intensity than did the '
control fish (Table 9). At 0.2 ft-c, 2,0 ft-c¢, and 20 .0 ft-c,
there is no significant difference in the per cent of control and
light-exposed fish in the light. ©Since there is a significant
negative response at these light intensities, this must indicate
that the intensity of the reaction is the same for both control
and light-exposed fish in this range of light intensities. At
200,0 ft-c, the reaction of the control fish is much more intense

than that of the light-exposed fish,
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(b) Series II exveriments

Acclimation Temperature = 10.0°C - 5.0°C
Exposure Time of "Light-Exposed Fish" to Light

of 25 ft-c Intensity and 16 Hours Daily Durstion:

2176-4000 hours (136-250 days)

The only major general difference in the behaviour of the
fish used in Serles II experiments was in the intensity of thelr
reactlon, The Series II flsh were much more slugglsh than the
Series I fish and the rate of thelr reaction was much slower.
In'fact, very little spontaneous activity was manifested by

elther the controls or light-exposed fish,

(1) Control fish

The variations in the responses of the individual groups of
fish iﬁ the different observation periods and in the duplicate
experiments were smaller per number of fish than in the Series I
experiments (Table 1). This is probably because of the larger
apparatus, in the Series II experiments, allowlng less llght
diffusion and the lower temperature causing less actlvity on the

part of the fish.

Only 20,0 ft-c and 200,0 ft-c were studied in these experi-
ments, since heavy mortality occurredat the end of this time

and resulted in the loss of all the fish., The experiments were

then discontinued.
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The statistical analyses show that at 20,0 ft-c there is

a significsantly greater per cent of fish in the dark compartment
of the rectangular tank at 60 seconds after the light was turned
on (Table 2 and Figure 9), At 200,0 ft-c the per cent of fish !
in the dark compartment is significantly greater at both the 30
and 60 second levels, This would point to the fact that the
fish are negatively phototactic at these light intensities and P
this is the same result found in Series I experiments, although

the reaction there was more intense,

When the per cent of fish in the light at 20,0 ft-c is
compared with the per cent at 200,0 ft-c, no significant differ-
ence 18 found at either the 10 second, 30 second, or 60 second
levels (Table 3 and Figure 9), This is in contrast to the result
found in Series I experiments and may be attributed to (a) the
larger size of the tank in Series II, allowing more "living-
room" and less crowding of the fish, (b) the darker interior 73
(black) of the tank, giving a lower total intensity of light with .
a given incident light intensity than in Series I, and (c¢) the

lower temperature of Series II experliments,

There is no significant difference in the per cent of fish
in the light compartment at increasing times of 10 seconds, 30
seconds, and 60 seconds after the light was turned on, at 20,0
ft-¢, However, at 220,0 ft-c¢, the per cent of fish in the light
is significantly less at 60 seconds than at 10 seconds after the
stimulus was applied, This indicates, as in Serles I, that the
longer the stimulus is applied, the greater is the negative

response (Table 4 and Figure 9).
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The positive reactions oi these control fish decrease from
6-33% at 20.0 ft-c¢ to 0,3-6% at 200.0 ft-¢, The negative
reactions remain about the same, decreasing from 27-85% at 20,0
ft-c to only 24-68% at 200,0 ft-c. The zero reactions increased
from 87-181% at 20,0 ft-c tc 75-225% at 230,0 ft-c, The zero and
necative reactions are in constrast to the results found in Series ¥
I experimente, where the nerative reactions increassed andi the zero C
reactions decreased with increase 1n lifbt intensity. This may
oe accounted for by the fact thet durine these experiments in
Series II, the temperature of the water in the experimental tanks i
dropoed sveadily from 10°¢C to 5°C, so thatv the experiments at
220,0 ft-c were carried out at a lover temsercture then these at
20.0 ft-c, Thus the reacticas vwould be slower and the amecunt of
fich reacting would be less at 200.0 ft-c than et 20.0 Tt-c. This ;t
could couse the observed increase in zero rcactions and the result-

iar slight decrease in negative reactions,

(2) Lirht-exnosed ficgh i

The varistions in the responses of the lisht-exvosed fish
to the lizht were much less then in the Series I experiments end
this is attrisuted to the same factors as for control fish (see

Pese L3) (Table 5).

In seneral, the behaviour of the light-exposed fish at the
two 1lizht intensities studied was similar to thet of control Iish,
However, at voth 20,0 and 200,0 ft-c, tne per cent of fish in the
lirat is not siznificantly different fromw the ner cent of fisnh
11 the derlk (Table 6 2ad Fipure 11). This is in contrast to the
results found in Series I experiments Tor Lirht-exposed fish end

s By -2 Fa R o | L - B .Y n
arain may ve o result of the larger slze ol vhe nald, the lovier




oA

~46-

temperature, and the lower total light intensity in Series 1II, '

In comparing the number of fish in the light at 20.0 ft-c
with the number at 200.0 ft-c, no sisnificant difference is
found (Table 7). This is the same result as was found with con-

trol fish, and with light-exposed fish in the Series I exveriments.

The llght-exposed fish in these Series II experiments lacked :;j
the tendency fﬁr the reaction to be increasingly greater at
increasing time after the stimulus was applied, No significant
difference between the per cent of fish in the light was found at t:;
the 10 second, 30 second, or 60 second levels for elther of the
light intensities, Thls result agrees with that for light-exposed
fish 1in Series I, but the explanation is not that the reaction

occured immediately but that there was no reaction at all.(Table 8). jfl

The ver cent of positive, nemative, and zero reactions to
the light did not change much between 20.0 and 200,0 ft-c in
these light-exposed fish. The positive reactions decreased from
19-59% at 20,0 ft-¢ to 0,83-9% at 200,0 ft-c. The negative
reactions decreased from 11-35% at 20,0 ft-c¢ to 9-21% at 200.0
ft-c. The zero reactions increased from 70-206% at 20.0 ft-c
to 90-270% at 200,0 ft-c. The result is the same as that found
for control fish in this series and 1s accounted for in the same
vay, l.e. temperature effects.(Figure 11).

(3) Comparison of the reactions of control and
light-exposed Tish

At 20.0 ft-c, there 1s a sicnificantly creater number of
lirht-exposed fish in the light at the 60 second level, but at

200.0 Tt-c, there is no significant difference in the per cent
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of control flsh and light-exposed fish at either of the 10 second,

%0 second, or 60 second levels.(Table 9).

(4) Reactions of fish to continuous light

In the second type of observation in the Series II experi-
ments, testing the reaction of fish to continuous light, only

two light intensitlies, 20.0 and 200.0 ft-c, were studied,

(4.,1) GControl fish

The variations in these exveriments using control fish were
not too large, consldering the greater number of fish used and
the larger number of observations mede (Table 10), A significantly :f
greater per cent of control fish was found in the dark comvariment
at both 20,0 and 200.0 ft-c (Table 11 and Fisure 15), Also the ;\%
control fish showed a significantly greater per cent of fish in
the dark compartment at 200,0 ft-c than at 20,0 ft-c (Table 12
and Figure 13). This agrees with the Series I experiments and
the reactions of dark-adapted Series II experiments where it was

found that the control fish reacted more intensely at 200,0 ft-c,

(4,2) Lisht-exposed fish

The variations in the experiments using light-exvosed fish
were avproximately of the same order as those for control fish
(Table 10)., Also, like control fish, the light-exposed fish showed
a very significantly greater per cent of fisih in the dark at both
20,0 and 200,0 ft-c (Table 1l and Fizure 13), The intensity of
the reaction in the light-exvosed fish seemed to be unaffected
by tae light intensity in this range, since there was no signi-

fleant difference in the per cent of fish 1n the light at elther
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20,0 or 200,0 ft-c (Table 12 and Figure 13). This also agrees
with Series I experiments and dark-adapted fish of Series II
experiments,

(4,3) Comparison of the reactions of control and
light~-exposed fish

At both 20.0 and 200.0 ft-c, there is a greater per cent of
light-exposed fish in the light, Thics result is 1n agreement with
the result found 1in the Series I experiments with dark-adepted
fish, where the stimulus was an intermittent llzht rather than a

continuous light,

(5) Comparison of the reaction times of control
end llght-exvosed to a liecht stimulus

Although there is a considerable spread in the points in
Figure 14, a trend toward a greater number of fish in the shade
with increasing time is apparent. The stimulus was a light of
200,0 ft-c switched on fish previously kept in the dark, This
was verified by the faet that the trend was present in almost
every individual experiment. A comparison between the control
and light-exposed fish (Figure 14) indicates that the response
of the light-exposed fish is more rapid than that of the control
fish, and at any siven time a greater number of light-exposed
fish have entered the dark comnartment, This is in line wlth the
greater sensitivity of these fish outlined above, No signifi-
cance test was run to determine if the difference above is
significant or not, but since the difference is fairly large, it

probably is,

(c) Summary

In summary, it was found that:

R
N
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(a2) generally, the light-exposed fish were more reactive to
stimull of any form.
(b) Both the control and light-exposed fish were negatively
phototactic to a light stimulus at all light intensities ;
studied except the wvery lowest,

The control fish showed very little difference in the b

intensity of thelr reaction to a light stimulus in the range 5jj

0.1 -~ 20,0 ft=c (Series I experiments)., At 200,0 ft-c there

was a marked difference in thelr response: The light-exposed
fish showed no difference in their reactions among any of p_
the light intensities in the Series I experiments, In the
Series II experlments, no difference in the reaction was
found between 20,0 and 200,0 ft-c¢ for either control or
light-exposed fish. o

(d) Tnhe control fish showed a significant increase in negative
response to the light stimulus the longer the stimulus was
applied, at the higher light intensities (200,0 ft-c),
whereas the light-expvosed fish showed a significant increase
in negative response the longer the stimulus was applied,
at the lower light intensities (0.1 and 0.2 ft-c). This
was found to be true for both Series I and Serles II.

(e) The control fish showed an increase in the per cent of
negative reactions to the light, a decrease in the per cent
of zero reactions, and no significant change in the per cent .
of positive reactions, with increasing light intensity. The |
light-exposed fish showed very little change in the positive,
nexative, or zero reactions, with increasing light intensity. V,*
This was modified somewhat in the Series II experiments and

this was attributed to temperature effects,
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(f) Both conﬁrol and light-exposed fish showed a significantly
greater per cent in the dark at 20,0 and 200,0 ft-c, when
they were subjlected to continuous light for 30 minutes,

At both light intensities there was a greater per cent of .;;
light-exposed fish than control fish in the light. There

Was a significantly greater per cent of control fish in the W'
light at 20.0 ft-c than at 200.0 ft-c, whereas the light- ﬂﬁ
exposed fish showed no difference between the per cent in

the light at either light intensity.

(g) The light-exposed fish reacted more rapidly to a light ";
stimulus than the control fish,

C. Rheotaxis (Preference for Water Currents of Various
Intensities)

Acclimation Temperature = 15.0°%¢C
Exposure Time of "Light-Exposed Fish" to Light >

of 25 ft-c¢ Intensity and 16 Hours Dally Duration:

1200-2128 hours (75-133 days)

These experiments were designed solely to test one vhase of
rheotactic behaviour; the preference of these salmon for water
currents of various intensities. They do not in any way attempt
to test the abllity or inability of salmon to keep up with or
swim agalnst the current of water, To do this, a different type

of apparatus would have to be used,

In the various counts made in these exveriments, it is not

to be expected that the fish would take position in one of the
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two channels and remain there, Instead, and as was the case, they
would be expected to swim to and fro from one channel to the other,

but with the greater per cent of fish spending the longer period

in the "ecurrent" or "no current" channel, depvending on whether

current or still water was preferred. This then would give a

reasonable measure of thelr preference for current or the lack of ‘

it.

(a) Control fish (Tables 14, 15, and 16 gnd Ficure 15)

The variation in the response to current of the control fish -
is not too large and rarely exceeds 1,0 - 1,5 fish per series of

experiments (Figure 15 and Table 14),

The control fish showed a preference for current in the range
of current intensities studied (2000 mle - 32000 mle per miny) (Table
15 and Fizure 15). The greater per cent of fish was found in the
current at 4000 ml/min and this seemed to be the preferred flow ';
for these fish, At the lower and especially hicher flows, a
lesser per cent of fish was found in the current. The decrease
in per cent of fish in the current at the higher Tlows is believed
to indicate a tendency on the part of these fish to avold fast
water. As t-test shows, this preference for current was signifl-
cant, since at all currents flows there was a slgnificantly

greater per cent of fish in the current than in "quiet" water,

These control fish showed a significant differsnce in the
per cent of fish in the current between 4000 and 8000 ml/min in
comparing successive current flows, The reaction to the current =
was of similar intensity at the remainins curreats and no sipgnifi-

cant difference resulted between them, However, the overall
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reaction of the fish showed a significant difference between the {
very lowest flow (2000 ml/min) and the highest flow (32000 ml/min)
(Table 16 and Fizure 15).

