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Diurnal change of the photochemical
efficiency in a seagrass, Enhalus acoroides,
based on the measurement under
incident sunlight
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Abstract: The diurnal change in photochemical efficiency of
a seagrass, Enhalus acoroides was determined in Okinawa,
Japan. The measurements under incident sunlight were
conducted from sunrise through sunset using a submersible
pulse amplitude modulation (PAM)-chlorophyll fluorometer
(Diving-PAM). The effective quantum yield (AF/F,)
declined with increasing incident sunlight in the morning,
with a AF/F,) minima occurring during noon-time.
Thereafter, the AF/F,’ gradually recovered during the
afternoon incident sunlight decreased, indicating a dynamic
negative response to the excess sunlight. The decline of
AF/F, in the habitat is likely a photoprotective response to
protect the photosynthetic reaction center from damage by
excess light energy.
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WEFESHAEAEY) (MEEL) o X 3 a7 7 Enhalus acoroides
(MFHH IR EKRFEEE A~ FEEo BT )L < 0
TAHABGUETH Y, AARTIEIMMEAEILIEE (WS
LARER) ot~y ru—T7oBEOWRETR S
% (Green and Short 2003), AfEix, V27 F 27 A4 E
Thalassia hemprichii (N FHHIF) R 2T F277<
€ Cymodocea serrulata (N=7<ER}) & & IITEFEE
BT RERGEMEBTEELT 225, 732av7idInso
TEEOAFT LD HRRECKEN 1m 25 2 m I28%T
% (Tanaka and Kayanne 2007; A3 - & M 2020), 2% -
WHAFIC BT, Y avTrhlor e ieftt

H

FEDOW L L CHEET 2 &, ANEHOBEIWRRLELY L
L CHERE L, DRI BT 2 /K R o 54519 7 R 22
JEA A BT, ROERVESETH S (Green and Short
2003), FETIE, TYELEZEULELZOLODPERLE L
TRZHNTEY, KEFXOFHEN R IEROBN 2O EY;
OEFEEATEIES LTV B OKFERT 2009) o

ARAE D G5 Ai R RIS D W TR A O T h B T
% SN T 22 (McMillan 1984), HARTIXAE L
FESIZ BT B0 EE K, BB, HUEEM,
T OGNS RE SN TWD (FIL S 2005; Tanaka and
Kayanne 2007; 77115 2014; #F 15 2014; K45 2019). F
7o, AYHORNMBINFECH 2EBBEEOE=5 ) » 7
A M1000I 3R A T, A dE 5 o MK EE A520084F LI €
ZIN Y TERTV D (BRBEE HARRSERAED S It >~
¥ — 2022), AMEOEMATEIX, RWE, HRIELIE, 7k
FORBERPARREY R, GERIE 2 5 B BEICD
WTEIEIZh 75> THE XN Tw5b (Bjork et al. 1997, 1999;
Terrados et al. 1999; Agawin et al. 2001; Unsworth et al. 2012;
Jiang et al. 2014; Pedersen et al. 2016; Artika et al. 2020; Che
etal. 2022), L2 L, HAEOEMFEIICET 2 A4HERE, H
WCBRBRZERICA 9 20 E WM OIRE T T & X2 <, §#
WCHomA2 SR, HEICEZ BRGORIZEIICEE S b
ARG EDOZALICOWTIE, BRGSO CRIECHES N
T\, T4, FAHEE TIIAMEREEROERPLEFTRED
BEEE=5) v 7% A4 MO0OFHHESETRE SN TEY,
BEAEWIZ L L ETEOZEO RS2 S LT 5 25,
JFEEIZOWTIEF I S Tw vy (BEE B RS
RHAEME I > 5 — 2022) o EIWNIZBIT 2 AEOAFHIE
AEERTHREICIRONT WSS, SAdbRBORE L L
THRPWEDE N LI, o TR - v v 7o — THEREERIC
BUFLEEEEORE L TCHEETHL I NG, Sl
BRIKIC BT 2 RO A F S & AMARICET 2 M 0%
HARD LN S,

