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Fig.7
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Schematic of water motion on a flat plate under unidirectional flow based on Hurd
(2000). U is a vertical profile of streamwise velocity.

Schematic of water motion around submerged canopy edge under unidirectional
flow based on Chen et al. (2003). U is the vertical profile of streamwise velocity; x
is streamwise coordinate and canopy edge is defined as x = 0; 4 is canopy height;
H is water depth; § is distance that the canopy-scale vortices penetrate into the
canopy; X p is the length of the initial adjustment; .S, is the nearest-neighbor stem
spacing; d is the stem diameter..

The conceptual framework for transitional regimes about a relationship between
physiological response rate of macroalgae and water velocity (I-IV) based on Pujol

et al. (2019) and Nishihara et al. (2006). R, is maximum physiological response

max
rate. (a) a saturated line indicates response on a scale of thallus surface. (b) a uni-
modal line indicates our hypothesis that the physiological response rate is inhibited
under high water velocity by canopy deformation. .

Schematic of the experimental setup. .

The image on (A) the top is the free seaweed, while the image on (B) the bottom
shows the fixed seaweed. In the free seaweed, the seaweed deformation was deter-
mined by the change in angle () indicated by the black lines.

The change in angle (ARadians) with respect to approaching flow velocities. The
model lines indicate the expected value of the model. The shaded regions indicate
the 95% highest density interval of the model.

The response of the gross photosynthesis rate to upstream flow velocity on each
(A) control section, (B) fix section and (C) free section. The linear lines indicate
the expected value of the Bayesian generalized linear model. The shaded regions

indicate the 95% highest density interval of the model.
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The response of the dark respiration rate to upstream flow velocity on each (A)
control section, (B) fix section and (C) free section. The linear lines indicate the ex-
pected value of the Bayesian generalized linear model. The shaded regions indicate
the 95% highest density interval of the model.

The response of the NO; uptake rate to upstream flow velocity on each (A) control
section, (B) fix section and (C) free section. The linear lines indicate the expected
value of the Bayesian generalized linear model. The shaded regions indicate the
95% highest density interval of the model.

The response of the POi_ rate to upstream flow velocity on each (A) control section,
(B) fix section and (C) free section. The linearlines indicate the expected value of the
Bayesian generalized linear model. The shaded regions indicate the 95% highest
density interval of the model.

Plan view of the working section of the flow chamber. The spacing (.S) of the sea-
weeds are set at 4, 6, and 8 cm. .

Schematic of the canopy when (a) canopy stand upright or (b) collapse by water
flow. S, is nearest-neighbor stem spacing at the water at rest; 6 is an angle of
between canopy elements and flow chamber bottom; .S, 4 is nearest-neighbor stem
spacing when the angle is 6. .

The streamwise water velocity (z) above the canopy (z = 16 cm), at top of the
canopy (z = h) and within the canopy (z = 6 cm) at three canopy densities down-
stream from the leading edge. Values above these figures indicate upstream water
velocity treatment (cm s™)

The vertical water velocity (w) above the canopy (z = 16 cm), at top of the canopy
(z = h) and within the canopy (z = 6 cm) at three canopy densities downstream
from the leading edge. Values above these figures indicate upstream water velocity

treatment (cm s'l) .
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Fig. 22

Mean water velocity (V) slowly increases with upstream water velocity (u) above
the canopy (x = 13 and 43 cm, z = 16 cm), at top of the canopy (x = 13 and 43 cm,
z = h) and within the canopy (x = 13 and 43 cm, z = 6 cm) for three canopy densities.
The bars indicate standard error.

Mean turbulent kinetic energy (TKE) slowly increases with upstream water velocity
(1) above the canopy (x = 13 and 43 cm, z = 16 cm), at top of the canopy (x = 13 and
43 cm, z = h) and within the canopy (x = 13 and 43 cm, z = 6 cm) for three canopy
densities. The bars indicate standard error. .

Mean turbulence intensity (TI) increases with upstream water velocity (u) above
the canopy (x = 13 and 43 cm, z = 16 cm), at top of the canopy (x = 13 and 43 cm,
z = h) and within the canopy (x =13 and 43 cm, z = 6 cm) for three canopy densities.
The bars indicate standard error.

Rate of change of canopy area with upstream water velocity (1) for three canopy
densities. .

Angle between canopy elements and flow chamber bottom at canopy edge with
upstream water velocity (u) for three canopy densities.

Length of the initial adjustment (X ) with upstream water velocity () for three
canopy densities.

The response of the gross photosynthesis rate to upstream water velocity («) for
three canopy densities. The line and shaded region indicate the expected value
and 95% high density interval for Eqn. 21.

The response of the dark respiration rate to upstream water velocity () for for three
canopy densities. The line and shaded region indicate the expected value and 95%

high density interval for Eqn. 21.
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Abstract

Macroalgae are the main primary producers in coastal areas. Here, water motion changes drasti-
cally and is an important physical factor controlling the transport of dissolved inorganic carbon,
dissolved oxygen, and nutrients. These solutes are transferred to and from the bulk seawater and
the macroalgae surface, where they are absorbed or released. Increasing water velocity enhances
mass transfer, which increases physiological responses (e.g. photosynthesis, respiration, and nu-
trient uptake). However, macroalgae have various forms, and the canopy potentially affects mass
transport processes between the macroalgae and the surrounding seawater. Increasing water ve-
locities can cause the fronds to collapse into a more streamlined shape. Such deformation makes
it difficult for seawater to flow through the fronds and can decrease mass transfer rates. I exam-
ined the effect of canopy deformation on its physiological response in a recirculating flume by

simulating various macroalgal canopy densities.

At the individual scale, I evaluated the effect of water velocities gradients on seaweed deforma-
tion, gross photosynthesis rate, dark respiration rate, and nutrient uptake rate. Sargassum mi-
cracanthum was used for this experiment. Specimens were either allowed to deform (free-form)
or were prevented from deforming (fixed-form). Flow velocities were set to 6 levels (2 — 38 cm
sT). My study shows that, for the free-form seaweed, gross photosynthesis rate, dark respiration
rate, and nutrient uptake rate tended to decrease with increasing water velocity. However, for the
fixed-form seaweed, an opposite trend was observed. As the free-form seaweed deformed with
increasing water velocity, it changed into a shape similar to that of the fixed-form seaweed. This
result suggests that seaweed deformation altered the flow patterns of water through the seaweed

fronds, and could affect gross photosynthesis, dark respiration, and nutrient uptake rates.

