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Abstract

Many fisheries employ fishing lights to manipulate the behaviors of target fish and to attract them toward the light;
however, relatively few long-time observations of fish attraction have been performed in the field. Here, an underwater
observation deck was used to examine the differences in the fish-attracting effect of light-emitting diode (LED) lights on
the number of attracted fish and on their behavior in the field, using white-edged rockfish as the target species. A total of
604 + 324, 307 + 203 and 171 + 106 white-edged rockfish individuals were attracted to the observation window when it
was illuminated with blue, green, and red light, respectively. Under the blue light, fish remained for 133.6 + 129.8 s
around the window, while under the for green and red light, they stayed for 72.5 + 76.7 s and 45.7 + 52.2 s, respectively.
The longer time spent under the blue light may have result in an increase in the number of fish counted, and this would
be related both to the transparency of this wavelength underwater and to the visual sensitivity of white-edged rockfish.
Other light environments produced by the blue LED may have been suitable for this species, both in terms of preferred
light intensity and optimal feeding environment. The results presented in this study contribute to a better understanding
of the ecology of white-edged rockfish and suggest a selective and efficient use of this species in fisheries.

Keywords: Undersea observation deck, Light-emitting diode, Fish attraction, Behavioral response

1. Introduction

I n the history of fisheries, light has played a very
important role as a tool for attracting fish and
obtaining higher catches [1,2]. As many fisheries
employ fishing lights to manipulate the behaviors of
target species and to attract them, it is essential to
understand these behaviors in response to light
stimuli [3,4]. It is well known that fish exhibit pref-
erences for, and visual sensitivities to, specific light
wavelengths and that they respond differently to

different light stimuli [5]. Thus, a considerable
amount of research has focused on whether fish are
attracted to specific light wavelengths or whether
they avoid them. In fact, it is hoped that a deeper
understanding of these differences will contribute to
the achievement of more efficient fishing practices
and to the avoidance of bycatch [6—9].

Most of the studies conducted on the responses of
fish to light stimuli to date have been performed in the
laboratory, where environmental variables can be
controlled [10,11]. However, in situ experiments are
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better suited to verify phenomena of interest in the
field because the fish are exposed to the same envi-
ronmental factors as those present in the fishing
grounds. Previous studies have used waterproof
cameras, stereo camera systems, and remotely oper-
ated vehicles to count the number of fish and deter-
mine their location [12—14]. Furthermore, as light-
emitting diodes (LEDs) have a small size, it was
possible to attach them to fishing gear, which conse-
quently allowed a greater access to outdoor environ-
ments. However, the length and scale of fish
observations depend on various factors, such as the
movement range, the battery life of underwater cam-
era systems, and the research vessel's operating
schedule. Therefore, it is necessary to establish an
experimental system to reliably evaluate the response
behavior toward specific light wavelengths in the field.

Here, the undersea observation deck of the
Okhotsk Tower marine observation center, located
in Mombetsu (Hokkaido, Japan), was used to count
the number of fish attracted by different LEDs and
to observe whether there were any corresponding
differences in fish behavior, such as time spent at
the window, swimming distance, and swimming
speed. The analysis mainly focused on the white-
edged rockfish Sebastes taczanowskii, which is widely
distributed along the coastal area of Hokkaido,
including the area around Okhotsk Tower [15]. As
this species is dominant in shallow coastal waters, it
was possible to evaluate its response to artificial
stimuli for a large number of individuals. Within the
fishery, this species is targeted by gill nets, set nets,
and recreational fishing [16]. This study contributes
to a better understanding of the response of white-
edged rockfish to light stimuli, and it discusses their
selective and efficient use in fisheries, as well as the
potential of the in situ experimental system for the
evaluation of differences in fish attraction and fish
behavior.

