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Studies on the Behavioral Response of the Japanese Horse
Mackerel, Truchurus japonicus, to Intermittent light

Takashi Kok

Faculty of Bioresources, Mie University

Summary

With regard to the behavioral response of fish to lights, studies have been conducted, mainly, on
phototaxis-aided alluring, and the results are being applied widely to attracting fish. A constant light was
used in most of these studies, however, the influence of the inconstant light on a fish school's behavior
has hardly been examined, in spite of great concern about the effect of such stimulation.

The aim of this study was to clarify, from an ethological point of view, that an inconstant lighting
condition, in which light goes on and off with a short cyclical time as an intermittent or flickering light,
would give a different stimulation from that of a constant light to fish. The observations of the fish
school’s behavior in response to intermittent lights which have different blinking frequencies and contrast
ratios between bright and dark light intensities and different wavelengths of lights were conducted.
Then the difference between the fish school’s behavior in response to the intermittent light under a state
of dark adaptation and under light adaptation was examined by changing the background irradiances under
these projected lights. In order to apply the obtained results to controlling the swimming behavior of a
fish school, a prototype multiple beam projector was constructed and used to examine the barrier effect
of a leader net made of projected beams, upon the behavior of fish.

I Response of a School of Japanese Horse Mackerel to Intermittent Light

1) Method

An outdoor concrete round tank 7 m in diameter and 1.5 m in depth of Banda Marine Laboratory of
Tokyo University of Fisheries was used for the experiments. The tank was facilitated with a set of
partitions extending outward from its center leaving a circular free passage 1.3 m wide along the wall of
the tank. The inside surface of the wall was coated with black paint. A light projector equipped with a
light source, rotating shutter device and color filters was installed at a position 50 cm above the water
level near the center of the tank. The free passage was illuminated diagonally from the light projector.
The tank was covered with a lightproof roof and equipped with 8 minfature bulbs to regulate the
background irradiances homogeneously.
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One-year-old Japanese horse mackerels, Trachurus japonicus, which had a striking phototaxis, were
used for the experiments. Specimens were between 17 to 20 cm in total length. Vivid and healthy
horse mackerels were selected at the site of a stationary trap net, transported to the laboratory and used
for the experiments within 24~36 hours, in order to use them as much as possible under their natural
conditions, Care was taken based on confirmation by a preliminary experiment that, when the fish were
released into the circular free passage, they had a good command of cruising for about two days after
being caught, after which their behavior as a school fell into disorder.

In the experiments, the projector was operated to give a constant light for 20 minutes and an
intermittent light for 20 minutes, alternatively. Under such lighting conditions, the movements of the
school were traced. Changes in schooling behavior were observed and characterized by the school’s
appearance times in the irradiated area. The irradiated area was located in the range of the fish’s visual
field in which a direct beam flux projected from the light source could be seen (the circular free passage
was divided into 16 equal sections). The difference ratio (R) in appearance times was calculated from
the data using the following equation: R=(1-D/8)x 100 (%) where “S” stands for the number of
appearance times in the irradiated area under a constant light and “D” for those under an intermittent
light.

The experiments were conducted only at night, in order to avoid artificial noises and lights around
the tank. The same kind of experiments were repeatedly carried on, through different blinking
frequencies and contrast ratios between bright and dark light intensities of intermittent light, and changing
of wavelengths of projected lights and background irradiances. The experiments were carried on for a
period from August to November each year, between 1983 and 1987, The total numbers of experi-
ments and fish used for the study were 299 and 3,900, respectively. The water temperature in the tank
was maintained in a range of 20~25°C.

2) Typical mode of response

There was a wide difference between the number of times the school appeared in the irradiated area
under an intermittent light and under a constant light. That is, in the case of the constant light, the fish
school approached the irradiated area, but the school avoide the intermittent light (the school did not
approach the area at all when the intermittent light was projected). These results show that an
intermittent light induces a high degree of aversion by the fish to light.