At the canopy scale, I measured the spatial distribution of water velocity around and in a Sargas-
sum siliquastrum canopy (length: 55 — 57 cm, width: 24 cm, height: 13 cm) and examined its
impact on photosynthesis and dark respiration in a recirculating flume. We examined eight water

velocities ranging from 0.6 to 40 cm s and three canopy densities. The gross photosynthesis rate



and the dark respiration rate of the canopy increased as water velocity increased. However, the
gross photosynthesis rates began to decrease beyond 9 cm s}, whereas the dark respiration rates
began to decrease beyond 4 cm st Canopy density did not influence either of the rates. As wa-
ter velocity increased, the canopy began to bend with the flow and collapse. Water velocity and
turbulence increased within the canopy with increasing upstream water velocity. This could not
explain the decrease in gross photosynthesis and dark respiration but the estimated hydrodynamic
index (e.g. canopy drag length scale and length of the initial flow adjustment) indicated that water
exchange within the canopy decreased due to canopy deformation. Therefore, I conclude that in-
creasing water velocities led to a collapse of the canopy, which inhibited water exchange between
the canopy exterior and interior, and further led to the decline in physiological performance at

high water velocities.

Previous studies relating to the effect of canopy deformation on physiological responses do not
exist except for a few studies at individual scales. For the first time, I experimentally reveal that
canopy deformation decreases the physiological response of macroalgae, which is important to
understanding the mechanism of the relationship between water motion and the biology and dis-

tribution of macroalgae.
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MerEIn, * v/ ©—0ipKEfzGl#s 2 ZHD—>TH 5 (Nepf 2012).

Fy /- EHICHELZBABIELS X ¥ ) E—NICRBAT 2SI E > T, Mk
Z{t3 % (Nepf2012). EAWIBDOF ¥ / U —~ADRADEEX, Fx¥ / V- IOoEX A7
—J (e, 6 = (Cpa)~!, 6 IZBAWIEDX v/ ¥'—~"DREADHEZ Z/RT, Nepf et al. (2007))
WEoTEREINS. —F, BAWBE LD THTE, TAMRA, —LoOELIRE HIRL T
IRZEAN DB G/ NEZ VAT LA T — VOELRDFEET 5 (Nepf 2012). AT LA — )LD
BLIRIE, F v/ E—OMRER BIZX, %, B, BIOAETHERK OB - Tl
I INZ. RT LA —LOEROKE X%, HMNEROER (@) & ERERE O RHE
(S,) DH, X H/NXWHICHITEHI XS (Nepf 2012). ZHHBAM RS —L 8 25 L AT —)L



DERDOFEENE, F ¥/ C—EEICEELZT 5. BAEMNCE, ¥y / V—%E2RT ah
M, ah << 0.1 O (REE), F v/ C—HNC L 3HEDOHEIZNE L, FICATLRT
—VOELRHIENT 5. ah ~ 0.1 DI, BAMRA 7 —VOEIRDFEEL, F v/ E—2F0
KRR E S FET 5. ah >> 0.1 O (GHEE), TAMRA S —LOELRIZF ¥/ B —
WIZIRER S, AT LR — LV OERPERT 5. [T, F ¥/ ¥ — DIIE T R DiEK IR
X, ah & Cp DFE(Cpah) D03 LA LD &, 27 A RT —LOELIFRICHE S KIFL, Cpah
DI & HIT/NE K 725 (Nepfetal. 2007). T HIZ, Fv¥ /  P—EENGVWEZXTLRYT
—LOERDORZ XX, ¥/ E—DOMNERDOER L ZDORFEO @/S,) 1 X - THili
SN, dIS, <1 DEEd/S, DI (0% b, BREDHERDED) & HITEIIZIEM T % 53,

d/S, > 1 DX d/S, & FHIZELITRIZIRD % (Nepf 2012).

TDEIIZ, Fr/ E—NOWKZIRL, Fv /- EEICHEET 2 8AMR 7 — LD
MORE, ¥v/ E—OWMRERDORIMICEIDFEET 2 RAT7 LR —VOELR, BXIUF
¥/ E—NE@EIBIMICHEIND. F ¥/ E—HNOWKRHEIL, v / ¥ —%E (Luhar et
al. 2008; Lacy & Wyllie-Echeverria 2011) {ZH12 T, #EZE DR (Rosman et al. 2010; Kubrak
et al. 2015), ZHKF: (Folkard 2005; Hendriks et al. 2010; Luhar & Nepf 2011; Kubrak et al. 2015) IZ

HEERT 5.

X v V-G, WRERIKIGNCEEDE) { 2 ¥ TZ{L$ % (Carrington 1990;
Gaylord et al. 1994; Lacy & Wyllie-Echeverria 2011; Luhar & Nepf2011). 2D X5 R F ¥ / ¥ —
DIBIRZEAIZ, BIROIMUIZIR S X 5 12KiitZ2 2L &8 % (Lacy & Wyllie-Echeverria 2011;
Abdolahpour et al. 2018). Z D/KIRDZEALIE, Fx /7 B —2AKIZHh 0 2511 % /M L (Gaylord
et al. 1994; Boller & Carrington 2006), 7K{fitH> 5521} 2 AR\ DAY R BEZEH L TW\W5
LHEZHND. —HT, Fv/ E—OREME, MEERHOMREZNEL, Fv/
Y —MNDOTEDIERE % B3 5 AJREMEDIH % (Anderson & Charters 1982). Hizb L7z & 512,
MRCELZM OMBOBANEIR T L X7 — LV OELIRD K = X 23 % (Tanino & Nepf 2008;
Nepf2012). ZD7=, F ¥/ ¥—DFIRE(IC & - T, YWEEESINE X2 EEMENH
5. MMZT, ¥~/ v—0RRELIZECHREZEZ®EILL, ¥v/ E—HNONXBEEZRD S
% (Hay 1981; Koehl et al. 2008). L 7=%5-> T, AEHZIINEZF v/ ¥—DBIREB{L1FHE
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T @mE T ICBWT, WEHERX L RO L o TRIECHIRE N2 T2 H 2

(Stewart & Carpenter 2003; Ho & Carpenter 2017).