2. Materials and methods
2.1. Experimental setup

The experiment was conducted on the undersea
observation deck of Okhotsk Tower (Fig. 1). The water
depth around the tower is approximately 10 m, and an
acrylic window (1.00 m x 1.00 m x 0.09 m) is here
installed to permit observations of the seafloor and
undersea environment to depths of 6—7 m. The
interior of the tower is illuminated during the day-
time, but all lights are turned off at night. LED lights
were installed at the bottom of the observation win-
dow toirradiate the window surface and attract fish at
night. During the experiment, the number of

attracted fish and their behavior were observed
through the observation windows using a video
camera (HC-VX985M, Panasonic Inc., Osaka, Japan)
(Fig. 2). Underwater turbidity, which affects light
transmission, was measured by a CTD logger
(ASTD102 RINKO-Profiler, JFE Advantech Inc.,
Hyogo, Japan) once a day at 9:00 and was represen-
tative of the day.

The LED lights (Dotz Par, ADJ Products Inc., CA)
used in this study had a beam angle of 60°, and their
color could be set to 256 levels (from 0 to 255) for
each blue, green, and red LED element. For these
colors, the peak wavelengths were 460, 514, and
632 nm, respectively, and the spectral distribution
was examined using a spectroradiometer (CL500A4,
Konica Minolta Inc. Tokyo, Japan) (Fig. 3). The light
of each color was unified to the same illumination
level, 7.6 1x, corresponding to a distance of 1 m from
the light source. The experiment was conducted
from July 31 to August 6 in 2019 around the new
moon so that the effect of the lunar cycle would not
be significant from day to day. It started at 19:30 and
ended at 4:00 the next morning. To test differences
in fish attraction from day to day, the light color was
changed after 1 h of illumination with 30-min in-
tervals which the lights were off between each color
(Table 1). The 1-day experiment consisted of six
trials, with the experimental time zone defined as
the time of each trial.

2.2. Analysis

The number of white-edged rockfish attracted to
each color was counted using the video recordings,
and the relative effects of each color were compared.
White-edged rockfish individuals and those
belonging to the related species known as the three-
stripe rockfish (Sebastes trivittatus) and black rockfish
(Sebastes schlegelii), which inhabit the same area,
were discriminated based on morphological char-
acteristics. Using numerical analysis software
(MATLAB, MathWorks Inc.,, MA), snapshots were
extracted from the video recordings of the obser-
vation window at 1-m intervals, and the number of
white-edged rockfish that could be clearly observed
from the tip of the head to the tail fin was manually
counted. As it was not possible to identify the same
individual in the minute-by-minute snapshots,
double counts were included and treated as the
number of attracted fish.

The relationships between the number of attrac-
ted fish and experimental setup were investigated
using a generalized linear model (GLM). The
response variable was the total number of attracted
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Fig. 1. Map of the Okhotsk tower.

fish per hour and the explanatory variables were the
peak wavelength of LEDs (wc [nm]), water turbidity
(wryr [mg/l]), and experimental time zone (Wrine)-
Given that data overdispersion was expected, the
following model with negative binominal distribu-
tion was selected to estimate the probability distri-
bution of errors:

log(y) =ap + adcWc + AT OTur + ATimeWTime (1)

where ac, ar,, and ar;,. indicate the coefficient of
each variable, and a, indicates the intercept. The

Bottom floor
in the tower

Acrylic Window
(HXWXD:
1.00 X 1.00 X 0.09m)

Camera
LED

RegZSER T 7 N

o m

Fig. 2. Illustration depicting the observation system and snapshots of the
fish aggregating in response to illumination with LED lights of different
colors.

experimental time zone was used as a dummy var-
iable because it is a factor data type. For optimal
model selection, Akaike's information criterion
(AIC) was used to compare all models. When the
number of parameters estimated by maximum
likelihood is k, the AIC of the model is expressed as
follows

AIC= —2InL + 2k )

where L indicates the likelihood. The AIC of each
model was compared by increasing the number of
explanatory variables from the null model, and the
model with the smallest AIC was selected as the
optimal one. The MASS package in R (version 3.6.3)
was used for statistical analysis.

