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Visual spectral sensitivity of scotopic rockfish (Sebastes inermis)
in LED light source

Min Ah Heo

Department of Fisheries Physics, Graduate School,
Pukyong National University

Abstract

The characteristics of aquatic light fields are generally “reflected in the visual
systems of fishes inhabiting them. Therefore, research -on light"sensitivity of fish
is useful to explain the correlation between visual function and habitat, behavior
and distribution of fish. Rockfish are important species in coastal ecology and also
one of the main species for aquiculture. To maintain resources and understand
ecology of rockfish, a spectral sensitivity of scotopic rockfish in the range of
visible light (405~660 nm) was investigated using light-emitting ‘diodes (LEDs). In
order to assess electrophysiological response of fish, ‘an electroretinogram (ERG)
of the dark-adapted eyes of ~rockfish was recorded. The juvenile (n=5, W:
20.345.2 g, TL: 10.3£0.7 cm) and adult (n=5, W: 87.8£21.8 g, TL: 18.1+1.3 cm)
rockfish were used in experiment. The visual threshold of juvenile and adult
rockfish were each 11.66 (log quanta/cm?*/s) and 11.81 (log quanta/cm?s) in 574
nm, respectively. Peak wavelength of the spectral sensitivity in the dark-adapted
juvenile and adult rockfish were 551 nm (green). Collectively, these results
demonstrate that the rockfish has suitable visual capabilities for inhabiting coastal

water.
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1.1. % ~AHEHT o7 Az

S 2ol Aol zre] dolushs e, AT Fol wet FuslE Aol
g uehid, 5Ee BRsht FaYe S0l FAREE AW} FEE

ola] g AFHEYH (color)F} A% (intensity) 7} #3}3tt}t (McFarland,

1986). 53] Adkdlelel A<, 7ha o] Fas= S vubg (34 7

514 (3 A8 AD ol Uerlov, 1968). o5+ & s ol e
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1977; Levine and MacNichol,» 1979). wtgkA o] F2] 33 wizkAde] dist o

T A7 SR ohel Azksh A4 BT BB, olFe BT
BB, EAR-T A4 29 BEAE 52 AP/ F8 AXEZ o] 89
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1.2 28 (Sebastes inermis) 2 A3 7}
2o Adojel Eet (Sepastes inermis)S ZwWo]E  (Order

Scorpaeniformes) %&23} (Family Scorpaenidae)°l] &3t Weld A&

o=, Feivel A dAdtad A Halk oHe +4 20~50 m RE @
Aol F=2 F2Aof A3 (NFRDI, 2004).

e A g Fast tiito] Ha 9ls ¥Rk ol FAbANFE &
o], Jo717HA] & ArolE <ol Hul: Aot A o F= A, gk A
=AM T AHEA ASNE AT FoE <A Sld
(Hatanaka and lizuka, 1962). &2t A4 7FX)7F 2 ofFolu, Z+&

!
ed=Ae AFAH} KR FE For AYTFol 543] A}
3 9lth (KORDL 1997). E2e] 25l

ezt #idE FE TRAKRS 2% ol s HdAste] #
HT oM L HRFol Skt FAlGl vk (MOMAF, 2004, 2006;
NFRDI, 2007).

AG7HA 9] B2 Sl fAFEAE KA E2ke] A& 5S4 9w
vl 54 74 (Shimomiya and Ezaki, 1991), 7] &} (Kim and Han,
1993; Kim et al., 1993), 444 A& (Kim and Kang, 1999), %24t &gt
o] 4% 57 (Choi et al, 2005), &3 FF7]ol W A9 A4 4]

£ (Oh and Noh, 2006), A&GAE a3 F842 &4 (Jang, 2011),

27 44 W w0 2A8E Wwd 54 (Park et al, 2012) Fo] gout B
o] % WA U@ ATE wuE urk A9 gk
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1.3 94 AYE (electroretinogram, ERG)
$3¢ BA QbR W e F30 ajole PP A7 e o

O71=], olgA e wkg3te] FuteA e &5 A9E dHHAE
g} gtk ERG AAbE e Vles Adder ASE F e 88 U
ox A gy olgH o, F

°of wAE e st ATl #E&3 FHoer &gy Qlu
(Horodysky et al., 2008; Matsumoto et al., 2010, 2012).