Fy ) E—RT—NMIZBITEKRE F v/ E—DAMISEICET 28T 28T WL D
DPIESINTVS. B, BEZEIDEREIIZF v/ E—07 V&= 7 RMHEOWRIL
X, PiE & HIHEAN L 72 (Thomas et al. 2000; Cornelisen & Thomas 2004, 2006; Rosman et
al. 2010). £7z, 7V E=7 DE@AENOWEERIE, ¥ v/ - OWHIHEDE NI X -
TZEALT % Z ¥ /R X7z (Cornelisen & Thomas 2009). X 512, F v / ¥ —HEIC X 52
MR MBI OZENC & b, AFINE & ZBICE T 2. I, HERETTE, M
pyrifera IC X DM ENE ¥ ¥ / E—ICBVWT, Fv /=oAL b @nitEicExh s
¥y /E—0OWT, AREE L EEZEHREDE < 72 o 72 (Stephens & Hepburn 2014). B
THEY) Caulerpa prolifera (Forsskal) JV.Lamouroux ¥ Cymodocea nodosa (Ucria) Ascherson IZ &
STHENEF ¥ /=T, ¥/ C—ANOREDOHRLL, 7 V=7 PIGHE DN
JEL TV AT DBIE X7z (Morris et al. 2013). 7KEE % F W72 5EBRTlE, C nodosa B XU
Zostera noltii D ¥ ¥ / E—HNOTE L 7 > €= 7 WIGHEE D22/ 531 1 [F gk 2 R Lz
(Morris et al. 2008). 245 OFERIE, F v/ ©—OAMWCELEFET 27-D121%, Fx /
Y — ORI kE L KIROM BEAFRDEETH 5 Z L 2R LTV 5.

NS DRATHIZETIE, HMAIRE RO a Y TREE-CHEEN 7RI X > THEK
ENSFr V- ICHTAMARRBESN, BRETEF Y/ V—OBIREIC X 24
PG D NN B X AL TW 2 W (Thomas et al. 2000; Cornelisen & Thomas 2002; Thomas &
Cornelisen 2003; Cornelisen & Thomas 2004, 2006; Morris et al. 2008; Cornelisen & Thomas 2009;
Morris et al. 2013; Weitzman et al. 2013). L2 L7245, HiffiCfitii/z X 51, nliEz=H 3
LEARTIE, TBIRZEIC & o THBISE G S 2 AJREMEDY S D (Stewart & Carpenter
2003; Kregting et al. 2011), RSS2 R DOBIA TS N v/ E— T3, TBIRZE
fLiC & - THAR ORI/ NI 72D, RT AR =L OELIRPH X 2 AIREMD B 5.

1.5 AW ORI & FRORER
FATHIZE T, IO 3 2 AL EE, F—2aBiis e w5 REPIRERESH

T\ % (Nishihara & Ackerman 2006; Pujol et al. 2019). Pujol et al. (2019) I&, IREHTFx ¥ /&

—Z U B AEMRHE (Vv T, iR, BE) ZXRIC, REETINGEE & iE O BRI
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TEIHREZ LD, 220005 DMRICET 2 B HAZIRRE L7 (Fig. 3). 20
PEHATIX, F ¥/ -0 2 TN 3 2 REERIGHE 2, AKFED & S iftsic
DI TIDS VD 4DDEFEICHTT THHL TV 1T, REERIGEEETEOZA{L
WXL THBURICKIE L, ERBEFRTH 2. 2oL &, RIGHE I ERXSIRe 720, kid
TR U 7 BRI ISP S N B IR B O JE S ITRF T 5. 11 Tid, WIPGEEE I
DZEALIH L THIRTH D, F v/ ©— DBIER R KEREIINGET) 2 Y E a3 £l 5,
BLIEHDE->TWRIRETH S, IV TIE, SRS K 2R L RICKD,
ROFREK, FALHIR WAL D, BIPGRENAHE SN TWSIRETH 5. BIGERE
TT, ZOBRMTxYy /E—DFBIIREETH 2 e FHIZNS. MTIX, T05 IVADRKE
TZ RS, L L s, B R CETE TICB W TRERIIGEE A X 15 11 o
FAE % 7 L 72 HI R 7R W (Pujol et al. 2019).

ABFFETIE, Pujoletal. (2019) D3RR L 72HHHAICINZ T, F v /2 ¥ —OIRZE L4 HERY
INEREZIHIL, ME5IEBIITERNE RS L 2RETS. LR TmltitLoic, ©
K- ¥y /) =R — BT 2AHIIGE L TREDBRZIRRZMIED L < A3, iy
BRI 2 Foa v TRIRPBERFEY 2R R LTED, v/ P—0BREMLE
BRI EICRIZ TRHEBINE o AIREN D 2. 2 2T, AW TIEIZHOME, Hx
Fib5, v /-2 T 2R XV SR OMREE MR, REEDMALZ A 7.

AR EAETHERINTED, AREFFE1ETHS. F2ETE, K7 —zBWT,
R X7 IR OO TGIRZC A B IOE 2 il § 2 2 MGEE L 7z, 2 0k, TR ZEE
U723 A Y [ L CWRWERRE LT 2 2 v T, BIREC X 2B/ %, BERECHIBIS
5 BB KT, HIFETIE, BFKENICEY XY IR OMEZVWTF v/ E—
EREL, ¥v /-7 —iZBWT, BTN 2 EMLE 2Rz E 512, Fs
DEDF ¥ ) E—~DOYWHEEKRICE X 2B LFTMT 5729, ¥/ E—HNOKIRHE
HL 7. B AETIE, EBRTAMEERICEEZ KT TAREED H 2 EHITOWTER
L 7.
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% 2% AR 7 — )L OLETHIIRE L Tk o BIfR

H S - KiE=E— - SFHE K + Nishihara, G. N. 2020. b 7€ 2 Sargassum micracanthum

(Kiitzing) Endlicher OFZIRZALYEE BOHIE & SREIFIIGEE 12 BT 372, 1. 68: 1-8.

RETIE, AR =B W TIRIREL A IR G ZE 2 M5 2 2 BGEES 5 729,
BRI D TR e 22O FRD &7 U7k X CHIROEZ D » 7€ 2 Sargassum
micracanthum (Kiitzing) Endlicher GiiJ1] 1977) Z W TEEZ1To 7. M E21E, WEwiEB
B EGHEBED 1O TH D, MWL) ORVERE FTEBE T2 2 e REINT
W3 (KEF 5 1990). Z D7z, BUGIRE T TlKOFAIC X D IBIRZL T 2 BE D W
EHERIL, REBICHEL TWSEEZ .

AR R r — N DEIRDTIREAIC X 2 %5 U /- WF581X, Stewart & Carpenter (2003) &
Ho & Carpenter (2017) IZRR&HN5. £z, S5 TIEBIADOIARZEL & BN EEE D
BAZRRICBE LI %D, WHEITEREMC L 2HETH 2 0I3MAETE T
WRW., Z I TAETIE, JPRZEE LA L UTOWRWERED TR 3 2 A BRI
BB L, BIRECH A E I RIE SR8 % 3 L 7.