R, FHOLOT V=T, BER 7 TT 7 4 VHEG
ZKPCHEL, HOMAD S HEE TOREERIBILERD
Z (photochemical efficiency) D% 4 F I v 7 2o % i
HAH T LT\ b (Kokubu et al. 2015; Terada et al. 2016,
2018)c ZDMIETIE, SeE B L RER & S Eoskit
EEAFTHIZB W CIRIEMICHETE 2 2 L oWEgET X
EHTHY, BWEREMEZ @ L CAMREZEEST L, Z &
WURETH Do ZOWEIL, KHLLEMEIT, HH%E
WL THET 2LEND L7720, EHEHOR CISHRER S
BT A EDANREED, NEroHinzyIvav s
OEBMTIEIHEISNETH - 720 S0, FEFKFKES
TR E B AR RIS L A S & VR B IS 5 EE i
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MRS 222 s, SHilcBwTy Iy ay
TORERLFENFELT HOW 25 HEE THRANE L,
HAET TONE BRI RO ZALIZ OV TH S 2T
LZERHERE LT,

A, THRBOIMFE (24.324882 N, 123.740294 E) 12
BV T20154 6 H22H I2FHE L 720 P03 EHHEE TOHiN
Z2HDOATH Y, BHITHOHF 25 OMENTFES I
Tzl b, MEIEHH Q1H) OFERTS 541
BUGEJITI (24.487331 N, 124.229827 E) CTIRELL,
ST O N FHFE B ISR L 720 BREIIFE D TIT W,
K Im 5 2mIZAEFTHEME (48) 2 M) LK
Ha e TEIEAICHRILL, RIFILFR ICHKE LT~
T AME (54 cm x 40 cm x 30 cm, #J64 1) (A L CHl
B L7 &b, KIEOMEKIE, REHLAL Y EH
T2 A ETF DR Z BT L L7z #7211 Diving-PAM
(Heinz Walz GmbH, Effeltrich) # M\, w3 a3 v 73
H0 55, KEOKIEIEN LEBONDH 72 %45 0Nt
R (PSID O FExhm 7L (AF/F,) L#H Foim
ZRFTHE L7z MEAFEIEELDO 7 V— T2 L %8
FOHIEEIZHE U 72 (Kokubu et al. 2015; Terada et al. 2016,
2018). WIEIZHOHA S HEE T (5:307519:40), BEA
1IER > 6 2 B & &SR HIERFLZ20 7 BT (BEH 1HUZD
E1 7P, LHRICOEEEGSH) $OMlEEZITo 72, WlET
I%, Diving-PAM |2 A — % — % 7Y 3 » @ Universal sample
holder (Fi4Tf60°) %A L, 2 —7 —H3ED0.8 Hz DAY
SV A (PAM OR%EL VD 8) THIE L7zo HIEH
DORBEFEEY ZoHELED Y, WA o7,
J& EAF/F,) OBRIZ O W T —BALEE £ 7V (GLM)
AL, SEMETIZIE R (4.1.2) 27 (R Core Team
2021) -

AF/F,)1%, H O HET05:31 -5:420 H] 7€ T0.741 + 0.026
(mean * standard deviation), ¥ & I @ % & 13 0 pmol
photons/m?/s 725 7= (Fig. 1)o D%, 5:5712 H 0 H
%l 2, AF/F,’136:33 - 6:400 #ll %2 T0.749 + 0.018, £ L&
L oyE1222.5 £ 2.8 ymol photons/m*/s 725 72, AF/F, &
L L oJtmiE, 8:45-8:540Dill7E T0.283 + 0.119 &£ 445.2
+ 189.8 pmol photons/m*/s & 72 V), SR OBINIZHE - T
AF/F,)5CF L7z —77, 11:17 = 11: 2708158 TIX Z 25
I M L CHZE LA ZELE %Y, AF/F, L3y Lo
I & 130.438 = 0.123 £ 350.5 = 68.2 pmol photons/m’/s &
molz. MARIRIIEE) 2o/ HEL DR L,
12:30 - 12:37®D #{l %€ T0.318 = 0.065, Jt:#629.5 = 215.5 pmol
photons/m?/s & 7% 572, Z Dk, AF/F,) L3 FoygE3,
13:29 - 13:35® | %€ T0.346 = 0.103 &£ 291.4 + 89.2 pmol
photons/m®/s, 14:26 - 14:32D 1% T0.315 = 0.056 £390.9 +
57.4 ymol photons/m’/s THERE L, 15:25 - 15:29D il 5& T
0.426 = 0.062 & 164.2 = 8.8 ymol photons/m’/s, 16:26-16:30
@ il 5E T0.386 = 0.083 & 195.7 = 20.5 pmol photons/m’/s,
17:26 - 17:31 @ {#ll %2 T 0.404 = 0.117 & 138.5 * 24.9 pmol
photons/m’/s & 72 5 72 EATISHFE A & 15K 12 Wi Ag 12
Wil L72BIRT, HELDPAZEL-72b00, ke L
TEHREOET IS TAF/FE, W 3R CmE L. 4