ERGE Fig. 1o vebd ukse} o] UAnbd o7 a, b, ¢, d—waveZ T4 E
o A A% a-waver FFEACl oS EAEHIL, o]ofA E}=
ok HAYEel b-waver ON—-%=A|¥E (bipolar cel) $ W= (inner
nuclear layer)el & B#AE Miller cel) el &) A717 =™, c—wave
© g A4 A Sl d8fl, 18la d-waver o oJs o] Tk F o
OFF—%f=Al2e] o 4% vk (Brown, 1967). e “dE<lA <]
ERG waveformolA+ a, b—waveZ} 7Hd &3] SHEH, dutx oz 7 Zo]

Z b-waveZ} BHH RS AFEA AMEH o Xt
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Horizontal Bipolar Amacrine Ganglion
Rod Cone  cell cell cell cell

Pigment l
epithelium

Incident light

d-wave
c-wave
L
a-wave
]
Light ON Light OFF

Fig. 1. Cells of the retina to show where the main element of the ERG originate.
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1.4 33 tlo] 2 = (light emitting diode, LED)
LED+= 7] oyA & 9 duiA=Z kel F= F WA Lakz, oA

9 FHeA H7E USSRt A FHor P v Qi
LED: & (Hg e st = ddsd 29

[e]
s
QA ol W@AAAe|m, 5uk A7k o9 7 FHow WATHTH ol

9 e 2 @9 AR F A7 Thsstth A RE @b mobA

< 7 ARAEE AT SeH, dep Attt 9Es AT o
(Table 1).

olgjst LEDY XA 7ls2 RAdTH 2L 7| FdS AT Erlb o}
Yzt Fo A3, Aszk e S48, A% 28 5 71E ANY Auke] Z97
S&H3 o, WA A= A FAS AFS 5T Aor Al
LED: Il g #okelli = 85l izl Folsol 1 tEal oo
ixl d3hs 91s LED ol 7Y A7 &s] o] Fojxa glor, |
A 71E AHolFHT 60% ol CuAE Histes ARE olFUTt
(NFRDI, 2010). H3F FHFol= 2 Ao o379 A3 F4 3
4& §18 LED # AA® =jel oigt AF7F &335] 218 Fo|td (Cha et

al., 2010; Choi, 2013).
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Table 1. Comparison of traditional electric light and LED light

Traditional electric light

LED light

On/Off control

slow response speed
(fluorescent light:1~3 s)

miniaturization limits

low photoconversion
efficiency

mercury-containing
(gas light source)

impossible to concentrate
emission band

short life
(3,000~7,000. hours)

multi-color, multi-level
brightness control

fast response speed
(~10 ns)

miniaturization-Slip

high photoconversion
efficiency

mercury-free
(solid light source)

possible to concentrate
emission band

long life
(50,000~100,000 hours)

intelligence-emotion
lighting

Phone:LCD BLU

high efficiency
CO; reduction

eco-friendly

used as special lighting
(electronics, health etc)

easy to maintain

excellent heat-resistance

cheap price

vulnerable to heat

high price

thermal design needs

supply design needs
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B QFeln Aol e Aofg) Holx TR 47 svheld, F 10

NedTAE e Ad U-F22 ste] oF 17712 B9k A Fold
e ARRsElth Al EE E8ko a2 (L1050 X W600 XH600 mm)
& AR, TR SIE AT E O)kSte] 18E1TCE HAAZAT &
2 Aol A AdE AolE Fol EAE <kl S Tl el Al

AL Abgslgth 22 xoj= A 10.3£0.7 cm, A= 20.3£5.2 golgl

, 22k Moji= AF 18.1%1.3 cm, AELE 87.8+21.8 go|th

R

2. 3F¢ dight source)

ERG 54E& 9814 9719 @49 LED 39S Ab&sigint. Zzbe] 3
ME GE d2 (peak) = 7HAH, L 3ol W= 405~660 nmol 3
o} (Table 2, Fig. 2). shvte] & #do= LED 74 (L5XW5xH1.5
mm) 1705 AHESRGlaL, Zb sgel didehs 9719 LED Aj71A1E ol %A 7]