2.1 MRk
IR

SRR RNCIE, 2018 4F 12 A 2 HICRIGIR K BEAE N (129.761624 °N, 33.021114 °E) T
BHR L NP7 2 AW BBILZ P E 20X, BiktEoANy 212 AR, 185872 IREE
ZHERE L DY H e IR B ICF bR o /2. SRIL 72 M 7 E 27 D2 RIZ 60 — 70 cm 2T
BHote. T, BH»OMULZBAROFREZAL, BEXREERBITEREI ATV HIRE
NT, BAEOET?HDEE 23 20cm &85 K5I HiR /2. DB, BikzEE»S 1
EAENSH LT, ERICIRbE 2 X5 IEREAD LICE S, HE 5 20 cm ONZE T
ZUMT L7 I, BRI ICBEESKECRLR LRV E S, BRI LWL O2RE
T3 Z LTI L. BIE U2 EIARE, WK IR LK CORIS U 7. EERBALARTIC,
WA BT 2P AIR TR X 172 < 72 2 FTIGEHIKE VT T e8I 3E L 7.

KBREEBE
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FEITIE, B 10.0 cm O E = VETIER L 2 BEIFKAE (AR 16510 & 3 EMHA L7
(Fig. 4). EIT/KAE O AR ERICIZBERZIBE = AV EZ2EHA L. 2hs oKz
500 L B8 5 A PIKEENICERE L7z, HIFIZIELED 74 + (N ARy IANL T4 R
v2, HEITEMASH) 2L, V74 bR EENCERE L . Z2hzhoEi
IKRE DR E NI SN NHEDIF L RD X512, BKE LED 74 » ORLE %
EIL, VT4 MKEREREIERETE - 7. IRk 165 L T, [EIRKMEZ - L 7.

KFE, 7R EED G R (Nz-10008, HEHELEMRA S TRE X R
Hix, a7 OER L HIPEORIESHEIC X - THIEE L 2. BN, BRI RLK % 35
Ho7aR7 (Eff4cm, 6cm, 8cm) Z &, [EHRHE % 0-800 rpm DT 100 rpm X Y]

TELEH, BEWF v 7 F —FH#E (Vectrino plus, Nortek) % W CTHOEZBIE L7z, =
NODWMET =& 06, F£7uRTIIBT 2T L [mfinEEOEREFEREEH L. 5
o ERRERRE VT, EEBRFO BTN O FE 2 #EE L 7.

IR AN, VAT RIRE v R (NO;, PO))) DRFRAIF -4 %2820,
A&+ > ¥ — (YSI Pro ODO, Xylem,Inc) & F/KHDF 2 — 72 FHE L 7-.

KB

BRDOIRZA DR B Z T 2 720, W i X FHHEIC X o THIRPZ(L T 2 ik e,
Mz&Z T 5 2 & TIRARDENE S N7z k2 AWz (Fig. 5). 3 O RITKIEL, Zhzh
FARDZA T 2 10k % 3B L 7= Free [X (free-form) , FEIRAIEE & M7= 1Ak % % B L 7= Fix
X (fixed-form) , A% 3% E L7220 7= Control X & U 7=, BAKIZ R/ O EARR B E I
A CEE U 7z (Fig. 4).

FERBAARERTIC, IAFIEROBAIMER < 72912, BIFUKERNOWEKE ERT 2 TRAL,
VALFIE RIS % (X F X ¥/ (Stewart & Carpenter 2003). #1Z, NOj #/£75 30 umol L, PO;~
JBEEAY 2 umol L & 722 K SR E R IR U 7. FEERIFRENEREHA 2 RERE, PAMA 2 Ref o Et
4 e L, ZKIRE T 20 + 1°C, BHHAOYEE I 100 umol photons m? s & U7z, K&,
BTt ¥ — (LI-193SA, LI-COR, Inc.) % FAW T, [BIF/KIE O FEIHE Ik % 7z L 72 IRfE

THIE L7z, FiElE 6 5214 (0.018, 0.084, 0.127, 0.150, 0.252, 0.381 m s™) ¥ L 7=. [AIF/KFEA D

14



IEEMEKE, TS (S X OB O 4 ) & L 2L 72 BRI, PSSR
B2 EGEICL AR T, ERX I CTRICHEEZEDELEMALZ.

FEBE D FARZE AL D

BARDTIRZ, RO R O f# B D2V % F W CEHfi L 7. SR T2, Bk
REEORET D HUFEDOBEE %2R D, Image] N— 2 3 > 1.51 (Schneider et al. 2012) %
W I D A FE (radians) 2 & H L7z (Fig. 5). IR O DAL & (ARadians) 1F, JiiH
0ms" IZBIFBAE 9, 2 SEEOTCHICB I 2 AL 0, Z51\WTHEH L7 Eqn. ).

ARadians = 0, — 0, 4

BEREARES X URBBERE OHE

TBFIRR RIS Z 212 1 2 RIFT 2 RERANE U 7. i icix, EBREAR 2 HE R L
LT 30 732 HBHEATIX 80 0%, WEHITIZ 100 02 TOBRTFIRARRE 7 — X 2H L
7= (BAHH: n =50, B HA: n = 70) . SEEIEIEE X, BAROFRMESM Z L ICEBREBR B X O 30
5%, 1, 2, 3, 4RI CHIE Lz ATCIE, 1 RE®‘D> S 4 REZROG 4 SR HF L
7o REEEE ORE I T 2K > I, BFKECEE L Z2F2—7 200, ¥
) VTG LTI L 7= B o=k > FidfliR 045 um DA > 7L > 7 4 L&
— (Millex-HA Filter Unit, Merck Millipore Ltd.) TAi L, Hi %175 % T-80°C THHIRETE L
o RERIEE N0y, POy DN, WAKY > IR L Lk, HEREENERE
(AACS4, BL TEC) % FH\\T4T - 7= (Parsons et al. 1984). 7235, Free X D{fi# 0.381 m s DI
BV, FEERBLAD 5 3K O Noy BEICa Y X I — 3 YosEd Sz, NO;
WUSGEE D ANIZH WD 0 7. Z D72, Free XYL 0.381 ms™ DFRMAFTI, NOJ &
IR T FHEERBARR 3 £ O 30 1%, 1, 2IFRIRD NOJ IREF — X 2 VTR L 7.

RT3

FTARTOMBNIIFHEHENTY 7 + Rversion 3.5.2 (R Core Team 2018) % FHWT{T o 7=. A D
RZAL L T DBERIE, BAEDOEIRZEIIZ BRI H 2 e #HEHI L, JEREE TV (Eqn. 5)
PHWTRL .
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0,

(5)
1 +exp (=06, (U - 63))

ARadians = 6, +

0o XY, 0, 13K LD EIREE YT/ 07, 0, 1I3ZLDIEE %R 3 RE, 0, 1% ARadians
DY FRMEOHHEIETS 2 & Z0EZRT. ETANDHTEDII, HEY 7 RO

brms < v & — 3 version 2.8.0 (Stan Development Team 2018) % FH\W T, NA XJKIZTIT - 7.