Fish movement was tracked using the video
analysis software Kinovea (version. 0.8.26, www.
kinovea.org). A target white-edged rockfish indi-
vidual was selected in the video and was tracked
from the time it appeared at the window until it left
the frame. The fish were tracked every 30 min from
the beginning of the experiment; specifically, 2 in-
dividuals per trial and 24 fish per light color were
tracked in all 36 trials. The video frame rate during
tracking was approximately 60 fps and the resolu-
tion was approximately 6.7 x 10> cm. The time
spent (s) at the window, the horizontal and vertical
coordinates of the fish, and the total swimming
distance (cm) and swimming speed (cm/s) were
measured based on the swimming trajectories of
fish.

3. Results
3.1. Number of attracted fish
The fish species that was most attracted to the

lights was white-edged rockfish. Other species
included the three-stripe rockfish S. trivittatus, the

0.05
Illuminance of each color is 7.6 Ix

o
2 =004 | A
.é E . » Blue
'g . e o
EL003 « Green
= . * Red
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0
380 480 580 680
Wavelength (nm)

Fig. 3. Spectral distribution of the LED lights. The peak wavelengths
were 460, 514, and 632, for blue, green, and red light, respectively.
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Table 1. Experimental conditions separated by time zone and total
number of attracted white-edged rockfish to each light color: R, red; G,
green; and B, blue. TZ indicates the time zone for single trials.

19:30—  21:00—  22:30—  0:00—  1:30—  3:00—

20:30 22:00 23:30 1:00 2:30 4:00

(TZ1) (TZ2) (TZ3) (TZ4) (TZ5) (TZ6)
31Jul R51 G 220 B 752 R134 G815 B 1359
1Aug G205 B 255 R 148 G307 B631 R201
2 Aug B283 R 223 G119 B254 R239 G286
3Aug R34 G99 B 416 R 81 G365 B977
5Aug G439 B 529 R 233 G 208 B 541 R75
6 Aug B 741 R 408 G 498 B510 R232 G131

surfsmelt Hypomesus japonicus, and greenling spe-
cies belonging to the Hexagrammidae family; how-
ever, these appeared in extremely lower numbers

175

For this species, 604 + 324 (average + SD), 307 + 203,
and 171 + 106 individuals/hour were attracted under
blue, green, and red light conditions, respectively, in
each time zone (Table 1, Fig. 2). Fish numbers were
ordered as blue > green > red (Steel-Dwass test:
t=14.71, p < 0.01, t = 22,55, p < 0.01, t = 9.91, p < 0.01
for the blue-green, blue-red, and green-red light pairs,
respectively).

The model with the smallest AIC was defined as
Model 5 as follows:

log(y) = — 0.007e, +9.511 (3)

where wc indicates the peak LED wavelength (Table
2), as the peak wavelength is significant at the 1%
significance level and the coefficient is negative. The

compared to white-edged rockfish. experimental time zone and turbidity, which
Table 2. Estimated parameters for the number of attracted fish for the selected models through GLM analysis.
Parameters DF Model AIC
bc brur brime2 brimes brimes brimes bTimes € Deviance

Model 1(C + Tur 28 37.64 480.33
+ Time)

Estimate —0.00729 —0.1305  0.4193 0.4099  0.0146 0.7172 05719  9.37017

SE 0.001239 0.3178 0.3073 0.3073  0.3077 0.307 03071 0.729421

Z value —b5.888 —0.411 1.365 1.334 0.047 2.336 1.862 12.846

p value 3.90E-09 *** 0.6814 0.1724 0.1822  0.9623 0.0195 * 0.0626 . <2.0E-16 ***

Model 2(C + Tur) 33 38.02 478.00

Estimate —0.00698 0.0406 9.474264

SE 0.001363 0.3499 0.772525

Z value -5.119 0.116 12.264

p value 3.07E-07 *** 0.908 <2.0E-16 ***

Model 3(C + Time) 29 37.65 478.50

Estimate —0.00728 0.4117 0.3981  —0.0027 0.6921  0.5393  9.290042

SE 0.001241 0.3079 0.3079  0.3083 0.3076  0.3077  0.698452

Z value —5.864 1.337 1.293 —0.009 2.25 1.752 13.301

p value 4.53E-09 *** 0.1811 0.1959  0.9931 0.0245 * 0.0797 . <2.0E-16 ***

Model 4(Tur 29 38.86 501.09
+ Time)