F (L8OXWR0XHI1.5 mm)o] 3x3 gz wd 2 njA st & HzkA|A A}

i

flo

&ot3lth (Fig. 3). 2 LED ¥dE2 $5o2 daglon, %A 7|3
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Ao qbrell M oF 17 cm #1550l AAJsto], LED A7 A 2FE WA=

Fotch

ol

Wo] Agolo FF WA F23| wFo] A F YES
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Table 2. Specifications of LEDs used as light source in the experiment

Peak Device Forward Forward Luminous
No Wavelength (LUXPIA, . .
(nm) Korea) voltage (V) current (mA) intensity (mcd)
1 405 LVHI1056 3.3 60 800
2 465 LBH1056 3.3 60 1000
3 505 LCH1056 32 60 1500
4 520 LGH1056 3.2 60 3500
5 574 LYG1056 2.0 60 500
6 591 LYHI1056 2.0 60 500
7 610 LAU1056 2.0 60 500
8 640 LRH1056 2.1 60 1500
9 660 LRUI1056 2.0 60 500

- 10 -
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1.2

Relative irradiation (Watts/m?)

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2. Measured relative spectral power curves of LED light sources used in

experiment,

Epoxy board (80x80x1.Smm)

LED package (§x5x1.5 mm)

Fig. 3. Arrangement of LED packages attached on an epoxy board.

- 11 -
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3. 3 %= (light intensity) Z24

ERG wavet ¥ A=9 A%, e &= 3 A7) A, dure] He

2= B ArE Fded ¥uEHE AFE AdgoEs xdsiglt. A4
2 HF-H"gFF7] (OC power supply, GP—430TP, LG Precision co.,
Ltd., Korea) & AF&ste] 33391, A/ AT A717F 9& 8719 14
Agds AEE ddstol Aottt A7 Alofol Ags 870 1A A

Table 3¢ YEFRITE R1~R8 207 AdS AAste] Fdo 2= HAF

(

1.

O
flo

ﬂl

g WAHeR SR, & AEE A3 ®ole WYMo R ERGE 54313

38

o AEARl F A= 2da 98, A&l PLC (programmable logic
controller, K7M—-DR206, LS Industrial Systems, Korea)E <43}
R1~R87HA B9 £29% HEE QAT (Fig. 4). & A= 5 sec 1H4
O 2 100 ms §<k FRLH 8AL] = Aol tiske] FHAa 53 o) ERG
2 =439t A= o) 7% (quanta/cm?/s) = radiometer (QSL—2101,
Biospherical Instruments Inc., USA) & A}&-3}o] 23ojo] otirel A9 &

A3t A NM FA 83

- 12 -
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Table 3. Resistances used to adjust electric current

No. R1 R2 R3 R4 R5 R6 R7 R8
Resistance
59.2 50.0 44.0 33.0 25.0 16.6 8.2 33
(k€2)
PLC

Power )

LED#9

¥

Supply ,;7

Automatic
switching

Fig. 4. Circuit diagram of a prototype automatic

Collection @ pknu
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4. ERG 5%

ERGE 7]&3sl= F¢F Egho] fZF o)X X3 %E= gallamine triethiodide

vhelo] e AR JRAlmieE Apol 7t gl ot oF 10-156+ A 48

oh Bere] 259 whHE Qe dow TEeo] fAsA Fohes AHETt

o] op7imle] AfHCE Faolo] A FE SHF= 7hssHAl SFATh
ERG 715 A &= &4 & Azt @A 7o FEs| ¢<+3 (dark
adaption) & AZoH, & Zd o BAES Hol #He 243 AX A
e = mlAgh s b5 Hptsigith A9 gitels aEdh A4 et
= ARESESITH

ERGE d3st2ec=z 3® " 2709 silver wire d= (540800, A-M
systems, USA, @0.2XL11 mm)<& AR&ste] 7|=stich 2718 A5 5

NE AFow AEH

N

e Bete Zuhe] YEARD, J1E AT obriv

AN o] A2 bt FHe| HAFZAHT Aoz Ad el A7
714 Fesd A= & F5 758 e €A siglon, 75 A= Y
71 AF+L 3%  micromanipulator (MM3, Narishige Scientific

Instrument Lab., Japan) & AF&3ste] 1433tk ERG &4 A2 YW

-14 -

Collection @ pknu



cage ol ATl SIRRIE QkHE W74 FEE Ao oA,
ERG A3+ ¢ upuVFE+0=2 uekst™ 2 bioelectric amplifier (P400,
PhysioLab, Korea)® ©F 25,0000 F%3&to] wlole|27 (DA20, RION,
Japan) ¢} PCZ  &Alel AdFsvt  (Fig. 5). =74d% ERG HolE=
Labchart8 reader software (ADinstruments, New Zealand) & A}-8-3}¢

Ay 3 & BAXE9ct (low cutoff, 0.1 Hz; high cutoff, 40 Hz).