RSP (R) , FOEEROERE (NP) 38 X IREIERIIGHE (V) 13, IAFEEREE D L OKE
BRIREORRYI T — 2B MEETNVICH TUED, ZOMEELSHHE Lz Hig, FEBRP oK
BOEH 20+ 1°0 WX 2HER/ NI T30, 7L =7 DR (Eqn. 6) (Yvon-Durocher
etal. 2012) Z F\WT, HEHEKIR 20°0) ITHRHEL L 7=

E, 1 1
r=r20eXp ? K_zo_z (6)

rAIHEE SNTEE (R, NB V), 1y IFEEHEKIE 20°0) ICHRE(L X 7, E, 13TE ML+
JL ¥ — (0.65 eV) (Yvon-Durocher et al. 2012), « {¥HR/L Y < > EH (8.617x105eVK-1), K &
Koo W EBR DK & HAEKIBOKHREE (kelvin) 2 £ 3. B2, BEPERGERE ¥ HEE BGH
Eraitl, BOUEHGEE Gp) ZHE L.

TE (U) & EBRIX (T) DL X N7 IEEGR S, #8EaRORE, REEIGEREANS X 5
WERPFMT 2720, 5o/ T —XERA TR TBRALEE T VY TEH 72 Eqn.
7, y={R,GP,V},c i IH). HTIIHITIE, WY 7 F R D rstanarm 8w 77—

version 2.18.2 (Stan Development Team 2018) % FH\W T, XA XJKIZTIT - 7.

y=U+T+UXT+o N

2.2 FER
BREOREC R T RO E

Free XIZBIT 3 7 &7 ORI O AEDZEA (ARadians) 1Z, & FIEML, SWiK
HECHIMIS 2 EH\ % 7R L 7= (Fig. 6). &7 /L (Eqn. 5) 7 & #EE X 417- ARadians O HARFELZ,
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T 0.219 m s™ [0.177-0.255, 95% Highest density interval (HDI) ] T b L S &L L, TiHE
0.219 m st 22 SN 21 ONTELDFER AT 72 - 7= (Fig. 6, Table 1). ¥, Fix XIZE1F 5]
FRoMmEE, 2z iEe T2tE 3, ARadians 147 TH o7z,

ROEEBURE ¥ R RIS R OB

BB RO, b E 2% ALLL W Control XTI DM U THEE R Z(iX

oNT, MFEZEMTEELCHRE L Fix RTI3EMEmZRL, MrE72EER
FICERIE L7z Free X CIEJRAMEM % 7R L 7= (Fig. 7, Table 2). NA XJEKIC X D H#fEE I /= F
BAOMZLERT 2 L, MBS 2EEREEDIH XX, Free X X D & Fix KDTH
96.73% (Odds: 29.581) DHEZRTEWWMEZ 7R L 7z (Table 3). WEIEILIH 1A A BORE & FIAk
12, Control X TIEFEDIEININ L THELRZZR 50T, Fix KTEEMEMZRL,
Free X CI3IBAMEA % 7R U 7z (Fig. 8, Table 2). T3 2 BEIFGHEE OH =13, Free X &

D & Fix XD FTH 99.43% (0dds: 174.439) DIERTEWE % 1R L 7= (Table 3).

TR S B YA BOEE DY, Control [X T 0.018 ug mingl  (-0.745-0.706, 95% HDI) ,
Fix [X T 3.366 uyg min™'g ! (2.657-4.106, 95% HDI) , Free [X T 8.617 ugmin g, (7.889-9.356, 95%
HDI) %7K L 7z (Table 2). #1032 BEMEGHE O Y] 71%, Control [XT-0.022 ug min"gL,
(-0.279-0.234, 95% HDI) , Fix [XT 1.242 ug min™ g, (0.991-1.506, 95% HDI), Free [X T 1.488
ug min™gy  (1.220-1.747, 95% HDI) % 71 L 7z (Table 2). Control X T, YIF IIMNAEBEE,

IR S 0 1S WMEE 7R L 72, Fix X & Free XOYIFIE, MY BCHETIE 2 500 E
DAV SN0, BEHIGEE TIdWEZ R L 7.

NO; IRISGHEE & PO~ MINEE I KIE S FE O E

NO; WRIGHAELX, Control X CIAFUEDIAMIN U THE L LIRS0, Fix XT3
IfEIE 2R L, Free IXCEIAMEA 2 7R L 7z (Fig. 9, Table 4). HH# 03 % NO3 WRIGHEZ D
= 1%, Free X & D b Fix XD J725 96.47% (Odds: 27.329) DFEIRTEWME% 7R L 72 (Table 5).
PO}~ WRUGHE X, Control X ¥ Free K CTIIFH DN L THERZ(LIER 5N F, Fix
(X CIEBI MG 7R L7z (Fig. 10, Table 4). Fi#ICH 3 % PO~ WIGHE DIE =13, Free X &

D & Fix XD I DS 83.04% (0dds: 4.896) DIEZRTEWEZ R L 7= (Table 5).

17



H#Iz 03 % Nog WRITGHEEE D YIFi, Control [X T 0.05 umol h™' gy, (-0.068-0.174, 95% HDI)
, Fix [XT 0.289 umol h™g;!  (0.163-0.404, 95% HDI), Free [X T 0.388 umol h™g;} (0.267-0.505,
95% HDI) % /) L 7z (Table 4). #1243 % PO}~ WRIGHEE D Y] /71X, Control X T-0.001
umol h'lgl ~(-0.009-0.01, 95% HDI), Fix [X T 0.042 umol h™g]}  (0.032-0.051, 95% HDI), Free
[X-C 0.05 ymol h™ g}, (0.041-0.06, 95% HDI) % /R L 7z (Table 4). Control XTI, YIfiid NO; I
IGEEE, PO)~ WRIGHEEERZ 0 13TV %R L 72, Fix X & Free KDY, Noj BIGHLE,
PO~ WRUGH I B 7B W I R S s o 7.