3) Response to different blinking frequencies of intermittent light

The number of times the school appeared in the irradiated area under intermittent lights varied with
blinking frequencies. A minimum number of appearance times was seen when blinking frequencies were
in the range of 0.62~1,36 ¢/s, with the difference ratio being 92~98%. When blinking frequencies
were more or less than the aforementioned range, the number of times they appeared increased further.

Thus, it was concluded that the school of fish showed the highest degree of aversion to the
intermittent light when the blinking frequency range was within the range of 0.62~1,36 ¢/s. These
frequencies correspond to 1/37~1/17 of the critical fusion frequency of the horse mackerel’s eye,
obtained by means of electroretinography.

4) Response to different contrast ratios of intermittent light

The number of times the school appeared in the irradiated area under intermittent lights increased in
comparison with a decreasing contrast ratio. In the case of the intermittent light having a contrast ratio
of 60:1 or more when the background irradiance was kept at less than 0.01x, the difference ratios
showed more than 75%; and in case of 2: 1, it indicated 2%. Consequently, it was found that the school
of fish showed a considerably high degree of aversion to the intermittent light when the contrast ratio was
60:1 or more, but the ratio at which the school did not show any aversion to light at all was 2:1.  The
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value of the differential threshold of brightness and darkness of fish’s eye has been considered to be in the
range of 0.02~0.2, The fish's aversion to the intermittent light was seen when the contrast ratio was at
least 300 times as much as the threshold value, but disappeared when it decreased to 10 times that value.

5) Response to different wavelengths of lights

The number of times the school appeared in the irradiated area under intermittent lights varied with
the wavelengths of the projected lights. The difference ratio was obtained by projecting blue and red
lights through certain color filters in addition to the white light (the entire spectrum). The difference
ratio of the blue light was almost equal to that of the white light, and about twice as much as that for the
red light. The underwater energy of the blue light was only 1/6 of that of the white light, and was about
2/5 of that of the red light.

The results showed a good correlation with the quantity of stimulation given to the eye, when the
quantity was considered as the integrated value of energy which reached the eye multiplied by visual

sensitivity.

6) Response to different background irradiances

When the fish’s dwelling environment became brighter, the state of the retina in the fish’s eye
changed from dark to light adaptation, and the number of appearance times into the irradiated area under
intermittent lights began to increase,

The difference ratios were over 94% with background irradiances less than 0.01 Ix, 56~28% with
0.01~0.02 Ix, and 2% with 0.21x. The most prominent degree of aversion to the light was seen when
background irradiance was less than 0.01 Ix, and it decreased with increasing background irradiance but a
certain degree of aversion still remained up to an irradiance of 0.02 Ix and then, it disappeared when
irradiance had reached 0.21x. A physiological study discloses that the retina of horse mackerel
commences its retinomotor response even if environmental irradiance is less than 0.01 Ix, and the state
of the retina changes into light adaptation or fairly good approximation of light adaptation, under
irradiances of 0.01 to 0.021x. Such a decrease of fish’s aversion to light under irradiances of 0.01 to
0.02 Ix was conceivable to be caused by the fish's eye changing from dark to light adaptation.

The relation between fish’s aversion to the intermittent light and the contrast ratio of the
intermittent light under a state of dark adaptation and under light adaptation was compared. The limits
of the contrast ratio, within which the school showed a high degree of aversion to light, were more than
60:1 under the state of dark adaptation, and 5,000:1 under that of light adaptation. Furthermore, the
limits of the contrast in which the school did not show any aversion to light at all were in the ratio 2:1
under the state of dark adaptation, and 500: 1 under that of light adaptation. It was concluded, that the
limits, within which the school showed aversion to the intermittent light under the circumstances of dark
adaptation were different from such limits under light adaptation by 10%. A physiological study discloses
that when each eye of fish undergoes light adaptation, sensitivity to light by each retina is decreased by
1072 to 10~° times. These physiological outcomes reasonably supported the results, which were
induced from the present behavioral studies.