- 15 -
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light intensity controller

e S e L e .
i i
s Resistance Programmable | | All:(#:;g;:}rter Notebook
X 8 EA | |ic controller | !
i 9 ! with USB PC
— 1
s S
Wavelength
Ampere meter ng Biological Data logging
0-60 mA selection 2
(0-60 mA) (by manuaf) amplifier system
ngum;er LoD oo Reference electrode Faraday cage

Fig. 5. Schematic diagram of ERG measurement system.
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e 27 7ol AAE Qe HAEY A=Y AVE A
(threshold) gta st} & A3 A= ERGS b—wave’Zl} A %S A3t
= des 2= B AEE A7 IAE ST b—waved] XF (V)
a—wave?] #HAHE3 b-—waved HiFY o2 FolHt}t (Fig 6). A= #F
o] ok&lo] a—waveZl YERYA] o4& A f-o= baseline S ZHE b—wave?
19] A2 yed ¢ er®, 7 3o

AGshe A7 4AE G5z sto] JoiAel AAEY NPEE Tk

Ni

!

AEL A NgEE o

b-wave

b-wave amplitude{uV}

BASEING  emwmmmmmmmmmmmm———
¥

a-wave

Fig. 6. Measurement of b-wave amplitude in ERG waveform.
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6. 2 EY =] B AL

=% dolezyy 2ete AdEd wzw TAY 93 F42 FHe7)

A @ —band® A7t AMA FFEE YERE SSH (Stavenga et al.

1993)9 B9 A& ARgsiinh 71 B A2 A (1) 3 Z2h

a=Aexp|— a0x2 (1+ alx)]

AZNN, @i A7t A% FFEoH A ap @ a HEASFE tehdth

xi x=log(A/ Ama) ZF-E 72 5 Utk 4714 4 8 Anacs A7 9

9 w2 shgolth o) B WAl BEE (Auw A2 742 A Hr

%= WY (maximum likelihood) & AFg-8fol =74 Holg o] RE ARAR]

“o

o7 FASUY. 2Yl A= SPSS EAATZEY 0 (Ver.22, IBM,

USA) 9 HIAdE, 34 24 &l A8t

- 18 -
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1. 449 # 3= 574

B ool s BAow AgE LED A71A tistel 388 54L& 2abel
ATt LED #7]#]f| QI7}E= d/FE 1, 10, 20, 30, 40, 50, 60 mA= 7
A AR, olel mE AAEY Fiel WakE RS o A% AF
7 EAg wE ¥ e (W FREom, Fae WA e A%
7 ZAkstelE A AskshA @n A s Fig 7). RO
ALgFE 970e) LED 714 2 fag @ekE eniglon, ERGE 545

71 At @ Fow ATE .

1.2

1.0 A

0.8 4

0.6 A

Irradiance (W/m?2)

0.2 A

350 400 450 500 550 600
Wavelength (nm)

Fig. 7. Measured spectral power curves of 465 nm LED package with different

current values.

- 19 -

Collection @ pknu



978 =ge] #F ZE (quanta/cm?/s)$b AFoFe] #AE Fig. 8% #rh
LED sf7]# el QI7te = A77E S7hghel wet 3 A=7F A95 oz F7hst
dow (AL r>0.97), F FE V&7 vt ZJolE ®mh 60
mA AFE FAS W] F AEE 574 nm (54 AD)elA 1.56E+13
quanta/cm?/s® 7F% wgtom 465 nm (3 AD)eld 6.15E+14
quanta/cm®/s® 7F% %tk # AEE 574 nmeld Fad (591, 610
620 640 nm) o2 #FH Folxow, 505 @ 520 nmo ¥ e+ 247t
1.91E+14 ¥ 2.97E+14 quanta/cm’/s® Fde H4 Ad] FA 574
nmE T ¥ 3k 405 nmo (HEpA AD)oMe] F s 2.56+14

quanta/cm?/s® %< @ubd 3¢l 465 amBrt o Wi

- 20 -
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TE+14

6E+14

SE+14
4E+14

3E+14 -

2E+14
1E+14

TE+14
BE+14
SE+14
4E+14
3E+14
2E+14
1E+14

Irradiance (quanta/cm?/s)