2.3 BE

TR E BOREE, REFIGRE S & O No WIPGRE L, Fix X CEFGE DI HEVEML,
Free X CTIXIBA 3 2 27K L o, M EERX O A O WIS T & - 72, Fix X
DIEIERNE, B DDA R Y X7 TR OB L L TAh RV a v TR OBk
ROEL % F W 7238 2 DBFSE (Wheeler 1980; Parker 1981; Hurd et al. 1996; Larned & Atkinson
1997) LML T/, Fix KOBKR, FICHTHEMIN TV S 7D, KidEEonmihe
ADIZL L, AMIIETRN T WS, 2 D7®, #EDIS L RIS, FUROEIN e iR
EANOYHEMHGREIEIL, #CEHOERE, BILEE S L O Ny PUGEE N L 72 &
HEHIX 5. —77, Free XTI, WEHDBINEY, FAUCHFEAEE X AUAIEL R O BRE S
INE L T2 &S ITEIRDZEIL LTz, Z D7z, Free RICB T 2 HIE R, BEIFILHE
B & O NO; WIPGRE DB AN, BADIRZIC I D SIS I SN e Z2RKLT
W3,

BARDIZING, PERCEA B QKO TRAVSIER L, BIRDEW X o TR Dt
DB T2 % (Hurd et al. 1997). M. integrifolia l%, 7L — MROIKREHFH, i 1.5 cm
sTCHELFORND, Bifid SELIRAZIL LD, Gelidium coulteri Harvey 1%, /N& < FEE
DU 2R S, TS5 om st TEIRAZIL L. %72, b2 %Y > % £ Eucheuma
serra (J. Agardh) J. Agardh @ Al & Sl oY E tiG 81, WHEIT/HE < 72 5 7z (Nishihara &
Terada 2010a). & D X 512, R EMEZ A TIE, BB HER OB, ANl
AU E N 5. I, 2L OWAREFMEEZEL, MADRIFIC X o TBRPZENT
% (Anderson & Charters 1982; Carrington 1990; Gaylord et al. 1994; Boller & Carrington 2006). 1=

MET TR, MAUSEESEES N, R, EROREA X DR %2720, HRAANS
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HKPRELHEL LD EZONS. ZThHD I eh b, JBIRZEIC X 2 EBHEE DT
V73, Free KOMIEEHEE, FEFIGEE S & O No3 BIGHREEAFdE & 32ifid L 7R
Thd etz s,

WRARBCEE X, ERUMEMBREEZ TR, BERATZET I NBICHDHELZ
3. REOIRENE, WAL ERS 2T, BEPZET 2 NHEERD X182 L H#HEl
LTV 5 (Hay 1981). TRUEDIEINCHE S5 THIRZ(LIZ, KR WEMGRZFARICELsE 5
7o, TNZNOHELAMICOT TFHMEiT 2 Z 2 3LV, Lo L, KRiFFETIE, FEBRX
BOYIRICHRDFEITRL A STz Free X ¥ Fix KOYJR Z KT 2 &, A HGHE
1 Free X T <, BEPRIGHE I3 EER X IE VI A SN o 72 ZRUZ, Fix X X D Free
XOF AR ORI KRE L, XDZLOHMBEBEZE LI LT, BLEEBHE Free
XDTHEL 2D, HOFERZT R W EIGE AR E D e o7 2 2R L

TWa.

Stewart & Carpenter (2003) 1%, D7 L /HIKEZHFDO S 7 ¥ X & 7. farlowii & H W
T, TREDHINTN 3 5 FEE BGHE DIE & F 7z, TR O, AIFFEOD Free X &
FIRRIC, VYN Z farlowii DGR EZEL X1, MOECEBGRE % A X 72, Stewart &
Carpenter (2003) |3VEEMGRE DA, WHEMGE L EBROFDICEI DRI SNk
HHLTEBD, KFFEOMERIX, 0 D% #HF L7z BIZ, Stewart & Carpenter (2003)
X, MOEERBOREE, HEIMEVEE (136 pmol m? sy, HHIR & 42 2 72D IEDHEE Z
iz <, KEDE VR (670 pmol m? s, FLEOMEM & I Lic b & Lz R &
7 7B OWEEDICEHHIEIM T 2 EI, JKiRDY 20 -28°C D & &, 300 - 400 pmol photons
m? st ¥ HE XN TV S (Terada et al. 2016, 2018). Z D7z, AWFFLTRIE L 7265 (100
umol m? s TlX, HHIRHBEZ D, FHDHEEI/NX L R o TWSABENDH 5.

PO}~ WRIGHFE VL, TR DBINCH L, Fix X TEIEMER%E/R L7225, Free X TIFZ(LIE
RoNT, Control K& DFAIF2% 5 2. Fix R THINERD A SN Z 225, FH DM
IC& D, PO;” DYIEHEIEHIRALE XN & L AR S N e, Free X TUE, A BUHEE,
RO E, NOJ WRISGHRIZ & [AIERIC, MEIRDIRZE(IC X D, RO iz, EikA
DOYEEESRD> L T0B e FHlEh s, LarL, POy BIGHEDLE, MikDMIRZE
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2 X 2P EEE O HFRIL, TUROHEIMZ X 2YEEXOEMMREFEFETHD, MR
LT, WHOBMI LT, poy” BIGHESZ(L L o EZNS.

AFFRERD & b7 E 2 1CBT 2RO HGEE, BPRGEE, B (Noy, PO ) WU
DERTT 2, BXOHD LIRS 2MEEHEE T 2 Z AT ERD o 7. EBROBIRS
RBELIEOMED) &, EERGEITED DR R o722, RROBERTHIEZ N
5. —HT, MEDEHNINT 27 —XDIEXSDEH, FHIL TR EICKRENLo/Z
CREBRINEZHTDHS. T—RDIEHDE 2 REL T2 ERIBEBNCHIETS 253, i
DAFMICENDITHDHLEZ, g, MERESLOLILRFRDENMT X > TELT S
YEZLND. DD, SHRIZEIDZLOTF -2 EERET S eI, KESWHEE
W AN DS OMBAEHZIHR TV Z kD ohs.

AETIE, MEZZHNRE LT, HEBEROBEFUKEONT, HHIC X D EAEPTEIRZE
b2 2T, FHNIGENRBY T2 2WHo2IC L LaL, R TBAIEAL
B, HeBEHOEFKMEEZ W70, R TH SN2 RO BIRELR/KROH)
FLRELDZ L ZERTILERD L. PIZIE, KFEBRTIE, BAEDERELORE
£ o T, BEIIKRICKIZTESIDEN L, EBRX Z L IE e ENKREIN R L > Tw
TRReED D 2. £z, Y BEHORBIFUKEIIHERDORELRL T DAR—-ZADR STV
7o, BRIHCENLRETHD, EREOBREOPRE(LEITERLZEEZINS. KE
T, ¥y /E—%2XREL, F¥/EU-—HNOREZAEL, ¥~/ ©—0OBIKREDE
IKRENMZRIE TR, v/ E—OBIRZLS X D I WIRETHNS 5 2
T, ¥ ¥/ v—ORENMPERNICENILTHE 2, LDFELIMEEL .
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38 vy ) P— R —ILOAENGE L REOBEZ

Inoue, Y., Terada, R., Belleza, D. F. C., Nishihara, G. N. in press. Effect of water velocity on the physiol-
ogy of a collapsing Sargassum siliquastrum canopy under a controlled environment. Phycological

Research.