The outcomes introduced above, showed that an inconstant lighting condition in which a light goes on
and off with a short cyclic time gave a considerable high degree of fish’s aversion to light (avoidance
behavior), quite contrary to an attracting influence (gathering behavior). Moreover, it was found that
degrees of fish's aversion to light vary not only with blinking frequencies and contrast ratios of
intermittent light and wavelengths of light, but also with the state of dark/light adaptation of fish's eye.

In addition, the limit within which the school showed aversion to the intermittent light were different
from the limits obtained from the physiological studies, such as critical fusion frequency and the
differential threshold of brightness and darkness,
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Acclimation to light is another subject to be checked, when behavior of fish school in response to
lights is obseved. The experiment was undertaken to clarify the acclimational influence on the fish's
aversion to intermittent light. There was almost no change in fish’s appearance times, even after
continuous projection of intermittent light for 4 hours. That is, an acclimation phenomenon was not
detected.

On the contrary, it is known that the alluring effect of a fish attracting lamp on a school of horse
mackerel, mackerel, and sardine starts to decrease 2~3 hours after the operation. It was concluded
that the occurrence of the acclimation phenomenon in the fish's aversion to intermittent light was far less
than for the case of the alluring effect by continuous lights.

Behavioral activation and inactivation can also be regarded as the general effects of light on the
behavior of a fish school. Moving speeds of the fish school exposed to constant and intermittent lights
were compared. The average moving speed under the constant light was about 20 em/s, while the
speed under the intermittent light was 14 cm/s. This means that the fish's moving speeds under the
intermittent light was reduced by 30% of its speed under the constant light.

It seems that the slowing down of the fish's moving speeds can be considered as an indication of
fish’s aversion to the intermittent light,

II Control of a fish school’s behavior with a leader net made of a projected beam

In order to apply the above-mentioned results to the control of a fish school’s behavior, a multiple
beam projector was constructed.

1) Multiple beam projector

The multiple beam projector was designed to irradiate the 8 beams having an angle of 2 degrees to
the optical axis, a diameter of 26 mm, and a maximum projecting irradiance of 2,0001x. Both the
blinking frequency and the contrast ratio could be changed. A light from a halogen lamp was converted
into intermittent lights by a rotating shutter disk (optical chopper). The wavelength of light longer than
750 nm was cut out with infrared absorbing filter. The light was distributed to 8 optical fibers, and
projected as 8 beams from the terminal lenses of each fiber.

For the experiments, 8 beams having a blinking frequency of 1.36 ¢/s were projected orthogonally
and vertically to the circular free passage with 12 cm intervals, that is, by creating a leader net of light,

Under such lightings, the movements of the school were traced,

The same kind of experiment was repeatedly carried on, by irradiances of the beams being changed
into 8 grades from 1,235 to 0.025 Ix and background irradiances of 0.1 Ix and 0.003 Ix.

2) Response to the leader net made of light

The leader net of light having irradiances of the beam over .25 Ix for dark adaptation (background
irradiance, 0.003 Ix), and over 506 Ix for light adaptation (background irradiance, 0.1 Ix) were confirmed
to exert a prominent barrier effect on the swimming behavior of the school of fish. In other words, the
obstruction effect of the net against the passage of a fish school occurred under a dark adaptation with the
contrast ratio of the beam being more than 83:1 and under a light adaptation with the ratio being over
5,060:1.

In order to apply such an effect to practical fisheries, an estimation was made on the effective range
of the leader net of light which could obstruct the passage of a fish school, using the coastal waters of
Sagami Bay as an example. Results of the estimation indicated that a fish could find the leader net of
light at a horizontal distance of 30 m, with the effective range of about 16 m. Factors were set as
follows: underwater irradiance, less than 0.01 Ix; differential threshold of the fish’s eye, 0.05; and beam
attenuation coefficient, 0.5 m~%  Vertical downward projection of beams with 2,000 Ix irradiance was
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used as the condition for the construction of the leader net.
obstruction effect by the leader net of light can be expected in practical fisheries.