(b) Lipht=-exvosed fish (Tables 14, 15, and 16 and
Figure 15)

The variation 1a the response of the lirhit-exvosed fish to
the current was of the same order as thet of the control fish

(Table 14 and Figure 15),

The light-exposed fish, like the control fish, showed a b
preference for current in the range orf curreint intensitizs g
studied (2000 ml -~ 32000 ml/min) (Table 15 and Figure 15). Also,
the preferred flow of these light-exposed fish was zgain found
to be 4000 ml/min and a tendency toward avoidance of fast flowing ";ﬁ

water was again evident,

In compzring successive current flows, the light-exposed 3@
fish showed a significant difference in the per cent of fish in
the current between all successive currents flows, This 18 an
indication of the greater sensitivity of these light-cxvosed to
the currents, and agrees with quallitative observations, since
the light-exposed fish spent much more time in the upper reaches

of the current channel where the water was overflowing (Table 16

and Figure 15),

(c) Comparison of control and lisht-exvosed fish
(Table 17 and Figure 15)

In comparing contrel and light-exposed fish in these experi- f,*

ments, it was found that, except at the highest current flows
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(32000 ml/min), the light-exposed fish showed a markedly stronger
preference for currents, The t-test shows that at every current
intensity there was a significant. difference between the
reactions (per cent of fish in the current) of the control and
light-exposed fish, Also, the light-exposed fish showed a much
stronger vpreference for fast water than did the control fish,
Whether this came about because of z direct preference for stronger
currents or a greater abllity to stem the faster currents is not
known, However, at the highest current flow studled, both con-
trol and light-exposed showed an equal number of fish in the

current channel,

There was no consistent selection of elther the right or
left channels in these experiments (Table 18), This fact was
verified in a control experiment in which no water was flowing
into either chnamnel. Out of a total of & experiments of 17 counts
each (102 counts), 52% of the fish were in the one channel and 48%

in the other channel,

(d) A source of error

The apparatus and method of observation used in these rheo-
taxis experiments were not ideal. One-half of the common chamber
was considered to belong to the no-flow chamnel (see page 28),
but at high flows some current was created in it. This would mean
thst the fish in this half of the common chember, although consld-
ered to be in the no-flow channel, would actually be subjected to
a slight current, However, since a preference for current was
found for both control and light-exposed fish, the error 1n the
apparatus is in favour of the current channel, That is to say,

if the apparatus were to be corrected such that the error was

al




-5
eliminated, the value for the per cent of fish in the current
channel would be increased and consequently the preference for
current would appear to be lncreased, Therefore, the general
result would not be affected too much, Also, since this was
chilefly a relative study, the difference between control and
light-exposed fish would still show up.

D. Surfacing at Iow Light Intensities (Vertical Distri-

bution in a Vertical Light Gradient)

Acclimation Temperature = 15,0°C
Exposure Time of "Light-Exposed Fish" to Light
of 25 ft-c Intensity and 16 Hours Daily Duration:

1200-2128 hours (75-133 days)

(a) Contrel fish (Tables 19, 20, and 21 and Figure 16)

During the course of this study, control and light-exposed
fish exhibited a marked difference in behaviour, A4s a rule,
control fish showed very little activity at any of the light
intensities studied. When they were first placed in the experi-
mental tank, they remained on the bottom for the first 5 to 10
minutes, Then, when they had settled, some of them started to
slowly make thelr way up the sides of the tank, The number act-
ing in this manner was very small, the maximum in the upper one-
third of the tank being only 6 fish on one occasion, with the
average number being 1 - 2 fish. The movements of these contrel
fish were very slow, and usually 1t took & fish approximately a

minute to traverse the 85 cm column of water., On many occasions,

T
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the fish were seen to remaln qulet for minutes at a time, with
only slow undulations of the tall and fins serving to offset the
opercular breathinz movements. At the higher light intensities,

more activity was noted than at the lower light intensities,

The varlation in the numbers of control fish in the ubnper
one-third of the experimental tank is fairly large in some cases,
This is inherent in the apparatus and method of observation, and
also because of the fact that, et higher light intensities, the
increased activity of the fish would contribute to a fair degree

of variation (Tables 19 and 29 and Fisure 16).

Pealt activity for these control fish occured at 1.0 ft-c,
where the per cent of fish in the upver one-third of the tank was
significantly greater than at 0.04 or 0,2 fi{-c¢ below it or 5.0
ft-c above it (Table 21 and Figure 16). At 0 ft-c (darkness),
where  observations vere made by momentarily flashing on a light
of low intensity, only 3.0% on the average vere found in the upper
one-~third of the tank, This tends to indicate that the control
fish show very mild activity even at their maximum activity, and,
in darkness, they tend to settle to the bottom and become very

quiet,

(b) Light-exposed fish (Tables 12, 20, and 21 and
Ficure 16)

The light-exposed fish showed a marked difference 1in the
amount of activity manifested, as compared with the control fish,
Af all light 1lntensitles, these fish showed some surfacing
behaviour, the absolute amount varying with the light intensity
at the surface of the water. The concentration of fish seemed

to move up and down the column of vater as the lieht intensity,
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was decreased or increased, Sometlmes, at low light intensities,
one or more fish would swim in the upper layer of water with the
dorsal fin protruding and the nose being at intervals pushed
above the surface of the water, If startled, the fish would dart
for the bottom of the tank, but only to return to the surface
shortly thereafter, At the intenslty of maximum activity des- ‘éi
cribed below, these fish were so asctive that they would swim up ;?ﬁ
and down the column of water with a large per cent remaining in

the upper one-third., This vertlcal wandering gave some large

variation for the light-exposed fish, \:

The variations in the numbers of light-exposed fish in the
upper one-third of the tank 1s of the same order as that for the
control fish, However, the greatest variation now occurs at the
lower 1light intensities, since here is where the most activity Lo

was manifested in the light-exposed fish (Table 19 and 20 and

Figure 16),

Maximum activity occured in these light-exposed fish at a
light intensity of 0,04 ft-c. In darkness (0,0 ft-c), the
activity dropped off again with only an average of 7.7% of fish
3ﬁﬁf' in upper one-third column of water, There was no significant
- difference between the surfacing reaction at 0,2 ft-c and 1.0 ft-c,
but a significant fall off in activity did occur at 5.0 ft-c
(Table 21 and Figure 16),.

(¢) Comparison of control and light-exposed fish
(Table 22 and Figure 16)

In comparingz the surfacing reaction of control and light-
exposed Tish, it is found that there was a significantly greater

number of light-exposed fish in the upper one-third of the tank
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at 0,04 ft-c and at 0.0 ft-c (darkness), At higher light ‘f

RS

intensities of 0.2, 1.0, and 5,0 ft-¢, the control and light-
exposed fish showed a similar number of fish in the uvper one-third.

This 1s 1n accordance with their reactlons in the phototaxis |

experiments, where 1t was found that they reacted with the same

intensity at 0,1, 0.2, 2.0, and 20,0 ft-¢ to a light stimulus. ° Lo

Thus, at low light intensities, control fish sink to the e

bottom and remain quiescent, while the lipght-exvosed fish rise into

the surface of the waeter and become very active, causing a near

random distribution. fg

From qualitative observations, it seems that these salmon

show positive thigmotaxis, since they rise to the surface usually

by the walls of the container. Also, both control rnd light- -{Q

exposed fish exhibited nipping and defence of territory in these

experiments,

E, Behaviour with Respect to a Horizontal Lieght Gradient
(Horizontal Distribution in a Horizontal Light Gradient)

The relationships between the wattage of llght used in these ’
experiments, and the light intensity in ft-c at one foot intervals

from the light source are shown in Fieure 17, 'E

(a) General Behaviour of control and licht-exvosed fish

Both control and light-exposed fish shoved similar general
behaviour in these light gradient experiments., Vhen first placed
in the tank, with light on at one end, the fish swam to and fro
from one end to the other. Schooling vas not studied in detail,

but qualitatively, the light-exposed fish seemed to shoW a closer
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aggregation then the control fish in these to and fro movements. ‘i?

Within an hour after transfer to the tank, the fish had become |
qulescent and had taken position in the different compartments,

Some of these compartments were afterwards defended by groups of ' -

fish and individuals,

Flgure 18 shows the lack of either duirnel varistion or , ;f
change 1n reaction with respect to time. The variations can be ;.51
attributed merely to random wanderings, or nipping and defence of = ;;.

territory during the observation period, |

(b) Series I experiments \

Acclimation Temperature = 15.000
Exposure Time of "Light-Exposed Fish" to Light
of 25 ft-c Intensity and 16 Hours Daily Duration:

1200-2128 hours (75-133 days)

Generally, the fish in Serles I experiments showed negative
phototaxis and avolded the light by staying in the darker end of : "é
the tank, This trend is shown in Figures 19 and 20, although the
results in the Séries I experiments show much varlation. The P
greatest number of fish in each of the three gradients (7.5 watt, E

100 watt, and 300 watt - Figure 17) was found in compartment VII,

the farthest from the light.

The variations in the reactions of both the control and
. light-exposed fish 1s considerable in some cases (Table 23 and
i 'a 24 and Figure 18). This is not surprising since the fish would

-§4 not be expected to stay in the same compartments during the
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different observation periods or even in the same observation
period., However, the trends in these experiments are very obvious E
and, as will be seen, the statistical analyses usually give a o

clear-cut picture,

(1) Control fish

The control fish in the light gradient experiments, Series I,
showed a significently greater number in compartment I as compared

to II, when the 7.5 watt bulb was used at the end of the tank !

(Table 25a)., Excluding compartment I, a tendency toward increas=- P
ine numbers of fish in each compartment at increasine distance
1 £2 from the light source is evident (Table 25a and Figure 19). The
f.ﬁﬁ‘ statistical analyses show that there is no significent difference
; between the number of fish in compartments II and III, IIT and IV,
: IV and V, or V and VI. However, between compartments VI and VII, | 3?
a significantly greater number was found in VII, Some of this
may be because of a tendency to seek corners, but most of 1t must

; f. indicate an avoidance of brighter areas (Table 25a and Figure 19), f?

Using a 100 watt bulb at the end of the tank, greater

variability was found, and there was no significant aifference 5%
; if between the number of fish in compartments VI and VII, However, !
a significantly greater number was found in compartment V than

in IV. An anomaly to this trend was found in the significant

difference between III and IV, slnce there was a greater number

in IIT than in IV. This is unexplained, No significant differ-

ence was found between compartments I and Il or V and VI. How-

ever, the trend is still towards an avoidance of brighter areas

(Table 252 and Figure 19).
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Using a 300 watt bulb at the end of the tank, the picture
was essentlally the same. There was a significantly greater
number of fish in compartment V than in IV, in compartment VI
than in V, and In compartment VII than in VI, No significant
difference occured between the number of fish in I and II, II and

III, or III and IV (Table 25a and Figzure 19).

In comparing all the other compartments with compartment VII,
a significantly greater number of fish was found in VII when the
7.5 watt and the 300 watt was used, With the 100 watt bulb, the

results are more variable (Table 25a),

A significantly greater number of fish was found in compart-
ment I, when the 7.5 watt bulb was used at the end of the tank,
than when the 100 watt bulb was used, No significant difference
was found in the other compartments when comparing the 7.5 watt

bulb with the 100 watt bulb (Table 26).

When the number of fish in each compartment, using the 100
watt bulb, is compared with the number in the corresponding com-
partments, using the 300 watt bulb, a greater number of fish was
found in III, IV, and V in the light gradients created by the 100
watt bulb, (Table 26), However, a greater number of fish was
found in VI and VII with the 300 watt bulb, rather than the 100
watt buldb, In other words, these control fish showed a greater

avoidance For the 300 watt bulb than the 100 watt bulb.

The same result was found in comparing the 7.5 watt bulb

with the 300 bulb, except that now a significantly greater number

was also found in compartments I and II when using the 7.5 watt

bulb (Table 26).
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In summary, it can be sald that the control fish showed a
strong negative reaction to the light source in a horizontal light
gradient and this negative reaction tended to increase as the

intensity of the light source inecreased,

(2) Light-exposed fish

When the 7.5 watt bulb was used at the end of the tank, the
light-exposed fish showed the same trends as the controls in their
reactions, There was a successively greater number of fish in
compartments VI and VII, but no sipgnificant differences in the
numbers of fish in compartments I, II, III, IV, and V were evident

(Table 25b and Figure 20).

With the 100 watt bulb at the end of the tank, the same
result was obtained, but now there was also a significantly greater

number in III than in II (Table 25b and Fimure 20).