Estimate —0.0951  —-0.0045 0.2298 —0.1508 0.4963  0.5768  5.727432

SE 0.4212 0.4071 0.4069  0.4072 0.4068  0.4068  0.405074

Z value —0.226 —0.011 0.565 —0.37 1.22 1.418 14.139

p value 0.821 0.991 0.572 0.711 0.223 0.156 <2.0E-16 ***

Model 5(C) 34 38.02 476.01

Estimate —0.007 9.511029

SE 0.001363 0.735691

Z value —5.131 12.928

p value 2.89E-07 *** <2.0E-16 ***

Model 6(Tur) 30 38.86 499.14

Estimate 0.1876 5.7606

SE 0.4447 0.3255

Z value 0.422 17.697

p value 0.673 <2.0E-16 ***

Model 7(Time) 34 39.17 495.65

Estimate —0.0109 0.2115 —-0.1599 04765 05469 5.6773

SE 0.4073 0.4072  0.4074 0.407 0.407 0.288

Z value —0.027 0.52 —0.392 1.171 1.344 19.712

p value 0.979 0.603 0.695 0.242 0.179 <2.0E-16 ***

Signif. codes: 0°**** 0.001°*** 0.01°** 0.05°.” 0.1° * 1.
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fluctuated from 0.32 to 1.09 mg/l in the experimental
period, were not selected as explanatory variables.

When considering the relationship with the
elapsed time, the number of attracted fish per
minute to both the blue and green lights was low
level within red light until experiment up to 11 and
14 min after the start, respectively (Fig. 4). In
particular, in the trial conducted in the 0:00—1:00
time zone, the low levels lasted longer for both
lights. After this phase of low attraction, the number
of attracted fish to the blue light per minute tended
to gradually increase, while those attracted to the
green and red lights changed only slightly.

JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2022;30:172—179

3.2. Fish behavior

The fish (n = 72) remained at the window for a
longer time and swam longer distances when exposed
to blue light than when exposed to red light, i.e.,
133.6 +129.8 s and 458.1 + 397.3 cm for the former and
45.7 + 52.2 s and 211.8 + 147.6 cm for the latter (Table
3, Fig. 5). The swimming speed of fish attracted to the
blue light was lower (4.0 + 2.0 cm/s) than that of those
attracted to red light (5.6 + 2.1 cm/s). The fish attracted
to the green light remained for a longer time
(725 + 76.7 s) compared to those attracted to the red
light. However, the swimming speed and distance

2o ]604+324 fish/hour . . . .
£ 25 - 1n 12trials
-6 20 1 TyT
5.
2 151
E 10
= 3 - 1_1.11_:.
0~ I I I
o =]
_ 32 1307203 fish/hour
£ 25 - in 12trials . ‘ .
6 20 T : AR + T
- ° T
8 15 I T r1' Te *oyrT T
—.g i;_ 11°T :}1711_”7”1;1:‘ 1.,. T:|:1|r:r°lll
= T T T ﬂ |
= it Dﬂﬂ%aﬂﬂw Sl
= E LiL,'s 1TTL 1 Lip! 11T PET]
8 | | |
(12] o
35
- 3p 4 171 =106 fish/hour
= 25 1 in 12trials
5 20
2
ZE lg: T ooYT TT T ® T g TY'[T g _—
5 mmm T W L | Pt
| I
é 5 s
(12 o

Duration (min)

Fig. 4. Time series box plots of the number of attracted fish per minute in a 60 min trial with LED lights of different colors. The values included above

each graph indicate the number of fish per hour and trial (average + SD).
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Table 3. Statistical test results for each fish behavior.