Consequently, a satisfactory passage
Since it has been

reported that underwater irradiance in the Sagami Bay was reduced by 107 even at a depth of 20 m
from the surface, application of natural lights to the leader net of light could be considered a support, by

introducing the surface lights into the sea through optical fibers in the daytime.

In addition, the

behavior-controlling effect could be improved further by changing the direction and phase of the beam.

This study made it clear through a series of experiments on Japanese horse mackerel, Trachurus
japonicus, that an inconstant lighting condition can exert a remarkable influence on fish schooling

Further development of the achievement will result in its broad applications to fisheries and

culture fisheries in the future, such as in the alluring and controlling of the swimming behavior of a fish

behavior.
school.
Key words: intermittent light, fish behavior,
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Table 1. Lighting conditions for experiments
Experiment  Frequency (c/s)*  Contrast ratio™  Wavelength of light  Background irradiance (Ix)
(AA) 2.8 1,200: 1 White*3
(A) 3.0 10,000: 1 White less than 0.01
®B) 1.36 10,000 : 1 White less than 0.01
(%] 0.62 10,000:1 White less than 0.01
o) 0.15 16,000 1 White less than 0.01
(E) 3.0 60:1 White less than 0.01
4] 3.0 2:1 White fess than 0.01
(68} 1.36 10,000 ; 1* White less than 0.003
2) 1.36 10,000 : 1 White 0.003
3) 1.36 16,000: 1 White 0.01
4) 1.36 10,000: 1 White 0.02
(5) 1.36 10,000: 1 White 0.2
6) 1.36 10,000: 1 White 2.0
[€)] 1.36 10,000: 1 White 5.0~10.0
(8 1.36 1,660:1 Blue*® less than 0.003
)] 1.36 1,540:1 Red*s less than 0.003
* Blinking frequency of intermittent light
*2 Contrast ratio between bright and dark light intensity of intermittent light
#  The entire spectrum
*  Even if the contrast ratio between brightness and darkness of the irradiated beam is fixed to a con-
stant level, the ratio varies with a change of the background irradiance
*5 Centroid wavelength; 487 nm
*  Centroid wavelength; 656 nm
Table 2. Experimental period, numbers of the fish, temperatures and salinities of the water in the tank
Period T Salini
. * No. of No. of emperature alinity
Days Experiment experiments fish ) (%)
1983  Jul. ~Nov. 90 (AA) 78 1,200 23.5~25.5 approx. 34
1984 Sep.~Oct. 35 (A)~(F) 35 320 21.3~25.1 approx. 34
1985 Sep.~Nov. 70 By~E) 70 1,050 20.7~22.4 approx. 34
1986 May~0Oct. 90 1LH~® 85 950 18.6~24.2 approx. 34
1987 Aug.~Sep. 40 leader net of light 31 380 24.4~25.5 approx. 34
* See Table 1
WETOREE) T B BMM SIS % Fig. 5 (L) 1R L T 5 CIE AW AR b VEREDAG D B
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HDBHDAINE, ¥ v 7 AT ¥ BB ok L 8

12 L7,

R & D, BOBKEIZBITH5565001E, KR
VIR 05 & 13 E A EEDST,
W & FEHEIZ 17 o TR L5 LT S
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Fig.5. (upper) Spectral distributions of the irradiated
beam, in which the solid line with circle is in
the layer of 50 cm deep and chain line is at
the surface of the water. The broken line
is the visibility curve.

(lower) Distribution of downward light intensities
(Ix) of the irradiated beam in the layer of 50
cm deep.
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Fig. 6. Changes of relative intensity of intermittent light
(see Table 1).
Contrast ratio™
(A) 10,000:1
B) 60:1
)] 2:1
* Contrast ratio between bright and dark light
intensity
*% 3 0 c¢/s blinking frequency is kept constant
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Fig. 7. Average appearance times of the fish school in
Section Nos. 0 to 2 every 5 minutes, where the
open and closed circle stands for each coordinate
for the intermittent and the constant light, re-
spectively. The vertical line is the standard de-
viation.