With the 300 watt bulb, the avoidance of the lighted areas
was also evident, and there was agaln o significantly greater
number of fish in VI than in V, in VII than in VI and in III than
in II., No significant difference was found between the numbers in

I and II, IIT and IV, or IV and V (Table 25b and Figure 20).

In comparing the number of fish in the other compartments
with the number in compartment VII, a very great significant diff-
erence was found when either one of the three light bulbs was used.
This shows that the greater number was at all times in compartment

VII (Table 25b),

The 1ight-exposed fish showed the same tendency to stay 1n

compartment I nearest the light source as the control fish, but
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this is not significant statistically (Table 27). In comparing
the reactions of the fish with the 100 watt bulb and the 7.5
watt bulb, a significantly greater number was found in compart-
ment II with the 7.5 watt bulb, but the significantly greater
nurber vas in comvartments VI and VII with the 100 watt bulb

(Table 27). !

When the results with the 100 watt bulb and the 300 watt
bulb are compared, it can be seen that a greater number was in
compartment VII with the 300 watt bulb, but that there 1s no
significant difference in the numbers of fish in any of the other

compartments (Table 27).

In comparing the 7.5 watt and the 300 watt bulbs, it can be

seen that a significantly greater number of fish was in compart-

T A B S .

ments I, IL and IV with the 7.5 watt bulb, whereas the numrber in 7
compartments VI and VII was significantly greater with the 300

vatt bulo (Table 27).

In summary, the light-exposed fish shoved a negative reactlon
to the lieht source in the three horizontal light gradients studled,
and this negative reaction increased as the intensity of the lisght ﬁ

source increased,

(3) Comparison of the reactions of control and
licht-exposed fish

In comparing the behaviour of control and lisht-exposed
fish in a horizontal lisht gradient, it was found that a signifi-
cantly greater number of control fish was found in compartment I
with the 7.5 watt bulb, and this may be a light seeking tendency

of these fish (Table 28), A significant dirfference also resulted
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in compartment VI, with the controls again showing the greater
number, However, the reactlon of the control and lisht-exposed

'i§ fish to the horizontal licht gradient created br the 7.5 watt

bulb was very similar,

With the 100 watt bulb, there was a sienificantly sreater

number of light-exposed fish in compartmenis VI and VII, but a

slmnificantly greater nuuder of coatrol fish in I and II, 1In

other words, the light-exposed fish showed a stronger avoidance
of the licht source than the controls with the 120 watt bulb

(fable 28).

When the 300 vatt bulb was used, no significent difference

vias found between the number of control and lisht-exposed fish in

either of the compartments (Table 28),

h emeaty s Nmp e oy eemsme gty e euge

§ o Thus it seems that the control and liszhi-exposed fish reacted
very similerly to the light gradients created by the 7.5 watt bulb
and the 300 watt bulb, but the lisht-exposed fish showed a greater

avoldance of the 100 watt bulb than the control fish,

(¢c) Series II experiments

e aa o Mot e g agd o

Acciimation Temperature = lO.OOC
Exvosure Time of "Lisht-Exposed Fish" to Light

of 25 ft-c Intensity and 16 Hours Daily Duration:

2080-3072 hours (130-192 days)

A8 in the Series I experiments, both the control and light-

exposed fish exhibited a negative phototaxis in these Series II
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light zradient experiments and avoided the light by congregating

in the darkest end of the longitudinal tank., This trend is shown
clearly in Fizures 19 and 20 and here the results did net show as

much variation as in the Series I exveriments (Tables 23 and 24),

This may be attributed to thne larger number of fish used and the

fact thet the fish were not distriouted as muehr in these exveri- [

ments as in Series I experiments.

(1) Control fish

The control fish in the light gradlient exveriments, Series II, |
showed the same tendency to remain in compartment I as was the case

in Series I experiments (Table 23). However, in these exveriments,

the tendency was present in the gradient created by the 7,5 watt,
100 watt, and 300 watt bulbs and not only in the case of the 7.5
watt bulb as in Series I experiments., This tendency 1is attributed

to the seeking of the ends of the tank.

When the 7.5 watt bulb was used at the end of the tank, the
control fish showed a significantly greater number in each succes-

sive compartment at increasing distances from the light source,

excluding compartments III and IV. In these latter compartments, i
this trend is reversed and the greater numper is found in III rather

" 7l than in IV (Table 25a and Figure 19).

When the 100 watt and 300 watt bulbs were used, .the trend is
identical to that found with the 7.5 watt bulb, excluding compart-
ments III end IV, where there is no significant difference in the

number of fish (Table 25a and Figpure 19).

A in t ents
In comparing the number of fish in the other comparim

with the number in comvartment VII, a significant difference Was <
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found with all three light bulbs, the greater number at all

times being found in compartment VII (Table 25a).

The roregoins results in these Series II experiments are
similar to the results found in Series I experiments, 1n that the L

fish exhibited a strong negative phototaxis to the light source,

When the numbers of fish in corresponding compsriments, a;i
using the 7.5 watt and the 100 watt bulb, are compared, a signif-
icanély greater number was found in compartment I with the 7.5
watt bulb and this may be a tendency to seek the corners (Table 26), ,§~
No siznificant difference was found in the number of fish in II and
III with the two bulbs, but the number in compartments IV, V, and
VI was greater when usine the 100 watt bulb, while the number in

compartment VII was gfeater when usine the 7.5 watt bulb (Table 26).

1

In comparing the 100 watt bulb and the 300 watt bulb, a
greater number of control fish was in II, III, and VII with the
300 watt bulb, while a greater number was in I, V and VI with the @;

100 watt bulb., These differences are significant (Table 26). s

A simllar comparison between the 7.5 watt bulb and the 300
watt bulb shows that a significantly greater number of control
fish was in compartments II, III, IV, and V with the 300 watt
bulb, while a greater number was found in I, VI and VII with the

7.5 watt bulb (Table 26).

The results discussed above in the compariscns of the
reactions of the fish with the 7.5 watt bulb and the 100 watt
bulb, and with the 7.5 watt bulb and the 300 watt bulb are in

contrast to those found in the Series I licht gradient experiments.

! i
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The only possible explanation is that, in Series II, there was
inereased nlppine and defence of territory in the brighter 100
watt and 300 watt bulb gradients, This resulted in more displace-
ment from the end compartments VI and VII of the tank in these

higher light gradients.

(2) Light-exposed fish

When the 7.5 watt bulb was used at the end of the tank,
there again seems to be a tendency for the light-exposed fish
to seek comvartment I, since the P is less than-the value for t i
significance at the 1% level., All the other compartments show
a progressively areater number of flsh in each compartiment at
successively greater distances from the light source (Table 25b

and Fizure 20), Nt

With the 100 watt bulb, the light-exposed fish stlll showed
the tendency to remain in compartment I end this is again attributed A&%

to a preference for corners, The remainder of the compartments,

with the exception of III and IV, shoW the same trend as with the
7.5 watt bulb; a significant increase in the number of fish in
each compartment at increasing distance from the light source )

(Table 25b and Figure 20),

With the 300 watt bulb at the end of the tank, the results
were identical to those with the 100 watt bulb (Table 25b and

Figure 20).

When the number of fish in compartment VII is compared with
the number in each of the other compartments, a very significant
difference is found with the three light bulbs, with the greater

number being found in compartment VII in each case (Table 25D).
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The above results clearly indicate that, as in the Series I
experiments, these light-exposed fish are showing a negative

reactlon to the 1llght source,

In comparing tihe number of light-exvosed fish in correspond-
ing compartments with the 100 watt bulb and the 7.5 watt bulb,
a greater number was found in compartments II, III, IV, V, and
VI with the 7.5 watt bulb, while a greater number was found in
compartment VII with the 100 watt bulb, Thus, a greater avoldance
was noted for the 100 watt light source than the 7.5 watt light

source (Table 27),

With the 100 watt and 300 watt bulbs at the end of the tank,
the number of fish in compartment I was significantly greater
with the 100 watt bulb than with the 300 watt bulb, Also,.the
number was significantly greater in VII with the 100 watt bulb,
This indicates that the avoidance for the 100 watt was greater
than that for the 300 watt bulb and 1s the same result as was
found above for the control fish in the Serles II experiments,
Here also 1t seems to be explained by the increased frequency of
nipping in the brighter 300 watt gradient, causing more displace-
ment from compartment VII., (Table 27). The fact that in one
experiment with the 100 watt bulb, one group of light-exposed
fish remained schooled in compartment VII, would also produce

this result.

In comparing the 7.5 watt and 300 watt bulbs, the results

show the same trend as found in Series I experiments, with llght-

exposed Tish, and Series II experiments above, with control fish.

There is a greater number of fish in compartments III, v, v, and

VI with the 7.5 watt bulb, whereas the significantly greater
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number was in VII with the 300 watt bulb., There is no signifi-
cant difference in the number in compartment IT, while compart-

ment I shows a greater aumber usings the 300 watt bulb (Table 27).

In summarizing, it was found th=t, generally, the light-
exposed r'ish showed a stronger aveidance reaction the stronger
tihe source of light.

(3) Comparison cf the reactions of control and
light-exposed fish

When the behavicur of control and lirht-exvosed fish in the
lizht gradient tank during Series II experiments is compared, it
1s found that there were more control fish than light-exposed
fish in compartments I and VII when the 7.5 watt bulb is used
(Table 28). Compartments II snd III showed no significant differ-
ence in tne number of control and light-exvosed fish, whereas
compartments IV, V, and VI showed more light-exposed than control
fish. This indicates that the lisht-exposed fish showed less
avoidance for the 7.5 watt bulb than did the controls, and

ventured more into the brighter areas of the tank.

With the 100 watt bulb at the end of the tank, there was
no significant difference in compartment I, whereas a signifi-
cantly greater number of coatrol fish was in compartments II, III,
IV, V and VI, Consequently, a greater number of light-exposed
fish was found in compartment VII. Therefore, in these Series II

experiments, the light-exposed fish showed a stronzer avoldence of

the brighter areas in the 100 watt light sradient than the controls

(Table 28).

When the 300 watt bulb was used, there Was a greater number
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of control fish in compartments I, II, III, IV, and V, whereas

there was a ereater number of light-exposed Tish in compartment

VII. The ccnclusion is as before, that the light-exvosed fish

showed a stronger avoidance of the 300 watt bulb than the control

fish (Table 28),

(@)

Summary

In the horizontal lizht gradient exveriments, the following

results were found.

1.

3.

Both the eontrol and licht-exposed fish showed g
negative reaction to the lisht source when the 7.5
watt, 100 watt, and 300 watt bulbs were used at the
end of the tank., This was true for both Series I
and Series II exveriments.

Both the control and light-exvosed fish tended to
remain in compartment I at the end of the tank
nearest the light source, This is attributed to a
tendency on the part of these fish to seek corners,
In Series I experiments, both the control and light-
exposed fish showed a greater avoidance for a stronger
light source (300 watt bulb) than for a weaker light
source (7.5 watt or 100 watt bulb), In Series II
experiments, these relations were not as well
defined 28 1n Series I experiments and this differ-
ence was attributed to increased nipping and defence
of territory in the Peries II experiments, with the
high light sources,

A comparison between the reactlions of control and

light-exposed fish revealed that, in the Series I
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experiments, there was no significant difference
in their reactions with the 7,5 watt or the 300
watt bulbs, However, with the 100 watt bulb, the
light-exposed fish were found to have a greater
negative reaction to the llght source than the
controls, In Series II experiments, the light-
exposed fish were found to have a stronger avoidance
reaction than control fish for the 100 and 300 watt
bulbs, but a lesser avoidance for the 7,5 watt bulb.
This difference in the results of Serles I and
Series ITI experiments is belleved to be because
the fish were disturbed in the Serles I experiments,
with the 300 watt bulb, by the method of obser-

vation,

' V. DISCUSSION AND CONCLUSIONS

A, General Behaviour

It has been established that constant amounts of light (15,
16, 34), increasing amounts of light (8, 17, 29, 30, 32), decreas-
ing amounts of light (8, 17, 29, 30), and contlinuous light are |
effeective in accelerating the rate of development and maturity of
widely different species of fish, Concerning the salmon, Hoar
(1953) states that the parr-smolt transformation of coho and
Atlantic salmon seems to result from the effect of a photoperiod

on the pitultary, which in turn affects the other endocrine glands,

Evidence presented in this investigation has shown that the

Atlantic salmon fry, which were exposed to photoperiods, were generally
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more active and reacted more readily to stimuli than the fish i
subjected to control conditions, Hoar (1951) showed that Pacific ?

salmon of the genus Qncorhynchus exhibited more activity and a

lower threshold of stimulation in the smolt stage than in the
parr stage, The difference in the behaviour of control and light- R
exposed fish must have been because of a direct effect of their vl
exposure to photoperiods, which accelerated the rate of develop-

ment of the fry, and ceused the light-exposed fish to be physiclog-
lcally more advanced and nearer the smolt stage of development than f

the control fish, _ A
B. Behaviour with Respect to Light Stimuli

It has been shown in the present study that both control and
light-exposed fish showed a negative respcnse to a flashing light
stimulus (Figures 9 and 11) and continuous lizht (Figure 13).