Contents Test Pair Statistical value p value
Distance Steel-Dwass Blue-green = 1.53 0.28
Test Blue- red t=2.68 0.02
Green-red t=1.15 0.48
Duration Steel-Dwass Blue-green = 2.68 0.02
Test Blue-red t = 4.02 1.7E-04
Green-red t=151 0.29
Speed Tukey's Blue-green diff = 0.77 0.38
test Blue-red diff = 1.64 0.01
Green-red  diff = 0.87 0.28

values (i.e., 4.8 + 5.1 cm/s and 277.8 + 184.0 cm,
respectively) were not significantly different from
those under other illuminated conditions.

4. Discussion

4.1. Effect of different LED colors on white-edged
rockfish

Blue and green LED lights attracted greater
numbers of white-edged rockfish than the red light
did; however, this result was largely expected based
on the lights’ physical properties and the visual
properties of the fish. The blue (459 nm) and green
(514 nm) lights used in this study had high trans-
mittance in the water column. The wavelength
sensitivity of species belonging to the genus Sebastes
generally peaks in the green region; for example, in
the black rockfish S. schlegelii, visual sensitivity is
reported to peak at 522 nm [17]. Previous studies
have indicated that the red light does not elicit any
response in Sebastes spp [14]. In this study, neither
the length of stay nor the swimming speed at the
observation window changed in response to the red
light. White-edged rockfish are found at various
depths, include very shallow waters where red light
is still present. However, as they gradually reach
greater depths as they growth [15,16,18], the need to
preferentially identify red in the space they regu-
larly use is expected to diminish.

Duration of visit

Swimming distance

The GLM including only wavelength had the
lowest AIC. In general, the effect of light on fish
attraction is influenced by the lunar cycle, time of
day related to sunset and sunrise times, and
turbidity; however, in this study, the changes in LED
light wavelength seemed to be the dominant factor.
The lunar cycle is an important element of illumi-
nance affecting fish behavior in the field; however,
this effect was not verified because the experimental
period in this study was concentrated around new
moon cycle. During the experiment, sunrise was at
4:04—4:10 and sunset was at 18:36—18:41. Although
these times generally affect underwater illumina-
tion, in this experiment, where the wavelength
changed every hour, there seemed to be no effects
on the number of attracted fish. Although the
turbidity values varied from day to day, this
parameter has probably a small effect on light
diffusion or fish ecology.

In terms of the relationship between time elapse
and the number of attracted fish in a single trial,
both blue and green lights were attracted a low
number of fish at the beginning of the experiment,
and this was also the case with red light, suggesting
that this initial period is the time necessary for
white-edged rockfish to adapt to blue and green
lights. Its duration (10—13 min) was the same for all
light colors; however, the period tended to last
longer around midnight. A past study has shown
that [19]. In the GLM, the time of the day had no
effect on the total number of attracted fish; however,
it may influence the time in which the fish began to
be attracted to the lights.

After the initial period in which alow number of fish
were attracted, the average number of fish per minute
gradually increased for the blue light, while it
remained stable for the green light. The reason is
probably that the mean length of time spent at the
window when it was illuminated with blue light was
1.84 times longer than when it was illuminated with

Swimming speed

~

10

Speed(em/s)
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1

S o >
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°
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Fig. 5. Box plots and swarm diagrams of fish behavior at the window, duration of visit, swimming distance and swimming speed for LED lights of

different colors. White dots indicate limited data.
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green light. Considering the time spent at the window
by one individual, itis expected that the visible fish are
being replaced. However, the longer time spent under
the blue light may mean that a less frequent replace-
ment occurs, resulting in an increase in the number of
fish counted. Among the reasons explaining why fish
are attracted to, and remain in the vicinity of, light
sources, the hypotheses of preferred light intensity
and forced locomotion have long been considered
[20]. The first implies that the preferred light intensity
varies depending on the species and on the density of
individuals, while the second suggests that the strong
artificial light stimulus disorients fish and affects their
ability to select their preferred light intensity.
Furthermore, it has been reported that these dis-
oriented fish exhibit specific behaviors such as contact
with the light source, lunging, and body bending [20].
In this study, white-edged rockfish individuals
appeared to move slowly around the window when it
was illuminated by light of any color and did not
exhibit any behavior that was considered to be typical
of disorientation. The observation of fish appearing to
remain in the area for a longer time in the presence of
blue LED light is attributed to the fact that the envi-
ronment was favorable and the light intensity was
preferred by the fish.