* Blinking frequency is 2.8 ¢/s
** Contrast ratio is 1,200 : 1
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Table 3. Average appearance times of the fish school in the irradiated area, every 5 minutes, its standard
deviation, difference ratio, and t-values under different lighting conditions

Appearance times Difference
N < tt‘) 03
Experiment™ Intermittent Constant raalo to*

light light (%)

(AA) 14+2.4 8.0+2.7 83 15.11%%
(A) 3.0 (c/s) 1.3£1.7 8.7+3.8 84 7.17%%
Blnking ~ (B) 1.36 0.140.3 7.1+3.9 98 7.18%%
frequency  (C) 0.62 0.7+15 11.6+4.7 92 8.86%*
® 0.15 2.1+2.7 9.3+4.1 80 5,924
contragg ) 1000001 1.3+1.7 8.7£3.8 84 7.17%%
e (®) 60:1 1.9+1.9 7.942.8 76 5.47%%
) 2:1 8.5+3.0 8.7+2.8 9 0.20
(1) less than 0.003 Ix 0.1£0.3 7.14+4.0 98 6.69%%
@ 0.0031x 0.4%0.7 114435 94 13.68%*
ackorong @ 00 6.4+2.0 14.0£4.0 56 7.75%%
i‘r‘:a‘d"hw“ @ 0.02 12.344.6 17.043.5 28 3.64%%
5y 02 15.9+3.9 15.4:3.0 -3 0.41
©® 2.0 19.040.9 19.1£1.2 1 0.30
@ 5.0~10.0 12,9428 13.042.2 2 0.14
Wavelength (8) Blue 0.8+1.1 9.844.3 92 9, 79*
of © Red 5.042.0 8.943.0 44 5.18%
light (1) White 0.1£0.3 7.144.0 98 6.68%%

# See Table 1

*2 Difference ratio (R) between the number of the school which appeared in the irradiated area under a
constant light (S) and that under an intermittent light (D). R=(1—D/S$)X100 (%)

#3 Difference in the variance was tested (F-test) and then a t-test was performed when no difference was
found or Welch's method when there was a difference

¥ The symbol “**” indicates that a difference in the mean value is positive with the significant level of
1%.
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Bo AR RIGE 0.01 x sRi & & THMi Lto W 600 % B L 72 R 00 SR B JE 45 o0 IR 40 1 M O U 12
F 7, AR Se o BN L1k 10,000 ¢ 1 (BLE) 12 Lo TR Y, WBIEEIRL P50 720
L, BN 3.0, 1,36, 0.62 B L U7 0. 15/ H & l, 1.36~0.62[/FCH » F2o TN LEHINRTLH
2o T HWMHRHIEZ L E oo 7z (Table 3 B,

HBR R (ERG) HHZ b &0 TR 6 B a6 WESHEROMEEE & S b T L L COMME TR
fl&wg i, q'z 1 BTl & S~ 7 OCRBBUERE Ty, ML 36/ 8 TiE98%, 0.62[H/8Ti392%,
(K 10°C) C 23[E/F L 8 R CT v B2, RIEERX 3, Ol /F0Cid84%, 3 & UF0. 15[/ FTHE80% & 7 o 7o

T EEE 0.01 Ik &G b & THEHE L 22 SRS l}\“b R DBHKR & VORI ER RN T & TR
ThofebEZORDL, LW T, WEFE 3.0, 5o
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Fig.8. Appearance times of the fish school in Section
Nos. 0 to 2 for a period of 5 minutes, where the
open and closed circle stands for each coordinate
for the intermittent (oblique line) and the con-
stant light (black bar), respectively.