This was evident at all intensitles except the very lowest., This

i1s obviously a behaviour pattern of great survival value to the

species, since a preference for the darker, more shaded areas of

-l
5
?

a stream or river would decrease the probability of capture by
predators., 1In this connection, Hoar, Keenleyside, and Goodall E
(1957) found that coho fry, coho smolts, sockeye fry, and sockeye
smolts, were also photonegetive under a light suddenly flashed on
them, or under continuous illumination, This is in agreement with
the results found in this study for control and light-exposed fish. r;.
The coho and sockeye salmon are the two specles of Pacific salmon

closely related ecologmically to the Atlantic salmon.

Control fish showed a stronger cover reaction (negative photo-

taxis) at higher than at lower light intensities, whereas the
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intensity of the reaction of the light-exposed fish was less
affected by the intensity of the light used, although the tendency
toward increased response at high light intensity was still present
(Figures 9, 11 and 13)., This difference was believed to have
resulted from the Increased activity of the light-exposed fish,
causing more random wandering between light and dark compartments.
This tended to produce a lesser number of ligsht-exposed fish in
the darker compartment than would be warrasnted by the light

intensity alone.

From similar results, Hoar, Keenleyside, and Goodall (1957)
remark that chum and sockeye fry and sockeye smolt showed a marked
tendency to retreat under high 1light intensities and to emerge
under lower light intensities, whereas the pink and coho fry and
coho smolt showed the reverse tendency. Also cohe fry, at 10 and

45 ft-c, showed a significantly greater number in the light, where-

as at higher intensities they elther became indifferent or retreated

to the shade,

These results for chum and sockeye fry and sockeye smolts,
agree falrly well with the results found for control and light-
exposed fish, However, the results, for pink and coho fry and
coho smolts, do not agree with the results of the present study,
but - complete agreement should not be expected, since these Pacific
salmon are of a different genus than the Atlantic salmon, and even
interspecific differences in the reactlons to light were found in
the Pacific salmon. AlsSo, the nature of the apparatus and the
observations were somewhat different in the two studies. The
Awfact that the light-exposed fish were 1living under conditions of

light, different from the control fish in the present study, may

B T A
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:ﬁ have had some indirect effect on their behaviour, through its
]f effect on the retina or some other structure of the eye, but this
. ggpect was not investigated further, In any event, the difference

" in the behaviour of the control and light-exposed fish must have

been a result of the exposure to light, since apart from light,
they were subjected to the same conditions in the hblding tanks,

and the same condlitions and stimuli in the experimental apparatus.

The control fish showed an lncrease in the number of fish in
the shade, with increase in time after the light was turned on,
only at the higher light intensities (Figure 9)., The light-exposed
fish, however, showed this behaviour only at the lower light inten-
sities (Figure 11). This difference can be explained by several
factors. The greater sensitivity of the light-exposed flsh caused
the greater part of the negative reaction to occur within the first
10 seconds after the light was turned on, at the higher light
intensities, Thus, there was no significant increase 1in the reac-
tion after the flrst 10 seconds.v This greater sensitlivity of the
light-exposed fish, at the lower intenslitles, caused thelr negative
reaction to commence more quickly than in the control fish, while
the sluggishness of reacting would tend to spread the reaction
over a longer period of time, after the light was turned on. This

would give the observed increase in the number of fish in the dark

with increase in time. At the lower light intensities, the control

fish were so sluggish in their reaction that the increase in numbers
in the dark compartment, with increase in time, did not show

statistically, although the trend was st1l1l present.

Hoar, Keenleyside, and Goodall (1957) state that, at all

light intensitles, sockeye smolts exhibit a stronger negatlve reac-

tion to the light than the fry, and the same was found to be true
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for the coho smolt and fry, It was found in the present study

that, at the lower intensities of light (0,1 ft-c), the light-

exposed fish showed a stronger negative reaction than the control
fish (Table 9), while at the hichest light intensity, the control , ;
fish showed a marked stroncer negative reaction to the 1light than
the light-exposed fish. At 0.2, 2,0, and 20,0 ft-c., there was no B
significant difference in the reaction of control or light-exposed i
fish., If 1t 1is assumed that the licht-exposed fish are physiolog-
ically nearer the smolt stage of development than the control fish, ) é
then the results of this study at the hicher lisht intensities are d
somewhat in conflict with some of the literature resulis., However, -.' ?
the difference in the species of the fish, the exposure to light, ?ﬁ';l

and especially the increased activity of the light-exposed fish,

may have had some effect in maskins thelr reactions.

The creater sensitivity of the liszht-exocosed fish to the P
continuous light (Figure 14) is in line with their greater aeneral ‘:;§.
sensitivity to stimuli and thelr ereater activity, and is believed - h

to be because of a direct effect of the photoperiods on their rate

of development.

In one of the experiments with the intermittent light stimulus,

Series II, there was a greater number of lizht-exvosed fish than
"B <ontrols in the liehted orea of the tank, but this was attriouted

to the fact that these fish had not bcen fed during the experiment

o () . Y =] is is
and therefore sought the lighted area more than usual. This

based on observations by Woodhead (1955), that hungry minnows

(Phoxious phoxinus) spent more time in the lighted areas, when

£ oS A St e ST

searening for feod, than in the darker areas.

nuous lisht resuylted in a

B o g

Subjecting the fish to contl
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greater negative rsaction belng exhibited by the control fish, |

This 1s tne same result as was found generally with the intermit- 2

[

tent lizht stimulus 2nd is attributed to the mreater activity of o

the lisht-expossd Fish. It was noted that these fish were much ]

more active in these nparticular exveriments then the control fish, i
Whereas the light-sxocosed fish were frequently found to be on the P
move from one comderiment to the other, the controls were found to ‘.'gg
move into the dzrit coavariment within the first 10 minutes after
the 1lizht was turned on and to remain there, with only occasional , Q
fish moving into the licht. The fact thet the light was acting §
for a lonzer veriocd of time in these experiments also allowed this

difference in cans penzvicur of the fisn to show 1itself,

Further esvidence that the lower temderature in the Series II

experiments with itae intermittent light stimulus was the factor

responsible for the difference in the reaction of the fish from

the Series I experiments, 1s obtazined from a comparison of their

rezctions under 2:a intermittent light stimulus and continuous

lizht (Series II), when using the intermittent stimulus in Serles ﬂ
II experiments, tae Tish showed very little reaction to the light, o
while using continucus licht there was a very significant reaction.

With the intermittent stimulus, the fish had been adavnted to dark-

ness previous to Sae experiment and the low temperature coudled
with the fact thai tne F1sh were subjected to the stimulus for
only 60 seconds resuited in very little reaction on thelr part.

That is to say, tae ~ish did not have time to react under the

0
= X 1 - 7, - Iy W=
ziven conditions i such a lover temperature (4.0 5,0°C). Ho

.
~a

. . s . . "oy i for
ever, with the coniinuous light, the "stimulus® vas appliea o

o ot ven
a veriod (30 minutes) lons enoush for the reacvicn to occur, €

at the low temperziurs, ‘ =
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The general conclusion is that the exposure to photoperilods

: caused the fish to become more active under conditions of the

FCE experiments and more sensitive to stimulil of all kinds, but that

?ﬁ the reaction to a flashing stimulus 1s not significantly altered;

the difference that did occur in the reactions of control and

;; light-exposed fish was a result of the increased activity and

k, sensitivity of the light-exposed fish, However, the behaviour of
133 the fish under continuous light was very different, with the con-

- trols showing the greater negative reaction, and this was attributed

to the fact that the fish were subjected to the stimulus for a

longer period of time in these experiments,

C. Rheotaxls (Preference for Water Currents of Various
Intensities)

In this study, it was found that the light-exposed fish showed
more preference for current of all intensities studled than the
control fish, This difference is attributed to the increased
activity of the light-exposed fish and their greater sensitivity
to stimuli, brought about by their exvosure to photoperiods., The
increased sensitivity to stimuli, especially, would cause the fish
to be stimulated more by the moving water than the still water,
Consequently, a greater percentage of light-exposed fish than
control fish would be found in the current channel, The fact that,
for both control and light-exposed fish, the maximum preference for
current occured at 4000 ml/min, seems to indicate that this flow

represents the optmum .strength of current for maximum response in
The differences in the per cent of fish in the current
nd the

this range,
channel between successive flows for light-exposed fish, a

lack of it for controls, s in agreement with the increased sensit-

ivity of light-exvosed fish (Figure 15 and Table 16),
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In a similar study with a similar type of apparatus,
MacKinmmon and Hoar (1953) state that chum salmon fry showed a
preference for greater current flows, whereas coho fry did not.
Also, Hoar (1954) states that sockeye smolts showed a preference
for fast water, while coho smolts showed an avoldance of fast
water, MacKinnon and Hoar (1953) also found that the current
strength for maximum response for these salmon Wwas In the vicinity
of 4000 ml/min, and this agrees very well wita the figure found

in this study.

If it is assumed again that the light-exposed fish are nearer
the smolt stage than the controls, and rememberinsg that the chum
and pink fry, and the sockeye and coho smolts are in the mlgrating
stage, it can be seen that these results and the results of our

experiments with current agree very well,

The general conclusion is that the exposure to light resulted
in increased activity of the Atlantic salmon fry and increased
sensitivity to stimuli. This in turn caused the light-exposed
fish to show greater stimulation by the moving Water end a greater
preference for current. The increased activity would bring the
licht-exoosed fish in e¢rntact with the currsnt more often per
unit time snd result in a greater chance for reaction to the
current,

D. Surfacing (Vertical Distribution in a Vertical Light
Gradient)

Results from these experiments indicated that the control

fish settled to the bottom of the water column and became Very

) . 5 3 e Water'
qulescent, whereas the light-exposed f;sh rose in th

: . ical
column and became very active, causing a near random vert

TROTE
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distribution at low light intensities. Also, thé peak activity
for wihe control fish occured at 5.0 ft-c, whereas that for light-
exvosed fish was found to be at 0.04 ft-e, ™is inerease in
behaviour of the light-exposed fish was believed to be because
of their increased activity, resulting from their prolonged
exposure to phnotoveriods, Thle increased activity was apparent
at all light intensities, but was especielly accentuated 2t the

lower 1licht intensities.

In this connection, Hoar (1951) states that pink and chum
fry rise to thé surface of the water at nisght under lovw light
intensities, Also, coho smolts show a lower thresheld of stimula-
tion at nilght than the coho fry, end are much wore active both day
and night. Hoar (1953) states that coho and Atlantic salmon fry,
and steelhead trout vecome inactlve at night and this accounts
for their prolcngzed stay in the streams, Hoar (1954) found that
sockeye fry shovwed more depth preference than any other species,
whereas chum and cohc fry were more evenly distributed in the water
column., Sockeye smolts showed random distribution in deep water,
whereas coho smolts were deeper in the water column, This behav-
icur of the sockeye smolts is believed to be one of escape rather

than a light intensity reaction.

From a comparison of the results of this study and the results
of Hoar for Pacific salmon given above, it can be deduced that
the behaviour of the light-exposed fish is similar to the behav-

icur of the migrant species of chum and pink fry and coho and

sockeye smolts, in the water column. Te centrol fish behaved

much like the stages of coho and sockeye fry, which remain in the

rivers and lakes, .,
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It is concluded from these exveriments that the exvosure of
thie Atlantic salmon fry to photoperiods resulted in a general
increase 1n activity over that of control fish, and this caused
the lisht-exvosed fish to be randomly distributed in a vertical
water column at low licht intensities. This behaviour pattern is
very characteristic of migrant stages of Pacific salmon,

E. Behaviour with Resvect to a Horizontal Light Gradient
(Horizontal Distribution in a Horizontal Light Gradient)

The results found in this study were very variable, but this
1s not survrising when one considers the type of apparatus and the
methods of observations used, The same trend was however present
in both Series I and Series II, and the dirferences vwere apparent

only in the detalled analyses of the resultis,

In all of the experiments in this study, the fish were found
to be photonegative, whether the intensity of the source of lirht
was high (300 wett bulb) or low (7.5 watt bulb). This is in
agreement with the results found in the positive-necative photo-
taxis exveriments, in which the light scurce was suspended directly
above the water level and the stimulus was intermittent of one
minute duration in one case, and a continuous light in another

case, This seems to indicate, therefore, that the direction of

the reaction to light of the control and lisht-cxposed Salmo salar

parr is not greatly affected by (a) the direction of the incident

< t
light or (b) the duration of the light tgtimulus", provided that

tals duration is longer than some definite latent perlod not

determined in this study.