TE+14

BE+14 1
5E+14
AE+14
3E+14 |
2E+14 |
1E+14 |

Fig. 8a.

405 nm 465 nm
y = AE+12x + 1E+13
2 =
R y= 1E+13x + 3E+13
] R2=0.9956
505 nm 520 nm
y=3E+12x + 2E+13 y=5E+12x + 1E+13
] R2=0.976 R2= 0.9951
574 nm 591 nm
y=3Et11x+ BE+1 y = TE+11x + 4E+12
R2=0.9917 R2=(0.9699
ity aa_p e e e o0 o9 2
0 10 20 30 40 50 60 - 70 10 20 30 40 50 60 70
Current (mA) Current (mA)

Relationship between the LED light intensity (irradiance) and electric

current for nine LED packages (405-591 nm).
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Fig. 8b. Relationship between the LED light intensity (irradiance) and -electric
current for nine LED packages (610-660 nm).
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2. ERG waveform
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Fig. 9. An example of measured ERG waveform in a dark-adapted rockfish.
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Fig. 10. Measured ERG waveforms from dark-adapted (a) juvenile (n=1, W: 16.72
g, TL: 9.8 cm) and (b) adult (n=1, W: 59.4 g, TL: 15.8 cm) rockfish in

response to rising light-intensity with a wavelength of 574 nm.
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Fig. 11. Relationship between response amplitude and log intensity of dark-adapted
juvenile rockfish (n=5, W: 10.3£0.7 g, TL: 20.345.2 cm) in 610 nm light

stimuli. Error bars represents the mean =+ standard deviation (S.D).
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Table 4= Aol ARESE Svke] o] &2F Aofo QIZbeH w33 AFEe
#Ha, Hjx| 9 oju] WA sk= ERG Whs IFH] HA, HUWAE HERdT
gl 405 ¥ 465 nmo Agele= 12.95~13.69 ¥ 13.02~13.32 (log
quanta/cm?/s)Z <l7}etglS wW, ERG XZ& 747t 4.63~105.37 4
5.28~67.02 p Vot F7+ 3?1 505, 520, 574 % 591 nme| 79
+ 13.01~13.11, 12.72~12.99, 11.59~12.36 % 12.35~12.75 (log
quanta/cm?/s) & A7kl S W, ERG HE& 77t 4.35~75.71,
4.71~70.05, 3.20~69.02 % 1.56~64.36 pVelstt. F37Ql 610, 640
2 660 nme el 12.81~13.14, 12.64~13.78 2.12.98~13.89 (log
quanta/cm®/s)E « Q17}et9 & W, ERG =2 ZzF 0.83~58.42,
2.29~55.57 B 2.03~30.08 pVe]airt.

Table 5= A3 AMGE 5upg]o] & Adojo] QI7ish s 3 A9
4, HojA 9} oju WSk ERG Rbe MFH0] A4, HWAF Hepd
gl 405 % 465 nme gl 12.95~13.53. % 13.03~13.34 (log

(A

flo

quanta/cm®/s) & <1748 & W, ERG - AEF Zkz 2.61~71.11 9
5.24~17.87 pVolSitk. 7+ 3H<l 505, 520, 574 % 591 nme Al
+ 13.01~13.13, 12.72~13.07, 11.60~12.57 % 12.33~12.94 (log
quanta/cm®/s) S  <¢7letde& W), ERG %2 7z} 1.89~17.86,
3.08~16.38, 2.93~9.36 W 1.45~14.40 pVo|t}t. Fubdel 610, 640 2
660 nmo gl 12.81~13.40, 12.64~14.02 % 13.11~14.06 (log

quanta/cm®/s)S  Q17letgle W, ERG

o
Bt

L& 747 1.83~26.12,

8.67~41.48 9 5.98~20.52 p Vo]l
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Table 4. Relationship between the LED intensity radiated to juvenile rockfish
(n=5) and measured ERG response amplitude (uV)