Blinking frequency of intermittent light

(A) 3.0 (c/s)

(B) 1.36

©) 0.62

D) 0.15

* 10,000 : 1 contrast ratio is kept constant

## Background irradiance is less than 0.01 Ix
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Blinking frequency of intermittent light
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(B) 1.36
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D) 0.15
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# 10,000 : 1 contrast ratio is kept constant
*+ Background irradiance is less than 0.01 Ix
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Table 4. Average moving speeds of the fish's school, its standard deviation, and decreasing ratio
under different lighting conditions

APPEARANCE TIMES

Moving speed {(cm/s) Decreasing
3 H oy 4oy SRR

Experiment* Intermittent Constant Lal;o
light light (%)
@A) 3.0 (c/s) 14.84+1.6 21.843.1 32
Blinking ~ (B) 1.36 14.5+1.4 20.9£5.0 31
frequency €y 0.62 15.5+3.0 21.3%3.6 27
O 0.15 10.242.1 20.62.1 49
contragt @) 1000051 14.8+1.6 21,8431 32
Omﬁms (®) 60:1 14.540.6 19.8+1.4 27
© (F) 2:1 19.7+3.5 21,044.5 6
(1) less than 0.003 Ix 16.842.0 92,946.6 27
@ 0.0031x 18.6+2.6 25.8+3.5 35
Backerond @ 001 93.143.3 36.7+12.8 37
mfa é’iam @ 0.02 31.6+6.6 43.4%9.1 29

¢ ® 02 36.6%8.8 36.4+6.8 (0.5)#

® 2.0 49.5+2.3 49.3+3.5 0.4y

@ 5.0~10.0 35.4+6.8 34.945.6 (1.4y#s
Wavelength (8) Blue 13.6::3.2 26.2+7.2 46
of © Red 18.3+1.8 24.243.0 24
light (1) White 16.842.0 22.946.6 27

* See Table 1

*# The ratio between the moving speed of the school under a constant light and under a intermit-

tent light

#&k () moving speed was increased
¥ Moving speed was not obtained in the experiment (AA)
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Fig. 10. Appearance times of the fish school when diffe-
rent contrast ratios of intermittent light are pro-
jected. The open and the closed circle stands
for the respective numbers of appearance times
under the intermittent (oblique line) and the
constant light (black bar) every 5 minutes.

Contrast ratio

(Ay 10,000:1
(E) 60:1
(F) 2:1

* 3.0 ¢/s blinking frequency is kept constant
*% Background irradiance is less than 0.01 Ix
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(4)

(6)

(7)
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&, BIREIBREIL 10,000 0 L (BLE) B L6001 ClkE
NENBI%, TEBTH o7z x L, WREEL2 11T
FHIAB L 2% Tdh - 72 (Table 3 BH),

.0 B OB, TSRO B LD
0.2~0.02 LB ERTVWESD, Licdio T, Aol
OB OW» AT, 201 OWBFHELTY
BT SEMCE DO, REBROMPTIZE0: 1L
LOBFHIEIL TR TV WEIRIRIL L 2 d o 720
IOZ L, BAERDRE AL T Th, ERAYTH
WA LEPEL LW &R EHRYT 5,

W LRI & B D & O R B % Y
B, WINGERMEM 10,000 11 (BLE) T32%, 60:1C
9% BLU2: 1 TEBDRTH S 7> (Table 4 BH),
Lo, MREMEM AT &SP R B AT
L, SEEOfTEagifb Uiz, T ORI & —8 L,
IRIEHH < 22 B O ThH S HLED % » TEREW RITH)
BN b LEZLDNEHTHSL ),

Bsiy BEOMEZEETALBEORS

BOSEER LT BMEROML S, bbb,
R, KR, WG S X DB L v RIS
AL NATWBR RO WIERUELLII R D D, £ 1 HT
AT LY ITHRDIRDIEHEN 8 Kb B, £IC, D
MRMENUCIRRE DB & WIS KB DB 5, W
BEHAT 3§ B BBEDLUSTRYDORLE 2 W~z
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Fig. 11. Distribution of downward irradiances (Ix) at a
depth of 50 cm in the experimental tank.
(1) less than 0.003 Ix
(2) 0.0031x