Woodhead (1955) found that minnows (Phoxinus vhoxinus) show

negative phototaxis in a horizontel light eradient, with an

P, N
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experimental apparatus simllar to the one used in this study,

Jones (1955) also found that Phoxinus vhoxinus were negatively

vhototactic in an experimental apparatus similar to the one used
in the positive-negative phototaxis experiments of this study,
These experiments agzree very well with the results found by the

writer for Atlantic salmon.

The results of this study showed that, senerally, both the
control and light-exposed fish exhibited a stronger avoidance
reaction (negative phototaxis) the stronger the source of light.
This was very apparent in the Series I experiments but was modified
somevhat in the Series II experiments., Thls modification was

attributed to the fact that in the Series II exveriments the fish

were in the tank for a longer period of time during any experiment,

and thus were allowed a greater opvortunity for nipping and defence
of territory than in Series I experiments, Thils was verified by
the fact that, qualitatively, more nipping was noted in Serles II
than in Series I expefiments. Since nioping and defence of terri-
tory have been shown to increase with increasing lisht intensity
(Stringer and Hoar, 1955), the increase in the number of fish in
the brighter areas with the 300 watt bulb, siving the impression
of a greater avoidance of the 100 watt bulb, was caused by the
greater aggressive behaviour of these fish, This resulted in

more displacement from the darker areas with the 300 watt bulb.

Woodhead (1955) found a similar result with Phoxinus phoxinus,
They showed a greater avoidance of higher light sources in a
horizontal light gradient,

The results of these experiments jndicate that the light-

exposed Tish showed a greater avoidance of the brighter areas

—

g e e e
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at least in the higher 1light gradients, while in the lower light
eradlents the light-exposed fish may have more of & tendency to

seek the brighter areas than the controls,

F. Significance of the Behaviour Patterns Studied

If we assume that the above theory 1s correct, and that the
light-exposed fish are actually nearer the smolt stage of develop-
ment than the control fish, we can attempt some partial under-
standing of the role of these behaviour vatterns in the downstream
migration of Atlantic salmon. This theory is probably feasible
since Hoar (1953) states that the parr-smolt transformation is most
likely comnected with the effect of a photoperiod on the pitultary
gland., The salmon parr (control fish) in seeking cover at high
light intensities, would avold open, exposed areas, and this, as
can be readily imagined, 1is of great survivel value to the specles,
Their lower preference for current would tend to keep these flsh
out of the stroneser currents, Since it has been shown for Paclfic
salmon (Hoar, 1958) that rheotaxis is lost when the light intensity
falls below a certain level, and if we assume this for the Atlantic
salmon, then the decrease in activity and the lack of "surfacing"
shown by the control fish could be considered as a factor prevent-
ing premature downstream migration in the parr stage. These flsh
would retreat to some quiet water and have less chance of belng

swept dovnstreanm,

The smolts (lisht-exposed fish), on the other hand, would
become very active as the light intensity decreased in the evening,
and swim to and fro vertically in the waters of the lake or stream.

Thus they would lose visual contact with thelr environment and

their positive rheotaxis would be lost. Then, since thelr

|
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preference for faster currents would take them into the faster

water, they would be displaced downstream.

This attempt at explaining the dovmstream migration of the
Atlantic salmon is only an attempt, and until further knowledge
has been gained and less assumptions made, it can only be

accepted as a working hypothesis for future research.

VI. SUMHARY

1. The effect of photoperiods on the parr-smolt transformation
of Atlantic salmon (Salmo salar L) was studied, using changes in

behaviour patterns as criteria.

2. Negative phototaxis was exhibited by control fish in the
vicinity of 2.0 to 200.0 ft-c, while the light-exposed fish showed
this behaviour at all intensities studied. The size of the
experimental tank and the temperature were credited with haviqg

some effect on the intensity of this reaction to light,

3, Both the control and light-exposed fish showed a gradual
increase in the response to the light at successively higher
light intensities, although there was only a significant diff=-
erence between 20,0 and 200,0 ft-c for the control fish, and no

sighificant difference between any successive light intensities for

the light-exposed fish., However, the difference was significant

when comparing the lowest with the highest light intensity.

,, The control fish showed a greater number in the shade at

increasing time after the light was turned on, at 200.,0 ft-c, while

the light-exposed fish showed this behaviour at 0.1 and 0.2 ft-c.
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5. The control fish showed an increase in the per cent of
negative reactions to the light, a decrease in the per cent of
zero reactions, and no significant change in the per cent of

positive reactions, with increasing light intensity. The light-

negative, zero, or positive reactions, with increasing light

intensity., The intensity of these reactions are modified by

temperature. )

6. The reaction to continuous light was negative for both [ Q

control and light-exposed fish at 20.0 and 200,0 ft-c. {

7. The reaction to continuous light was more rarid for the

light-exposed fish than the control fish,

8. Both control and light-exposed fish showed a preference
for current in the range studied, but the preference of the light-
exposed fish was greater than that of the control fish. The light- |
exposed fish also showed more preference for fast water, since they

were found in the faster flows more often than the control fish.

9. The light-exposed fish exhibited increased activity and 5
random distribution in a vertical column of water at low light
intensities, while the control fish showed decreased activity and

settled to the lower reaches of the water column at low light

intensities.

10. Both the control and light-exposed fish showed a negative

phototactic response in a horizontal light gradient.
11. A tendency to remain in the end compartments of the -

: 1 and
horizontal light pradient tank was apparent 1n both contro




12, Both the control and light-exposed fish showed a
stronger avoidance of the brighter areas in a horizontal light
gradient the stronger the source of light, in Series I experi-
ments, but this was not as clear-cut in Series II experiments.
This was attributed to the fact that, in Series II experiments,
the fish were in the tank for a longer period of time, and were
thus given more opportunity for nipping and defence of territory.
This caused more displacement into the brighter areas in the

strongest light gradient, with the 300 watt bulb,.

13. In Series I experiments with the horizontal light gradient,
the light-exposed fish showed a stronger avoidance of the
brighter areas than the control fish. 1In Series II experiments,
the light-exposed fish showed a greater avoidance reaction when
the 100 and 300 watt bulbs were used at the end of thettank, while
the control fish showed a stronger avoidance of the brighter areas
with the 7,5 watt bulb. This indicates a tendency for the light-
exposed fish to seek the brighter areas at the lower light

intensities, in the Series Il experiments at least.

14. The general conclusion from all the experiments is that
the exposure to photoperiods resulted in the light-exposed fish
being physiologically nearer the smolt stage of development than
the control fish. Consequently, the light-exposed fish exhibited

behaviour patterns essentially similar to those of the smolt.

15. The significance of the behaviour patterns studied is

discussed in realtion to the downstream migration of Atlantic

salmon,

s
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a light of given intensity switched on fish prev1ously'kept in darkness.

are per cent or fish in the ligh

See text for definition of Series I and ID.

&p Ool ft._CQ 0-2 ft.-C. 200 ft--C. 20.0 ft’.-CQ 200.0 ft.-C.
No . Series I Series I1 Series 1 Series 11
O 1o% 391 6o 10n 60N 10w 30" &oOn ERLGL yw 304
1 L0 4O kO 32 32 32 28 20 28 16 12 L
2 by 4O LL 36 32 Lo 32 28 Lo 32 12 8
3 L8 u8 Lk Ly 36 L8 36 36 Lo 32 20 8
L b8 56 L8 L8 Lo 52 W8 U8 LO 4O 24 8
5 52 56 52 52 Ly 52 56 L8 48 Lo 32
6 52 56 56 52 Ll
7 52 60 56 56 i
R R 4 - S VR
8 56 64 60 ol L8 Coa W W A
wn wn wn ! ! !
9 60 68 68 68 52 = = " 2 03 &
10 60 88 172 68 60
Range
in per 20 L48 32 36 28 20 28 28 20 24 1 20
cent
@ange
sctuzl 10 2.L 1.6 1.8 1.4 1.0 1.4 1.4 0.8 1.0 1.2 0.9 1.4 1.4 1.0 0.4 1.0 1.0 1.2
fish
o, of '
aver- 10 10 10 10 10 5 5 5§ 5 5
ages




fish 0,1 ft,-c, 0,2 ft.~-c. 2.0 ft.-c. 20,0 ft.-c, 200,0 I't.=-c.

in > Series I Series 11 Series 1 Series 1L
light 10" 30% 6o 10" 30" 6o% 10" 30 6o IO™ 306" 0" 10" 307 GO I0" 30% 60" IGW 30¢ _6on
0 2 2 3 b 1 3 1 1 1 2 3 s 1 L4 5 L 7 15 11 2 5
1 L 3 3 7 13 15 L 6 8 2 6 8 10 5 8 10 1 10 16 16 19
2 18 13 16 9 11 1 11 1 11 6 1 6 22 26 27 & 3 o0 28 1
3 19 18 17 15 17 14 6 6 5 13 7 L 24, 28 37 2 0 O L5 L5 63
L L 9 6 15 7 6 3 1 o] 1 2 2 26 28 22 0] o] o 77 13 69
5 3 5 5 o 1 1 0 o 0 1 0 0 31 2L 30 1 1 o0 52 56 58
6 22 26 23 76 74 68
7 28 31 24 5L 46 39
8 29 21 19 37 31 24
9 5 L L 12 11 11
10 ' ) 2 3 1 4 2 0 O
Total
(N) 50 50 50 50 50 50 25 25 25 25 25 25 200 200 200 25 25 25 )00 LOO LOO
Aver-

age 2.56 2.88 2.70 2,60 2.38 2.16 2.2} 2.00 1.80 2,148 1.96 1,60 5.05 L,.90 L.57 1.48 1.00 0.40 508 4BL L8
51.2 57.6 54.0 52.0 47.6 L3.2 4L.8 40.0 36.0 L9.6 39.2 32.0 50.5 U49.0 L5.7 29,6 20.0 8,0 508 LBL LS8
0.55 3,15 1.60 0.78 1.04 2.79 1.86 3.88 6.09 0.12 3.25 5.19 0.41 0,88 3.77 6.42 10.3 29.6 041 219 576

-

P 0.6 001 .10 .45 .30 £L01  .05£001.4001 .99 001 (OOL .70 .40 £OOL  (OOLZOOL 001 .99 +02G00L

\i




Light
inten-
sities
corpared
ft.-c,

compartment at 10%, 30® and &0 after stimulus).

Series Series 1

Series

0.1
0,2

5 Q01

10 Seconds
Series 1 Series I1
P X
85 -
1.2 .25 -

0.8 Lo 77

0.3 .75~

o.h .70 __

30 Seconds
_=§eries I _
X P X
532 w03 I
20015 0 T
%:82 999 T
1l 3 oo o3
5188'3.64001 ="
20850 o1
2.36 -

L.5 001

7.4 <;001

3.0 <01

\\

60 Seconds
I3 X
03
.20 ::
S0

L.58
4.59
.06 -




Table L. :
different time levels (10, 30 and 60 seconds) (Control fish).

Comparisons and statistical analyses of the responses of Salmo salar L. to

light stimlus at the three

Mme 0.1 ft.-c. 0.2 ft.-c. 2.0 ft.-c. 20,0 ft.~c. 20.0 ft.-c. 200,0 ft.-c. 200.0 ft.—c.
Levels Series 1 Series I1 Series 1 Series 11
Compar. X P X t+ P I t P X t P X © P X t P Xt P
10 Sec. 2.56 2.60 2.2L 2.48 ’ 5.05 1.48 5.08 .