Light intensity (log quanta/cm?/s) ERG amplitude (uV)

Wavelength (nm) Min Max Min Max
405 12.95 13.69 4.63 105.37
465 13.02 13.32 5.28 67.02
505 13.01 13.11 4.35 75.71
520 12.72 12.99 4.71 70.05
574 11.59 12.36 3.20 69.02
591 12.35 1273 1.56 64.36
610 12.81 13.14 0.83 58.42
640 12.64 13.78 2:29 55.57
660 12.98 13.89 2.03 30.08

Table 5. Relationship between the LED intensity radiated to adult rockfish (n=5)
and measured ERG response amplitude (uV)

Light intensity (log quanta/cm?/s) ERG amplitude (nV)

Wavelength (nm) Min Max Min Max
405 12.95 B.59 2.61 71.11
465 13.03 13.34 5.24 17.87
505 13.01 13.13 1.89 17.86
520 12.72 13.07 3.08 16.38
574 11.60 12.57 293 9.36
591 12.33 12.94 1.45 14.40
610 12.81 13.40 1.83 26.12
640 12.64 14.02 8.67 41.48
660 13.11 14.06 5.98 20.52
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3. A7t A

A7 RS A= b—waved H2 AFE AT Fo) sy 2 shA)
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Bgel o] ERGE S438HA Hagith (Fig. 12(a), 12(c)). ERG W= dlo]
Bl A ¢ A3, LED 3ol & =2t X|ofo} Aol /AE Az A=
Fig. 12, 133 ok A7 9A= =2 107 25 574 nm (54 Ald) el
A 7 dekor 7 W9l 11.59~11.99 (log quanta/cm?/s)o]ith Bt
o] (n=5)9 Aol (n=5)F 7}7} Fste] bl 38 A7 X+ Fig,
14} vk LED 3ol wE Az A 25 ME A TUsR A
Zt 9A= 574 nm O = 591 nm (2 AD A F HAZ skt
(Table 6, Fig. 14). M AA (405, 465, 505 nm) 2 JA Ad (610,
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ECIEL R
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[-‘L\

2= BE 0.21 mwolglth. 574 nmellA B2 xoje Azt
Ax= 11.66 (log quanta/em?/s)© 2, Adofe]l AJzk «3x9 11.81 (log
quanta/cm?/s) RHTh thax wgpont EARow Fost xlol:= gttt

(Independent two samples t—test, n=5, p=0.18).
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Fig. 12. Visual threshold of individual juvenile rockfish for LED light
wavelengths. Body weights and total lengths are (a) 21.0 g, 10.8 cm,
(b) 16.7 g, 9.8 cm, (c) 16.9 g, 10.0 cm, (d) 16.7 g, 9.5 cm and (e)
30.1 g, 11.5 cm, respectively.
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Fig. 13. Visual threshold of individual adult rockfish for LED light wavelengths.
Body weights and total lengths are (a) 59.4 g, 15.8 cm, (b) 77.8 g, 18.0
cm, (c) 96.1 g, 19.0 cm, (d) 81.0 g, 18.2 cm and (e) 124.6 g, 19.5 cm,

respectively.
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Fig. 14. Averaged visual-threshold of (a) juvenile and (b) adult rockfish for nine

LED light wavelengths.
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Table 6. Averaged visual threshold values of juvenile and adult rockfish for nine
LED light wavelengths

Visual threshold (log quanta/cm?/s)

Wavelength (nm) Juvenile Adult
405 13.030 12.971
465 13.033 13.042
505 13.010 13.011
520 12.728 12.747
574 11.659 11.805
591 12.354 12.442
610 12.825 12.886
640 12.838 13.031
660 13.125 13.353
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Fig. 15. Relationship between the visual threshold and body length of rockfish
(n=10). Open and solid points represent the threshold in 574 nm and 591

nm, respectively.
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Fig. 16. Relative spectral sensitivity of (a) juvenile and (b) adult rockfish. Circles
indicate measured sensitivity based on the threshold light intensity. Solid

lines indicate the curve fitted to the template of Stavenga et al. (1993).
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