FNTHZEL QW E, AF/F, L3 1.oii318:25 - 18:28
DMTET0.490 + 0.124 £ 83.3 + 8.5 ymol photons/m’/s & 7x
D, HERZO19:361E%OMETIE (19:36-19:40) Tl
0.678 = 0.075, J&#1.0 = 0.0 pmol photons/m°/s & AF/F,’
SHOWEHI A NE E TR L 720 AF/F,) ERIEREOTE LY
LFoOREZAOHELDH Y, GLM (ML 2R v =
1.5372 + 0.0036x, R’ = 0.53272 572 (Fig. 2). MEH DKk
Tl D KIIZ27C A 5 28C THER L 72,
HAKOTTOY I v a s 7oERHEORKE, &
FEOIE & oY 13 R THI600 pmol photons/m*/s 2 &
7207275, AF/F) i3RI EERL, —HOHTY
AF Iy 7B ZI0E R L7z, R ONGEROLILT
WER A AR L 72, ZINFED Posidonia australis (3
2 F=7#F) % Amphibolis antarctica (R=7~<FEF}),
3 v )V E Halophila ovalis (+F 71 7 I#b), BV N TV
@ Cymodocea nodosa (X =7 < EEl), Zostera noltii (7
YER) THE STV L5, HHROREOHMIZHE,
AF/F,) Rl KT (F,/F,) MR L2 eMHsnT
W5 (Ralph et al. 1998; Silva and Santos 2003). =D X 9 7%
WEBIEEDO HELDINE L, BHHEZO D EHRZ S
ZELTEELD LNV, THROBERTTTARRIS
HELTWAE Z s, T TOEMERZGHE % [l
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Fig. 1. The diurnal variation in the effective quantum yield
(A) of Enhalus acoroides from Okinawa, Japan and the in situ
photosynthetically active radiation (B) time-series. Observations
were taken on June 22, 2015.
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TAHI2ODIEE LIEE XN S (Ralph et al. 1998; Terada et
al. 2016, 2018), —f%I2, G ANV F—AEEBICHH S
LB, —EAEEes e LTSN s 2 e e T
W2, BRIGEMT T, S0 LRSI N5 082 %
Z X o TAF/E,) DS 3 5 L3012, @R % e h L F—
PORSISETOLEFLZDIC, BT ANVF—2#E LTl
B3 230 74V A 7 VIS K280 Eb 2 52 &
M, BT 589 2 — % —Td 5 It
(Non-photochemical quenching, NPQ) 72sH4hN4 5. Ahf5e
TIE NPQ ZHIEL TV ARWZ &5, HiomeEE I
BWTNPQ LD LT 2 0FIEIRETE T Aaw
23, NPQ PAF/F,) L B#§ 5554, BTt NPQ 2%
BFIZHNT 2R E X b b, SHRITELEA ML R
ZMFTFCONPQ DISHEE Y I a7 THOHL,ICT L2
EhROSEND,