30 Sec. 288 1eh 15 5133 0.9 35 57550.9 35 glgg 1.6 A1 750 0.7 W51 175 1.6 W11 g 1.7 .08
30 Sec. 2.88 2.38 2.00 , 1.96 L.90 1.00 L.8L

50 Seo. 2.70 0«7 U5 57750.9 .35 755 0.8 .38 7lEol.l .30 .58 b 25 5l0 2.6/.01 Lo5g L8 06
10 3ec. 2,56 2.60 2.24 2.48 5.05 1.48 5.08

60 Seo. 2.70 0.6 .55 216 1.8 .06 180 1.7 .08 16 2.7<§01 L.58 2,1 .03 h.0<4001 %.58 3.5 <;001

0.L40




o 4

wés a light of given intensity switched on fish previously

ept in dark

- 0.1 fb.-c. 0.2 ft.-c. 2.0 fb.—c. 20.0 ft.~c. 200,0 ft.-c.
mﬁp. ’ Series I Series 11 Series 1 Series 1l
#0e  qyom 30un gon 108 30n  éon 10% 30t 60N oW 30% 60w IOW 30w 600 Tow 30W &on I1om 30% 60"

1 Lo 28 16 Lh 20 2, - 32 20 b 4o 32 20 32 24, 20

2 Ly, 28 16 L8 36 28 36 28 16 L8 Ly 36 32 24 32

3 52 36 23 W 36 25 iy, 36 32 Lo LO 36

4 52 4o 28 52 LO 32 L8 52 32 52 kO ko

5 56 Lo 32 52 Lk 32 52 52 56 6h 52 52

[

60 Lh 36 6 hu Lo

7 60 ubh 40 56 48 Lo

b3 -5

L8 - 56
L7 - 65

3 60 L8 Lo 60 h8 Lk
9 oy 48 Li 60 52 52
10 68 56 i8 72 56 52

Range
in per

cent 28 28 32 28 36 28 20 32 52 8

Hange

in

actwal 1.4 1.4 1.6 1. 1.8 1.4 1.0 1.6 2.6
fish

L7 - 53
L7 - 53
L7 - 53

12 16 8 8 18 32 28 32 6 6 6

o.4L, 0.6 0.8 0.8 0.8 1.8 1.6 1.4, 1.6 0.6 0.6 0.6

Ho, of
aver-

ages 10 10 10 10 10 10 5 5 5




llc.of

Iish 0,1 ft.-c. 0.2 ft.-c, 2.0 ft.=-c, 20,0 it.-c. 200.,0 ft.-c.
in Series I Series 11 Series I Series il
light  L1o% 30" G 10" 30" 6ot 10" 30" 6o TIOW 30" &0 I0W 30" ot 10% 30" 0" Io" 30" &ov
0 3 6 6 o 1 2 1 2 6 1 2 1 L 5 5 L 3 L 1 o 1
1 3 13 19 8 1L 20 6 7 8 1 1 5 15 13 11 7 8 29 30 31
2 16 11 14 12 18 14 8 10 8 5 L 3 32 30 30 9 7 5 35 33 36
3 13 12 9 16 12 11 9 L 2 1 2 1 2y 2, 23 5 8 6 63 671 6
H 10 8 2 13 5 3 1 2 0 2 1 0o 17 20 15 5 U 1 L8 45 L6
5 5 0 0 1 0 o o o0 1 0 0o o 13 1L 16 9 0 1 50 51 52
6 23 19 20 Ly L3 46
7 20 20 19 63 69 66
8 31 4o 42 35 31 32
g 11 1L 16 26 25 25
10 5 2 3 11 1
Total
(i) 50 50 50 50 50 50 25 25 25 10 10 10  20G 200 200 25 25 25 L4OoOo LOO LoOO
Aver- e 38 W = B &
age  2.78 2,06 1.6l 2.74 2.12 1.86 2,12 1.88 1.,0  2.20 1.90 1.L0 & & % 2.201.80 1.80 & 2 2
% 55.6 U1.2 32.8 5L.8 L2.4 36.2 u2.4 37.6 28.0 Li.0 38.0 28.0 iB.7 50.6 52.2 Lh.0 36.0 35.0 49.7 49.6 L9.2
t 2.2 3.4 8.2 2.2 3.8 6.3 2.8 L.2 6.5 1.1 2.1 5.8 .97 .k 1.6 1.6 L.7 3.7 0.3 0. 1.0
P .024001 001 .03 4001 001 <01 4001 00l .30 .054001 .31 .65 .11 .10 4001 €001 .75 .70 .30

\\
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of the different light intensities (Values are average numb

or of iz -

stimulus).

Light

;22?2; 10 Seconds 30 Seconds 60 Seconds

compared Series 1 __Series 11 Series 1 Series 11 Series 1 Series 11
ft.-c. X P X t P X t P X t P X t P X t 3
O-l 2078 -_' - —— 2.06 - bkt m— 1.6)4 l O 0 - - -
0.2 2.70 0.17 0.9 . o 212 0.26 0.8 . . 186 ** 7 3 L .
0.2 2,74 -~ - - 2.12 - - == 1.86 -- - -
20 oo 2+b .02 " - I 1'sg 0.9 .35 T -z 1710 1.75 .08 T - -
2.0 2,12 - - -=  1.88 \ -— — - 1.L40 R _— -
20.0 2,20 ©0-20 0.8 —_— —— - 1.90 0,05 0.99 - — - 1.0 0.00 2o - — -
20.0 2.20 L.870 1.90 5.060 1.L0 5.215

200.0  2.20 %0 2 g7z Ob8 -85 175y 02k .80 jlogg O.b5 .65 J7gg 0.87 WLO jtoag 1.37 .47

“



Table 8,
different time levels (10, 30 and &0 seconds) (Light-exposed fish).

Time

0.1 ft.-c.

0.2 fto-c-

Comparisons and statistical analyses of the responses of Salmo salar L. to

a light stimulus at the three

2.0 ft.-c. 20.0 ft.-c. 20,0 ft.-c. 200.0 ft.-c. 200.0 ft.-c.

Levels Series I Series Il Saries 1 Series 11
Compar, r t P Z P I t P X t P X t P X + P X t P
10 Sec. 2.78 2.8 »L.01 2.7k 2.12 2.20 L.87 2.20 L.97

30 Seo. 506 < 543 3.0 {0 1.gs 08 -38  [1gp 0:5 60 2 l 0.7 s 2eER 1.2 .22 21 0.05 .999
30 Sec, 2.06 2.12 1.88 1,90 5.06 1.80 4.96

60 Sec. 106,_[ 108 le 1.86 1-3 .20 l.).|.0 l._) .12 l.).;O l.O .30 5.21 0-6 .55 1.80 0.0 =D )4.92 0.28 .78
10 Sec. 2.78 2.7 2.12 . . .2

60 Sec. 1.6l beB LOOL g 7gg k.2 LOO1 77)4 2.3 .02 f.ﬁg 2.3 .02 ég{ 1.3 .20 5.88 1.1 .30 ﬁ‘:gz 0.33 .75

b

P




Table 9, Comparisons and statistical analyses of the responses of control and light-exposed Salmo salar L. to a light
stimulus of various 1ight intensities (Values are average numoer of fish in the compartmcnt at 10W%, 30" and GU" after stimulus).

Type

of

fish 0.l ft.-c. 0.2 ft,.-c. 2.0 ft.-c.

com- __LO sec. 30 sec, €0 sec. 10 sec. 30 sec. 60 sec. 10 _sec. 30 sec. 60 sec.
pared X t P X t P X t P X t P X t P % X X X

t P X t P X t P X t P

Con-
trol 2,56 0.9 .35 2.88 2.70 2.60 2.38 2,16 2.2, 2.00 1.80
) 9 . 3.3 .001 L.6 (ool 0.6 .55 1.2 .22 1.3 .20 0.4 .70 0.L .70 1.3 .20
Light 2.78 2.06 1.6k < 2.7k 2.12 1.86 2.12 1.88 1.40
ex-
posed




;i Y 4 s
Table

9

R

Type
of

)
continued).

s E R gl

20,0 ft.-c.

20,0 ft.-c.

200,0 ft.-c.

fish
com- _=510

Series 1 Series I1 Series 1
Sec. 30 Sec.

pared X

10 Sec. 30 Sec.
"y = ==

P X t

30 Sec.
P

X t

P X t P X t P

P

Con-
trol 2.48

Light 2.20
ex-
posed

1.96
6 .52

1.60 5.05

L.87

L.90

[ ] L ] .6.2
0.7 L5 5.06 0 5

L.57

5. 2.5 .01

1.L8 1.00

2.0 .0
> 1.8

0.1 .90

0.140
1.90 1.40

0. 2,740.01 «9¢. 001
> 0 7< 1.80 b 9<

.65
2.20

Type
of

200.0 ft.-c.

" fish

Series 11

com- — 10

Sec. 30 Sec.

pared X

t P X t P

Con-
trol 5,08

0.7 .L5

Light L.97
ex—
rosed

L.8L
L.96

L.58

0.8 L2 2.2 .04




.:‘{Re 10, Variations in the reactions of Salmo salar L. to a conbtinuous light
figulus (Values are average number of fish in the lignt during a 15 minute period
 Soservation; d - refers to duplicate experiments).

Control fish Light-exposed fish :
20.0 ft.c 200,0 ftec 20.0 ftwc 200.0 ftmt '
0.000 1.400 3.333 3.467 ‘
0.100 0.667 2.567 2.867
2,500 1.600 3.333 4.033 .
0.000 0.900 3,367 2,200 :
1.000 0.867 : 1,200 4.033
1.500 1.630 4.500 5.067
107% 10500 3-733 hOhoo H
2,933 0.000 0,000 L.667
2,500 0.000 5,067 2.133 \
2,100 0.000 2.000 2.433
3.000 0,000 2,133 2,533
11,000 1.300 2.100 1.433
2.267 2.933 1.000 1.900
4,533 0.000 1.000 1,600
0,000
1,000
2!333
0.000
0.600 , .
0.000 S
1.433 : i
plddd 0.000 '
lidd 0,000
-30dd 0,133
4idd 1.967
Fiadd 1,200
Ffad 2,000
ETddd 0.967
533 2,933 5.067 3.63l

‘ of 10 10 10 10




Control fish

Bc11. Frequency distributions and statistical analyses of the reactions of Salmo
(B L. to a continuous light stimulus (Values are frequencies of occurrence of
Wparticular number of fish in the light at 30" intervals for 15 minute periods
Wlicate experiments combined)).

Light-exposed fish

0.0 fioc 200.0 Tt_c 30,0 fhoc  200.0 Ltws

87 377 30 6

65 2l 39 I
107 177 95 110

95 L2 82 17

50 3 109 70

16 62 65

3 11

420 840 1420 1,20
2.009 0.873 2,950 3.055
20.09 8.73 29.50 30.55
59.94 573.19 39.88 11.38
£0.00L 0.001 <0.001 £o.001




< falle 12, Comparison and statistical analysis of the per cent of Salmo salar
& L, in the light at 20,0 and 200.0 ft_c during experiment with continuous
B! Light, (Based on 420 and 840 counts).

3
i
{

Light

- Intensity Control fish

Light~exposed fish

- Compared X b P X t P
| 20,0 ftoc 2,009 2,950

16,96  £0.00L 1.07  0.300
b 200.0 ft.c 0.873 3,055

Table 13, Comparison and statistical anal'ysis of the per cent of control and
" light-exposed Salmo salar (L.) in the light. (8ased on 420 and 840 counts).

\
rg_ﬁi’:h“ 20.0 ftec _ 200.0 ft.c
! Compared & P T " P

|

| Gontrol 2,00 0.873
ro ? 9,54 <o.001 3439 @-001
. Light 2.950 3.055

Exposed
. Ish




Table 1.

fish in current channel, and are based on 85 counis on 50 fish, the counts being 17 per experiment, in 5 experiments).

Variations in reactions of Salmo salar L

to currents of different intensities.

(Values are per cent of

Light-exposed fish

Control fish

2000

L,0C0

8000

16000

32000

2000 T,00O0 8000 13000 32000
Ho . mli/min, wl/min. ml/min. ml/min. l/min. ml/min. ml/min. ml/min. ml/min. ml/min,
1 70.59 .12 65.29 6L.12 Sh.T7L 55.30 57.65 55.38 L5.30 52,35
2 71.18 76.47 70,00 6L4.70 56.47 56.47 59.41 57.65 52.94 52,9
3 77.65 81.18 73.53 67.65 63.53 65 .30 65.29 60.00 59.41 59.L7
L 78.82 8L.TL 7h.12 6941 65.29 68.2) 70.00 60.59 60.00 62.94
5 80.59 87.65 7647 72.94 - 7L.76 7h.T71 65.29 66.47 -

Total 378.83 L0L.13 359.41 338.82 2L,0.00 317.07 327.06 29941 28L.12  227.70
No. S 5 5 5 L 5 5 5 5 L

AvVer-—

age

pert 75.76 80.83 71.88 67.76 60.00 63.041 6541 59.88 56.82 56,92

cen

Range
Igert 10.00 13.53 11.28 8.82 10.58 16,46 17.06 9.4l 21,17 10.59

en




Control fish

2000

4000

[ERPREL S £ A Sa Kad et m

Light—exposed fish

fish ml/min. nl/min. ngﬁn . :]1-116(/)3?.11 . gﬂ.z%%o.n . sz.%?d.on . H?Jf? r?xg.)n . :S%gn . ]rﬁ?rongn - gﬁ.?som?n .
0
1
2
3 1 5
I 3 3 b 1l 5
5 18 16 27 30 15 1 1 1 6 17
6 27 21 25 20 25 7 3 18 27 35
7 25 23 26 13 17 2y 20 37 3k 15
3 8 16 1 6 1 L8 31 23 16 1
9 N L 2 2 5 2 5 2
10 1 6 1
fotal 85 85 85 85 68 35 05 85 a5 68
Aver..
age 6.341 6.5l 5.988 5.662 5,692 7.576 8.083 7.188 6.776 6.000
per
cent 63.1a 65 .11 59.88 56.82 56,92 75.76 80.83 71.88 67.76 60,00
b 1L.50 14.50 12.37 7.07 6.79 L3.19 39.15 31.01 25.2L 15,91
P {o.001  <p.oor  <p.001  £o.00r  <Q.00L .001 Q.00 <Q.001  <Q.001  <Q.001
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B
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ifle 16, Comparison and statistical analysis of the numbers of Salmo salar L.

he current channel (Values based on 5 experiments of 17 counts each).