On the other hand, the mechanism of fish attrac-
tion should be examined, not only in terms of the
direct relationship between the target fish and light
intensity but also in terms of the indirect relation-
ship between predatory fish and their prey, which
are attracted to the light. It has long been believed
that the response to light stimuli is influenced by the
enhancement of the feeding environment [21]. For
example, in the Atlantic cod cage fishery, increased
yields were reported for cage nets fitted with green
LED lights [6]. However, Atlantic cod avoided this
type of light in indoor experiments, while their prey,
the Antarctic krill Euphausia superba aggregated
around the light source, indicating that Atlantic cod
might be attracted to green light in response to the
aggregations of their prey [11]. In the case of white-
edged rockfish, an ambush feeding species, it is
possible that individuals stayed near the light
source for longer and swam slowly enough in order
to feed. To verify this, it will be necessary to deter-
mine whether small fish and plankton, the prey of
white-edged rockfish, are attracted to the LEDs of
each color in the vicinity of the tower.

4.2. Potential of the in situ experimental system
The observed differences in the number of

attracted fish and their behavior around light sour-
ces could be applied to the artificial management of

white-edged rockfish fisheries. Attempts to install
small LEDs on fishing gear to increase fishing effi-
ciency and reduce bycatch rates have been made for
many species, including Sebastes spp [7,9]. In this
study, the tendency of white-edged rockfish to stay
for a longer period under the blue light would lead
to an increase in the catch efficiency of gill nets and
set nets. On the other hand, as white-edged rockfish
is not a primary target species for coastal fishery,
and is often a bycatch, behavioral manipulation
using the blue color may be effective particularly to
avoid this unintended catch. Similarly to the stra-
tegies employed to split bycatch species at the cod
end of trawls, there is hope that LED lights installed
on the gill nets and set nets can be used to direct the
fish away from fishing gear and allow them to
escape. White-edged rockfish is a unique ovovivip-
arous species, and its mating season around Hok-
kaido begins after September [22]. To control the
catch efficiency, it would be effective to target the
reproductive period using blue light. In Korea, the
aquaculture production of Sebastes spp. has been
made [23]. Even for white-edged rockfish in
captivity, the use of blue light would allow fish to be
gathered in specific areas for efficient feeding,
length measurements and fish counting using
cameras and sonar.

In this study, an observation system was used at an
underwater observation deck to examine the differ-
ences in the fish attraction effect in the field, using
white-edged rockfish as target species. The differ-
ences in the number of fish attracted by different light
colors, and their behavior, were quantified. The re-
sults obtained provide a better understanding of the
behavioral ecology of white-edged rockfish and sug-
gest a selective and efficient use of this species in
fisheries. These findings could introduce new possi-
bilities for the utilization of similar environments and
structures. The main species used in this study was
white-edged rockfish; however, it would be possible to
examine species-specific and species-common re-
sponses to light stimuli in an environment where
multiple species coexist.

However, a limitation of this study was that the
observations of the fish-attracting effect of LED lights
were limited to a single undersea window. As fishing
grounds are tridimensional, the number of attracted
fish and their behavior should be assessed in a three-
dimensional context. Observations obtained using an
echo sounder would provide a better understanding
of the differences in the fish-attracting effects of
different light wavelengths. In combination with the
tracking of individuals through acoustic tags, it
would also be possible to accurately verify the
replacement of individuals attracted to each light
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color. Another issue associated with this observation
system is that it does not consider the light reflection
on the window surface. Although in this study the
attraction effect of each color did not change
depending on the irradiance and illumination level, it
will be necessary to investigate the spectral distri-
bution and illumination in the surrounding seawater
as a function of the distance from the light source,
because the acrylic window surface is a strong
reflector of electromagnetic waves.
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