AEIGEBIZBWT, AEITKEN 1m 25 2m P
I MSL i) 1ZEFLTHY, NELBEEICETT M0
WEF LD B ARER AN 1 m W & ST 5% (Tanaka
and Kayanne 2007) . 4 [ 5E (X K AL O B o AKfE 12
FERE L CHlE L2720, F 2K T OMRECRIE L7275,
TEENTEAK L THE L7256 138 1 m OFmEDs 4 U
LiEgE D (20154E6122H, AHEE @ i10:19THEIfL
247 cm, Ti#14:327T180 cm, 16:58T144 cm; KAT 2015) 0
AHENIEE OB TEHAKTOEFTHEETOME B L
7ehs, WKL CHEBENOEEO AR Z M L6, M
PRFOREHIIFEIRKETLE m BELEE SN L0,
AF/F, (AR OM PR OfE L ) L@ THER L -1 5
PR RIS 7z,

—77, AMEIENEILGES O MEEO T CAFRER R
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Fig. 2. The relationship between effective quantum yield of
Enhalus acoroides and in situ photosynthetically active radiation
(PAR). The dots indicate individual observations, the solid line
indicates the expected value of a linear regression, and the
shaded region indicates the 95% confidence interval of the linear
regression. The adjusted Rzadj of the model is also provided for fit.

LENL OO, FELDENZ ENS, KMlOT I3y
MPHHEIET LT b a0 (R - HH 2020), FREIZ
DG & W DEBRBIC 2 5 S AR S ND, I
DRUZDWTIE, HEREFRARHIFEIZ SCUBA % v Tk
W2 & B NERBEEO HE L2 i TR T 2 L2 H 5 &
EZbo LhL, EHEOLDOZ V= TPHRE L T EHED
RUFUSEEE (BIRBEOY VX Sargassum fusiforme
Y Y~y ET S patens, X b F LEED S meclurei R
S. oligocystum) DAF/F,’ D HZALIL, Tiiod b6 7TD
HHAUWAF/F,)DPMET 32 HZELZ /R L TWwWa T b, T
W & BRIBEAS L > THEL D DB ELY b,
H O RECOMEOFREZEAIC & 2w 02 LoD
THREWZ EHRIESNS (Kokubu et al. 2015; Terada et
al. 2016, 2018) .

F72, ZOHPOAF/F,)OKRTIL, 2 X - TAF/F, O
AR LZEBHENT VD, EITICAETT LI FX
Nk F LS. meclurei X2 S. oligocystum OAF/F,’ %, HHT
OSHIHR EE S ND 2 ED SN TS (Kokubu et
al. 2015; Terada et al. 2016). —J7, #EGICEFTT LYY
RYEZIE, v a7 EEBRICOSFIHZE TIRTT A
S, BEBEKREIC L o THGITH§ 2 8% LPED % 7%
DA REME D RIE S 7z (Terada et al. 2018), F 72, Ak
IIVEED Z. noltii TIZIEWE 5347 0 LR & FIROMERT F,/F,
DIRTOREDP R, L LHESNTH Y (Silva and Santos
2003), HXOEWY I a v TOREEIEGD FIETHE
THABIGEEDORERISE b 22 5 WREMEIRIE SN,
GRRIE, EFRERLEL O &L R 7OLEBEEO A
ILDOWEEPLELEEZ D,

g, RAEREEOHRK LS LOBIE L, HAKIZ
L BWEATY R, RO OKIEANTDAF/F,
EEOWEEIT> 720 LA L, PHERETOKPHEIL,
SHO L) BFEROSATO L) RS TRVWAE ) 5
LWZenb, ZoL) RERPELNZ EEERITAE
HELRODEER L, i, GQEETIEY IV 3y THE
DFLRRAEFTARFHE SN T0EL, FEIZOW T+
SFICEHEN TV (REEARRERADZHREL
5 — 2022), AHEHEFEIL, NEILFHESOMEMAERRIIBITS
T HERAER L LTI L TB Y, KERIRORNY
R EWI A I ETRPE LRV TH L, 414D,
AEOEFICE B EFREZ WO »ICT 572010, £H
EREICET AW 2T 5 2 Lk 6N 5, kI,
FAEICEE L T TR % W 72720 72 Rl K 7K e 25 350 b ) Fof
B REALOMREICHE L ET 5. RUZEIE, SHEES
DL DA O 72D I § 2 AR LD —ETH D,
FTRTCOFEZDRBEIHBONTNDLZ L 2T %,
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