Control fish

Light-exposed fish

5.692

X T P X T P
6.341 7.576
1.0k 0.30 3.63 0,001
0.541 8.083
0,541 3,083
3.00 0.001 6.00 <o.001
5.988 7.168
5.988 7.188 .
1.73 0.10 2.90 0.01)P
5.682 6,776 .00
5,682 6.776
0,05 0.999 5.68 <o.001
6,000




Table 17. Statistical comparison of the preference of control and light-exposed fish for water currents of various

intensities (Values are average numbers of fish in the current channel and are based on 85 (2000-16000 ml/min.) and
63 (32000 ml/min,) counts.on LO=50 fish = see text),

Type 2000 ml/min. LOOO ml/min.

8000 ml/min. 16000 ml/min. 32000 ml/min.
i‘igh X t P X t P X t P X t P X t P
Control 6.341 6.54L1 5.948 5.682 5.692

8.15 4001 8.1 <001 7.96 <001 6.48 <001 1.82 .05
El;c;ilgzd 7.576 8.083 7.188 6,776 6,000

e

—



5

'!l‘u salar L.

L. sNu, - refers to L. IND 7R. END.

B
g
s

4 2000 ml/min,

4,000 ml/min.

CONTR@G, FISH

8000 ml/min.

16000 ml/min.

'~  8. Relationship between right and left channels in current preference experiments
(Values are per cent of fish in right and left channels) + refers to

32000 ml/min.

¥ QD ko £ND

R.END L.EWD

R,END L.3dD

R END L.ZND

Rechid L.END

é 7L.76 65.30

2000 ml/min.

59.10  7L.71 60.00 60.59 59.41 145.30 5294 59.L7
§56.7 68.24 70,00 57.65  65.29 57.65  52.9h 60,00  62.9k
55.30  65.29 55,68 6.7 52.3
g 2 3 3 2 2 3 2 3 3 1
. . . . 52 46 8.0 6.18 NS 6.08 59.47
; 12 62,95 .90 66.18  \@2.65 58,04 3618 57.65 3608 39.L%
¢ \ LT 1,28 +4.61 -1.08 3:39
,‘ e —"—‘V . . . -
iﬁ‘f. +0,03

LIGHT-EXPUSID FISH
4000 ml/min. 8000 ml/min. 16000 ml/min. 32000 ml/min.
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80.59 78.82
17.65 7118
70459

PR R N A M Sl i i
B i s G R R R L SR R R e

RSP

o SR

N T e

b2 3

8 79.12 73,
R 73.53,

v e -:-Z<"- _._;‘I;_‘n S

84,71 7h.12
87.65 81,18
76.47

2 3
86.18 77139,

W

+§8.92

70.00 7hL.l2

73.53
65.29
76,47
L 1
B3 12
-2.80
R

69.41 T72.94
67.65
6l4.12
6l.70
L 1

ol 125

e e e e e e e e =

Sh.7l 65.29
63.53 56.47




cent of rfish in the upper one-third of an 86 cm high tank)

Control fish

Light-exposed fish

Ftec J.00 0.0L 0.20 1.00 5.00 0.00 0.0L 0.20 1.00 T.0
0 0 6 11 1 2 32 12 9 0
L 7 10 1 10 7 33 13 15 6
10 1 2L il ik 36 19 18 6
1k 16 - 30 15 L8 22 18 8
18 18 32 17 L9 23 22 16
Total 9 49 6L 111 57 23 198 89 82 36
Ho, (3) (5) (5) (5) (5) (3) (5) (5) (5) (5)
A:ZZ— % 3.00 9.80 12.80 22,20 11 .40 7.67 39.60 17.80 16.40 7.20
Aver- |
age 0.30 0.98 1.28 2,22 1.1k 0.77 3.96 1.78 1.6, 0.72
Range % 5 18 12 21 16 12 17 1 13 16




100, lrequency distributions and averages ol the numbers of Salmo salar L.
gne-third of an 86 cm. high tank (surfacing reaction) at various light inteusities

Control fish

8 based on 5 experiments of 10 counts each, at each light intensity).

Light-exposed fish

in the

3,00 9,80 12.80 22,22 11.40

0 004 0.2 1.0 5.0 0 0.0k 0.2 1.0 5.0
ftec. ft-c. ft-c., ft-c. fLi-c. ft-co ft-c. ft-c. ft-c. ft-c.
21 22 13 L 12 13 0 L 9 26
9 10 17 12 21 12 2 19 15 15
15 1k 5. 15 L 5 15 15 6
3 5 11 2 1 12 8 8 3
1 -5 13 b 2
2 12 1
1 L
2
30 50 50 50 50 30 50 50 50 50
0,30 0.98 1.28 2.22 1.1k 0.77 3.96 1.78 1.6L 0.72
7.70 39.60 17.80 16.40 7.20
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21, Statistical comparison or the per cent of Salmo salar L. in the upper one-
f an 86 cm high tank (surfacing reaétion) at different light intensities (Values
n 5 experiments of 10 counts each, at each light intensity).

_: Fties Control fish Light-exposed fish ‘
ed Y 8 4 P PG £ P '
0.30 6.30 0.77 9.37 "
3.50  £0.001 1n.34  <0.001
0.98  18.98 3.96  95.92 |
f
0,98  L8.98 | 3.96  95.92 A
’ 1.8 0.2 8.68 <0.001
1.28  52.08 1.78  58.58
1.28 52.08 - 1.78 58.58
3.89  <o.o0L 0.6l  0.50
2,22 90.58 1.6 69.57
2.22  90.58 1.6 69.57 |
L.79  <0.001 435 <o.001 :
1.1 34.02 0.72  10.08
0.98 L,8.98 '
0.87 0.
1.1, 3L.02
1.28 52,08
0475 0.45

1.1 3k.02




Tabie 22.

Comparison of the per cent of control and light-exposed :'ish in the upper one-third of an 386 cm high tank
at the particular light intensity (Values are based on 5 experiments of 10 counts each, at each light intensity).

fype of 0 ft-c. 0.0l ft-c. 0.2 ft-c. 1.0 fi-c. 5.0 ft-c.
compared Fd t P X t P X t P X t P X t P
Control 0.30 0,98 1.28 2.22 1.1l
3.66 <0.001 12.25 <).001 2.35 0.02 2,27 0,02 2.42 0.015
Light-
0.77 3.96 1.78 1.6k 0.72

exposed
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Table 23. Iirequency distriiutions and averages >f the numbers oi control 3Salmo salar L. 1n each comiartment at success-
ive distances from the light source in a horizuntal lizcht zradient (Roman numerals are compartrents at. successive
distances from the light source),

SliEs SEER e K LR

75 Watt 100 Watt 300 VWatt
Ko, of
fish _ Ser?.es 1 . _ Series 1 o Series 1L !
T il 11I 1V V VI VIL T IT I1I 1Iv Vv VL VIL i 1T I1f 1v V¥ VI ViL

0 6 22 22 283 1 1o L 27 27 1 15 14 13 1 33 Ly 38 43 30 11 0 i
1 13 1 1 13 19 11 2 L 13 19 27 11 23 1§ 8 6 18 1 19 9 3 !
2 S 12 7 6 1o 28 26 2 3 10 7 8 L 12 17 8 3 3 8 9 é
3 i, s 7 2 6 L 12 ¢ 6 6 1 £ 5 18 2 o 1 3 17 7 f
L 8 1 1 5 7 1 0 7 3 1 0 8 13 ;
5 0 1 I 1 5 2 2 2 2 15 f
6 3 3 5 5 k
7 2 8
8 s
9
10 :

Total 50 50 50 350 50 50 50 50 50 50 50 50 50 50 0 € & 0 €0 &L 00

fver- *
age 2.34 1.00 0,98 0,70 1.22 1.h5 2.30 1.48 0.82 1,60 0.38 1.90 1.36 1,96 0.50 0.50 0.5 0.33 0.73 2.43 L.75 if




fatt 100 watt

300 Watt
Yot ©f
fish Series 11 Series 11 Series Ii
L AL DR B W o e T W Wy 3y v WE WD T Bl W oy W uE W
0 43 302 234 221 1ko 12 L6 238 100 126 71 6 0 27 234 90 152 é1 87 0
L 156 238 193 25L 256 99 260 185 280 237 134, 75 & 131 199 31L 239 149 160 0
2 3L 92 83 126 125 197 186 82 18Lh 155 162 1L3 36 31L 152 133 185 308 263 16
3 & 7 185 88 @ 26 W 88 Ly 36 T4 280 273 195 22 39 $6 & g 98 235 E
L p5l 1 28 L6 5& 190 8 ik 8 3L 82 156 gic 1 7 3k @& 2. 2132
5 2 77 186 1y 18 & (A 6 33 7 200 1
6 96 2 95 1 129 ?
7 60 11 26 f
8 65 8 3
9 26 8 {
10 16 ?
12 é
13 ;
1k i
Lotal 640 6LO 6LO0 6hLO 6LO 4o 64O 600 600 600 600 600 600 600 640 640 6L0 G 64O 64O 6LO
iverage 1,78 0,70 1.21 0.97 L.ih 2.4k S.L5

1.58 0,81 1.26 1.34 2.02 2.67 L.31

2405 1468 100 132 1€l luis LaEP




"successive distances Jlrom the Lizht Sowrce

Homan nwuerals are comp

axtmen s al,

L 1.h2 1,10 1.22 1.h8 0,96 2.74

0.68 0.30 1.06 0.92 1.26 2,46 3.32

SHECEEUA NV QLS G e Do
75 Watt 100 Watt 300 Watt
.ic. of
fish Compartment Compartment Compartment
I irT Ifxr v v ¥I VII I IT 117 1v Vv VI Vil I I IIT vV Vi Vil
0 15 9 15 13 12 11 6 27 33 22 20 9 0 1 31 33 23 256 18 2 0
1 i3 16 15 18 17 30 L 1y g 15 18 25 10 ks $ 17 16 17 17 1% 0
2 1 20 20 1 10 S 13 7 3 L e 11 13 g 10 7 6 1 12 2
2 2 5 5 2 5 2 4 2 L 12 13 L 1 3 17 13
L 2 16 3 1 1 2 13 1 & g
5 1 5 1 3 15
6 5 9
7 2
3
9
10
Total 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 S 50 50 50 50
Lverage

0058 O-BLI- O-Bh 0-6)-1 l.o).l 2.12 h.)JJ-l




73 Watt

100 ettt 300 datt
0. of
fish Compartment Corpartment Compartrment
I II +il 1V V VI VIl T II iii v Vv VI Vil T Iz 111 1Iv V¢ 1 VIl
0 173 323 231 122 2L z o 6 L&6 259 L432 220 162 0 5 259 213 333 159 L3 0
1 LLS 221 153 249 86 68 L9 220 119 269 135 203 187 0 LL2 302 267 209 271 288 5
2 22 86 167 173 111 119 131 159 15 66 32 63 143 0 6 37 115 27 76 100 22
3 10 88 87 252 166 55 120 6 1 97 35 0 38 2 1 18 72 108 L5
i 1 9 118 159 168 0 17 8§ 32 I 16 55 39
5 32 L6 106 1 32 77 2 6 6 I5
5 1, Lo 73 33 90 19
7 3 L3 95 Lé
3 10 2l 93
9 \ L2 115
1o 57 153
A 6l 18
12 118
13 1
1l
Totel 6o 6ko ko 6LO £LO 6LO  6LO 600 600 600 600 600 600 600 6L0 64O Lo 6ho 6Lo L0 6L
«verage 0,76 0.66 1.18 1,39 2.81 3.23 3.96