(3 0.011x
4 0.021x
5 0.2k
6) 2.0l

(7) 5.0~10.01x
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WiE A IR RE D 0~ 2 R~ B B, % 38 B
0.003Ix BUF CldgEHICd L d o foht, HFERIEE 0.01
~0.021x 0)!?5 'C“’“’"’Ji"”? (6 4~12. 31:]/0 G L, 86
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Fig.12. Appearance times under each grade of back-
ground irradiance, where the open and the
closed circle stands for respective numbers of
appearance times under the intermittent (obli-
que line) and the constant light (black bar) every
5 minutes.

Background irradiance Contrast ratio
(1) less than 0.003 Ix more than 33,000: 1
2y 0.0031x 33,000:1
(3 0.0l 10,000: 1
4 0.02Ix 5,000:1
G 0.2k 500:1
6) 2.0 50:1

(7) 5.0~10.01x less than 20: 1
* 1.36 ¢/s blinking frequency is kept constant
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spectively.  The vertical line is the standard
deviation,

Fig. 15.
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Calculated spectral distributions of blue (B), red

(R), and white (W) lights at a 50 cm depth in

the experimental tank.

¥ For the estimation of relative spectral dis-
tribution on the surface of the water, spec-
tral intensity distribution of CIE standard
source A, which is being used as the stan-
dard for the light of tungsten incandescent
lamp, was used. The relative spectral dis-
tribution was calculated by multiplying the
spectral intensity distribution by a spectral
transmittance of each color filter and that of
sea water (50 cm) which was measured us-
ing an eight color underwater irradiance
meter.

Fig. 16.
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Fig.17. Appearance times of the fish school in
Section Nos. 0 to 2 when each blue (8),
red (9), and white (1) light is projected.
The open and the closed circle stands
for each coordinate for the intermittent
(oblique line) and the constant light
(black bar) every 5 minutes.

* 1,36 ¢/s blinking frequency is kept
constant

*# Background irradiance is less than
0.003 Ix

(9)
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Fig.18. Appearance times of the fish school in Section

Nos. 0 to 2 when continuous projection of inter-
mittent light occurs for 4 hours. The mesh
mark indicates no measurement.

# 2.8 c/s blinking frequency is kept constant
#* 1,200 : 1 contrast ratio is kept constant
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Fig. 19.

Photographs of the multiple beam projector.

A: side view

B: inside structure of the light source mount-
ing block viewed from above
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Fig.20. Diagrams of multiple beam projector.
A side view
B: inside structure of the light source mount-
ing block viewed from above
C: terminal lens unit
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APPEABANCE TIMES and PASSING TIMES

Fig. 22.

Fig. 23.
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Appearance times of the fish school in the Sec-
tion No. 0 and passing times through the projec-
tion site (center line in the O-section), every 5
minutes, when the leader net of light with each
grade of irradiance is projected under the state
of dark aptation. The open and the closed cir-
cle stands for respective numbers of appearance
times in the presence {(oblique line) and absence
of the leader net of light, whereas the white and
the black vertical bar indicates respective num-
bers of passing times,
* 1.36 ¢/s blinking frequency is kept constant

#* Background irradiance is 0.003 Ix
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Appearance times of the fish school in the Sec-
tion No. 0 and passing times through the projec-
tion site (center line in the O-section), every 5
minutes, when the leader net of light with each
grade of irradiance is projected under the state
of light adaptation,
The open and the closed circles stand for re-
spective numbers of appearance times in the
presence (oblique line) and absence of the lead-
er net of light, whereas the white and the black
vertical bars indicate respective numbers of pas-
sing times,

* 1.36 ¢/s blinking frequency is kept constant
#* Background irradiance is 0.1 Ix
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