KRETIX, RV XU IROMEETH 5 I L€ Sargassum siliquastrum (Mertens ex Turner)
C. Agardh (Fucales) # W TEEZ1To /2. I LEZIZHA, #E, FEOREBICEETL
(Yoshida 1983; Leung et al. 2014), AEHICE DR ¥ v /) ¥ —Z2 R L, ZHELANECES
MBI OB Z RS 2. S LB DAEE T 2KRTIE, EREITRIC X hKOTRAUZ X
AFIvZIREHLTED, IVEZEF v/ V—OREEIRID 5 2B E T ICESR
LTW5.

F ¥ /) =R 7 — BN TE & AEHIGE ORtRZ A 0F781%, FIHIERIE IR
B BEE FREYIC Ko T S M F v /7 E— BT 2 H DR SN, Ei#E T T
TR ISE DI IIHER X LT W (Pujol et al. 2019). 7 2 TAZETIX, IS %>
ILVEZIEIDMAS Ty E—DREITER L, s 2 EALED ¥
— BN B MEE L 72, X512, ¥/ E—HNORBNCET 251X, Fv /-0
EFE Y LT, >V & — (Ghisalberti & Nepf 2004; Chen et al. 2013), &¢{Lli5 (Folkard 2005;
Rosman et al. 2010; Luhar & Nepf 2011; Kubrak et al. 2015) 73 & < FiWV 5, FEEEDOFEE %
W TH 7 EDNHW LIS Z & 23% W (Gambi et al. 1990; Hendriks et al. 2010; Lacy &
Wyllie-Echeverria 2011). Z D78, DEMEEZHET2I LV EZ Lo THRKENF v/
Y—NORENCEI T 2 HFIX, IEEICKE 2 RBIIEGZBRINRIER . Liedio T, A
REZRRRD ¥ v B—NORBIZBIHAIL, WMEDZENHED?S X v/ ¥—DBIRE(L e A H
HICEDBRZRHIAT 2 2 & Zils 7.

3.1 MRl HEk
YEBE DR

EEFENZIZ, HARDOEIREKAFTE (33.020750 °N, 129.076111 °E) I2HB W\ T, 2018 4E 5 A 21
HICZAF VXA Y 7 TRIL 722 VEZ RV SIS N8R, FEBREICHZE X
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N7k, W LoNEREE BE BT TEIRESINL. 20Kk, EBRMRETO1
HFE, EANOHEK T LK TR S .

* ¥ / ¥ — DR EFKIEDREH

FEIRIFRZERR S FBSE L > X — D RBRWNEBMRIC T, NYEF/KEE (PERSONAL
TANK, P8 HAFREED 2 W TER Xz ZoEFKECE, BREe LGEHE 7 2
VIVEL DK (X 120 cm, TH: 30 cm, & X: 30 cm) 23EXE STV 5 (Fig. 11). T DIKEEIC
MAVALKTRIE, oo OEESERIC K > THEL, Bk vilizkishiz—
FATADMANT D 5. Fdld 7 1R OREELEFIC & o THII S i, KB ORI, #
FOEBL L TRE S mm 0T AREREFTED . v/ E—OMRNERL LT, L EY
DEF DS S 13 em DD EYI VM- 72b DEMEHA L. IS 2 7%k, o
LRI AT Y VA CRIES N, BEOEMRES—E L7225 X5 I T RIRICEE X L7z (Fig.
11). ¥ ¥/ U—EHEZZLE L 570, BHOMMIZ, 3cm (SHEE), 6cm (FEE), 8
cm (RZ ) O 3 &MV X zF v /- [RX: 55 m (KB X UEEE) 8L
57 com (P ), ME: 24 cm, = X 13 cm] E7KEE AL & DO PRI 30 cm, /KBREET & OERAEL 3
em & L7z BELZFEZ DX v/ ¥—2RDIGEE % Table 612/~ L 7=.

KB DRIE

Fx / E—NNORBIOREERZ 2720, Fv ./ =0 Liih s Fiich ) Titdz il
T LTz KIS DN B IR % RIS 5720, KEHNOTRNT A% x B, KEE R Z v i,
EEAME e U, BBORKE x=0, KEgHREZy=0, KEERZz=0& L7 &
7ETid, 8 R DTENEERICH W SN, Zh s OFHESEME, F v/ v— Bl
=-2cm) OE %, WEH L mE T EICTFE LB EFR S N7z (Table 6) . JIEALEIE, K
FEOTANITIENG 4 A (x = -2, 13, 43, 62 cm), TRJTANC 1 AR (y=0cm), @S /7RIS 3 3
M(z=6, h, 16cm) ¥ L7z ¥ ¥/ E—DEE () FMHEB X OBERMIC X > TEL
7z (Table 6) . FLHDMEIZIX, 3 DD (x, y, z) DIRHE (u, v, w) H3PIEFTHEZR Acoustic
doppler velocimeter (ADV, Vectrino plus, Nortek) % i/ U 7z. HIERFHIE, HEHSRZ &2 3
M, RESEEZ 200Hz & U7z JIE SRR T — XIRET 6 A4 Z71%, Goring &
Nikora (2002) D JHEICHE - ThRA L 7-.
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2l 75 1 D R DR (u, v, w) &R 5 DFRAE ', v, w') i, BHENE TR
HENT RAFOFGHR V, /@ + 0" +w)/3) 13, S5 ORREE % v TiE
XN, BT R LF — D F T Turbulence kinetic energy (TKE, 0.5[u’2 + v'2 + w'?])) B X T,
BT DFIFE (V) W3 2 AR Y 72 BLFGES) 3L ¥ — DR X 2R $ELIRGRE (TD 13,
Jonsson et al. (2006) ¥ Nepfetal. (2007) Z 2L, sHE I BHIZ, ¥+ / E¥—HN(x=13,43
cm,z=6cm), ¥¥ /b — F#l(x=13,43cm,z=h), ¥¥ /¥ — F (x=13,43cm,z =16 cm)

ZrlZ, V, TKE, TIZ L 7=
¥ ¥ /) ¥ — OIRZEAL o Sl

KIZ Ko THIZRZ IS ¥ v/ ¥—DBIREE, KEHFAF»LDX v /) ¥—#%
SUHEB XU F v/ B — iR 3BT % ek & KBS T O M4 B CRME L 72, IR EfEs
FUAEZ, KEHm»SRE Lzx v/ E—DEEMNS, Image] N— 3 >~ 1.51 FHL

CHIZE L 7= (Schneider et al. 2012).