1.61 0.2} 0.70 0.34 1.15 1.61 8.32

1.39 0.8 0.85 0,52 1.22 1.77 7.51




‘ Compart-

ﬁ%" ¥ Sories llp
series L - X t
ies L1 F t F '
e r e 2.05 19,3 {-001
Series 1 P X b 0.80 1.70 .10 1:08
3 IT1 — t . .
= Sei‘les P - 1.58 1.7 <'001 0.50 1.08 5,71 4001
: X 1.h8 5 14 .02 0.81 0.50 0.33 .74 1.0
Ts 2 )
compared 500 2u.6 Looo e 0.81 g 8o G 1.b0 5 o s
. 0.70 0.32 5 gg <.Ol 1.26 0.LS 1.05 .30 1.32 )
I]I: 0.70 19,0 {-001 1.60 1.26 154 .13 0.33 oL 1?312: 8.56 400 |
1.2 o.68 306 G115 333 2.8 o 3 |
-'—L‘I[ l.22 394 (001 0.88 1.3L 15,6 <001 0.73 1.61 1.06 .30 ;
H 0.97 088 3.97<.001 -3 312 6.82 o 0% . ;
i ) 0 :
Tv Sy 7.95 Goor  D-0 5% 101 (oo 30 f3 n I 15 4o |
L oLk 190 4,75 .08 2.67 2.1% 7.10 .0 L5 i
g 1 Bk 16 goor T3 oiSy 29.k oo B 2.95 )10 foor '
! 1 2Lk 136 5.3, .02 431 0.80 4, ¢ &O0L ) lsp
v‘If 1.k 2.1k ), g £-001 1.96 1.58 o Loor i tas 1 1'83 51.6 (001 |
1:48 329 Loo1 5.L5 1.L8 5 o3 15 L.31 0.50 15 4 &OoOL
VIIVI 2.30 1.78 o o {001 g 0.81 11 o Lo0L s 110 o, o 4001 =
2.3h 613 L999 5.5 0.82 ) 5 <,001 L.31 O‘hg 16.8 <.001 4.59 )
V’_& 2-30 9.70 712 QO 1006 1.26 5, 5 <o T 1432 50.1 &
2130 489 oot g8 T 129 o 3 b2 15.9 (001 g
ﬁ:l[ 2.30 121 g <001 1,96 1.3 5.3 6001 L .75 181 )5 ¢ /001
1 230 193 G 3 088 5. 66 ks Log 151 L0 g
IJII ‘ 2.30 09T g g <ool 1.9 2.02 ¢ < 001 L.75
v il L5 1
0.70 6.15 <’00 5’ 1.90 0.20 .85 hQB
1y 2.30 /. 001 1.96
Vil 1.bl o ) &
M 2.30
VI
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Compared

Lights

™

>l

X t

7% watt
100 watt

100 watt
300 watt

7% watt
300 watt

6.2 (.001

1.00

0.82 080 .,40
0.82
0.50 105 .lO

1.00 6
0.50 2. <'°l

2.9 <.01

2.30

1.96 1.2

1.96
h.75 9-1 (.001

2:30
La75 7.4 (001

Lights
Compared

[}

bl

b4l
ct
e

e}
Lo
o

bl
o

75 watt
100 watt

100 watt
300 watt

7% watt
300 watt

3.8 <2001

1=
Qo

[e2 V21
[@2]

9.1 <‘.001

1.78
0.80 505 <.OOl

0.70
0.81 2.3 .02

0.81

1.08 4T ¢ oL

0.70

1.08 7.t Q001

5.145
L.2 <3001 bo3t
L.31

3.4 <:001 I .59

16.7<.001

12.2(£?Ol

5.5
[.go 11.2C001

12,0 <.001

Lh.3 <.001

[y




Taole 27.

Cormpsarisons and statlstrcal analyses or the numbers of Salmo salar L.
three different watts used (toman numerals refer to compartments).

in each successive comrartment at the

Series I - top tavle. Series 11 - vottom tacle. -

Light-exposed fish,

Lights I I1 III Iv v VI Vi
Compared X t P X t P X t P X t P X t P X t P X t P
7% watt 1.08 1.h2 1.10 1.22 1.L8 0.96 / 2.74

180 watt 0.68 2°3 <02 0.30 7.4 <.001 106 2 .85 .92 1.6 .12 126 1.0 .30 2016 6.6 001 5732 1.9 .06
100 watt 0.68 0.30 1.06 0.92 1.26 2.46 3.32 , 1 ool
300 watt 0.58 0.6 .55 0.3l o.L .70 oo8l 1.0 .30 0.6l 1.6 .12 1.0k 1.2 .18 2.1 1.3 .20 i 4.1 <o
7% watt  1.08 1,42 1.10 1.22 1.48 0.96 / 2. 7u

300 wate 0.58 3°° <01 ooan, Tk« J-001 By Lb 15 Gl 3.3 001 7l 1.9 .07 otT) 6.6 (00} /)t 6.0 4001
Lights I II I Iv v VI o wvix
Compared X t P X t P X t P X t P X t P X t P X t P
75 watt  0.76 , 0.66 1.18 ¥ 1.39 2.81 Lool 3-23 21 (oor 3-96 38 (ool
160 watt 1.é1 23 <001 .y 13 <001 070 1° Y001 030, 25 \.001 1% 26 <001 A < 330 3

100 watt 1.6l .5 ~ooL O-2h 2 2 0.70 - 0.3h4 ¢ 7 1.151.0 .30 1l.61 1. 8.32 ¢.2 o001
300 watt 1.39 4.5 AN 0.6y 12 <OL 0.85 3.5 001 ouee 02 L 1.22 3 1.77 7 w06 7.51 >

7% watt 0,76 20 001 6 1.18 ’ 1.39 V4 2.81 - 3.23 / 3.96 7,001
380 watt 139 < o 6& 5T o5 olge 649 QUL §r g 16 (oo 2.0 26 (001 10 23 (oa 2-7r 3l (&

L




RPN i vy 223

SAcgessTve compartment &Ff thHe 1igHt  Erz

Series II - oottom tavle).
Iype cof
Tish 7% Watt 100 watt 300 Watt
COIil=
pared T II 11r IV V VI VIL I i1 i1l IV ¥ VI VIL T I1 111 IV V VI VIl
Control 2.34 1.00 0.98 0.70 1.22 1.46 2.30 1.48 0.82 1.60 0.8, 1.90 1.36 1.96 0.80 0.50 0.h5 0.33 0.73 2.43 4.75
Light- )
exposed 1.08 1.42 1.10 1.22 1.48 0.96 2.7k, 0.68 0.30 1.06 0.92 1.26 2.4,6 3.32 0.58 0.34 0.84 0.64 1.04 2.12 L.hh
t L.9 2.1 .62 2,7 1.1 3.1 1.4 2.7 3.0 2.0 .25 2.3 hL.0 5.1 1.3 1.1 2.5 2.k 1.7 1.1 .99
P <.001 .03 ,Lb55 <01 .30 .001 .15 <01 <01 .05 .80 .02 <001 <001 .20 .30 .01 .02 .08 .30 .30
Series 11
Type of i
fish 7% Watt 100 Watt 300 Watt
COm~=-
pared I IT Iir IV Vv VI VIL I IT 111 1V Vv VI  VIL I I 11L 1V v VI  VIL
Convrol 1.78 .70 1.21 0.97 1.hh 2.4 5.45 1.58 0.81 1.26 1.34 2.02 2.67 L.31 2.05 1.08 1.40 1.32 1.81 1.75 L.59
Light-
exposed 0.76 0.66 1.18 1.39 2.81 3.23 3.96 1.6L 0.24 0.70 0.34 1.15 1.61 8.32 1.39 0.64 0.85 0.62 1.22 1.77 7.51
t 27 S L6 8.0 20 12 16 5813 2,7 21 12 13 30 i, 8.8 11 12 10 .31 26
P

4001 .32 .65 <DoL <ooL <001 <001 .55 Qm <o1 <ool<001 <001<601

7 e e - 7
<001 <g001 <001 <001 Qo1 .75 \901

v ey e s e




Legend for Figure 1 and Figure 2

i.

Reservoir tank

Overflow pipe in reservoir
Refrigeration plate
Refrigeration pipe
Refrigeration motor
Refrigeration fan

Wall

Plastic pipe draining first
three holding tanks

Plastic pipe draining remaining
three holding tanks

Plastic pipe from reservoir to
pump

Pump
Pump-motor
Holding tank

Screen to keep fish from
overflow end

Oe

Overflow pipe
Plastic pipe joining
overflow pipe and
drainage diict

Hose supplying water
to holding tanks

Stand supporting pump ‘

Bench supporting i
holding tanks

. Copper pipe conduct-

ing air to valve

Glass pipe to tap off
air to holding tanks

Valve controlling air
supply

Light shade supporting"
lights over holding
tanks

Flourescent light bulb

Air-stone
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Figure 1l. Diagram of tanks and assoclated apparatus

for holding Salmo salar L. durine the

experimental study of behaviour patterns

(Top view to show general layout).
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Figure 24 Diagram of a section of the apparatus for holding

Salmo salar L, during the experimental study of behaviour

patterns (Side view to show details of circulating

water system and lighting system).
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Figure 3, Variations in temperatures of water in holding tanks

during experiments with Salmo salar L., 1959-1960

(Open circles are average temperatures during each

; rectahgles are ranges of temperatures

Tive day period

during each five day period)
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Glass aquarium
Center board
Black curtain
Wooden frame

Iris diaphragm
Light balb
Cardboard-cover
2 Switches

Water level
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f ~ Scaleincm.
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Flgure 4, Diacram of apparatus used in positive-

nerative phototaxis experiments (Series

I) with Salmo salar L.
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Figurc 5, Diacram of apparatus used in positive-
necative phototaxls experiments (Series

II) with Salmo salar L.
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(a)
a Inflow tube 9 Line dividing common chamber
b Resevoir h Screen
¢ Ramp

| Wire screen forholding tubes
j Overtlow pipe

k Clamp

d Right channel
e Left channel

f Partition
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Figure 6, Diagrams of tank used in experiments on

current preference of Salmo salar L,

(a) Top view (b) Side view,
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Wire screen coversd
with black curtain

Upper one-third of
tank

Steel tank
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Ficsure 7. Diagram of apparatus used in surfacing

experiments with Salmo salar L.
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Figure 8, Diagram of apparatus used in light
gradient experiments with Salmo

salar L.



3J-- 10 Seconds
unﬂn-- 30 Seconds
B -- 60 Seconds

0.1 ft-CQ
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002 ft'eo

Series I

200 ft-Co
Serise I

20,0 ft-c'
Series I

HERvinnmnm 2040 ft-c,
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1 200,0 ftec,

Series I

I

oo

T
60 40 20
$ of fish in lighted half of tank

200 00 ftec,
Series II

60 80

% of fish in darkened half of tank

100

Figure 9. Reactions of Salmo salar L, (control) to a light stimulus

of various intensities (See text for definition of Series

I and Jeries II and explanation of 10, 30, and 60 seconds.

Acclimation temperature® C-- Series I - 15.0, Series Il -

10,0-5.0),
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Figure 10,

!
0.2 2.0 20,0 200.,0
Light intensity-ft.c. (leg, scals) |

Graphs showing variations in reactions of control

Salmo salar L. to a light stimulus of various
intensities (The legend is the same for all three
figures. Figure 10(a)--positive reactions; Figure
10(b)--negative reactions; Figure 10(c)--zero
reactions. Acclimation temperature© C.-- Series

- 15.0, Series II - 10.0-5.0).
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Figure 11, Reactions of Salmo salar L. (light-exposed) to a light

stimulus of various intensities (See text for definition
of Series I and Series 1I and explanation of 10, 30, and
60 seconds., Acclimation temperature ®C. -- Series I -

15.0, Series Ii - 10.0-5.0).
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Figure 12. Graphs showing variations in reactions of light-

exposed Salmo salar L. to a light stimulus of

various intensities (The legend is the same for all
three figures. Figure 12(a)-positive reactions,
Figure 12(b)-negative reactions, Figure 12(c)-zero
reactions. Acclimation temperature©® C. -- Series I -
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Figure 18, Graphs showing variations in the reactions of 3Salmo

salar L. to horizontal lizht gradients with respect

to the time of day (diurnal variations) and the time

after the observations began. (Roman numerals refer

to the compartments combined to obtain averages. Broken

lines indicate the passage of darkness (€.00 F.ll. to

9,00 a.M.). Acclimation temperature®C. --15,0),
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Figure 19. Behaviour of Salmo salar L., in & horizontal

light gradient (Bontrol fish. Roman numerals

are successive compartments at one foot intervals
from the light source, with the highest light
intensity in I and the lowest in VII. Acclimation
temperature ©C, -- Series I - 15.0, Series II -

10.0-5.04.
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