BFonEHED» S, UTORZHNT, ¥ v/ E—DBIRZLR (Rate,,,,) ZRE LT

Ratey,,, = 1 — (Area,/Area,) ®

Areag l%, EWRTGE x=-2cm)A0cms? D FDF v / ¥ —DEFME, Area,F, TE
DERBHESZEDE ZDF v /) V— DR HEL RS

B oNRFEICBIT 2 Ek e KREROAEX, UToxuck b, EFfitES 0cmst D
Y EIZ90° k2B kDL X .

Anglel, = Angle, — Area, + 90 )
Angle) 13 EIRTGE (x=2cm) A 0ems? DX & 90° ¥ 423 & 5 WL XN AE, Angle,

WBEED LMFHESEGEO & EOME, Angley 1 EIRITHE (x=-2cm) 250 cm st & T DM
ZIRT.
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T SRR OB H

¥ v/ - OREZ RO T 2 MAENENIERZ UL TOFIETHE L L. £3, ¥y /U
—BEEZRT ah B 1ESR) 2PET 2720, ILKFHETTH v /7 ©— ORI A D & 3
HOFEREZRY L, 18EL ) OREHEZREH L. 20 o HfED & BAAREL 72D
DX v /¥ — OFiHMEREE o ZHE L7z COEM L alZIEKEHTOMETHY, =
MDD ¥ v/ E—DBREN L 5T, a3ZEFHT 2. LoL, TWKFHTICE
2RO HBEDOREIINETDH 5 72720, FiffiTHEM LATEICH 1T 2 3@k e K
FEIETH DM E (Anglel) % FIWTHEE S % Z & R ikA Tz, Nepf (2012) & D a 1ZLL T D (Eqn.
10) TEEIND.

a (10)

s
dEHRER OB, S, SHRERMOMEETT. X>C, LR 0oms! 0L &0

a, Sn %%ﬂ%ﬂ ap, SnO Zj—é t, SnO éiﬁﬁ (Eqn 11) ’C?%é‘ﬁ%

Sw0=1/u an

ZITHy /) E—PEREDOME 0) ITHV Iz X ORRELZEM ORI (S, 1%, 2 TOHEEK
WFIMEL IRET % & (Fig. 12), XA (Eqn. 12) TRINS.

Sne = Sno sin 0 12)

L7=23oT, ¥/ E—WMEEOAEICHEW L ZOHEMEEY D DX v/ ¥—OHIH
ERLEAE (@) 1%, Eqn. 10, 11, 125 5E»N LI T O (Eqn. 13) THEE N 5.

dn = d _ d 9
Sho (+/ ai sing)2 S 0
0

(13)
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F7e, ¥y E—OHNRT V(L) BIUOEHELRKROBBEIRET 2 % v /) ©—Hi&
5 DFERE (X p) %, Eqn. 2&3ZFHWTHEE L 2. 2D &, Cp ~ 1 Z{RFE L 7z (Belcher et
al.2003). HH L7z a, ah, L., Xpid, BEFFIDOF ¥/ v —2KOEHER L EHET

Table 6127~ L 7=.
BEREREOHIE

¥ ¥ /¥ —ONEBGHE B X OWIRGHRE 2 HEE 2 72018, KN OB FIERIRE DR
2%, BRESAE TTENENRIE L. JIE O, FFvKE Mz R T, KRS T
LREXHEI. HJFHEY U TLED 4 b (High spec high disk V2, Nichido Ind.Co., Ltd.) %, 7KE&E
ICRRIE L 7=, FEERATIZ, 2n PAR sensor (LI-193SA, LI-COR, Inc.) % W T, /KIEHE D & & X
12em ICTHETFTRZIEL, XETEIZH 800 umol photons m™? s TH - 7z, IATFEERE
FE, KR, 355 % FRHCHIE I RE /R IATEIE 2 1 > H — (YSI ProDSS, Xylem Inc.) %, ¥+ / &
— O T (x=80cm, z=12cm) IKE L, Z05OHEHEB% 1 7R THIE L7z K5
R, v/ E—HBEB XUTEEMEZ 2, BHEA T T 1R, BESRFT T2 i e
L7z 1, IBFBREOBBEMZE 720, RFEBRFAMMERNIIESR A X TRIFKEN K
ZIRRL, BFHEZRIEEZ 90% WA ICIEA ¥ 7 (Stewart & Carpenter 2003).

ZER- MK DERSE T A SIRET X 5 TR REE OFIE

BRRREE, VOB LRI BRVWERE T TH->TH, ZRLBKDH AU & -
THARCEMREISED . CORRPUIEYNC X 2R PE L HEOMEZYIT 5. 22T,
K D AT 7z E A 72 RIS 2 i U T 225K ORRR T A B 2 #E L, 2o
B % T BRI D IA IR R IR 2 M E L 7.

FRR A A DRZHGRENL, AFRRIRE & FNAFRRRBEEDOEIKTST 5. Lo T, EE
DI TICBT B 7 ARZBGRE IR T 2 IAFRRRE D ZEE I, DUT D Eqn. 14TE

I N B (Merlivat & Memery 1983; Daniil & Gulliver 1991; Tamburrino & Martinez 2017).

dC
— = k€= Cy) 14)
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dC/dt \FIBFIEFIRE O LR, k130 ZHMREL, C ISFIBRIBE, C,,, BN FIRRE
BEERTd. kid, 225 eiKoFERAOHEEYL, SR LIJERS M2 IEEE R EORE 21T
HBERIT D, Cop 13, KRB ZZT 5. RERTIE, KR HErOLEIIMmD
T/PNE L (P + FEHER 2 21.42 + 0.43°C B X 18 34.62 + 0.04 PSU), [H]if/KHE D225 & iE/K
OERAMOHEBIEI—ETHS. Lo T, 5 DBERDH AZHGHE I KT T B
INE W EARGE U Tz, B OB R E O R XX, BREATE DR MmKOE) 210
BT 5. AERTIE, BFKEREZEETHE I TWid, ZROMIUIRN
Rizibd b, 2070, IBURFEORE X1E, FITKBANOMKORIHE SN
LEZOLNL. INHDI NS, kx4 oD EFRRESEMET (0.76,10.17, 21.09, 55.35 cm s 1)

THEE XNz k OHEEIZIE, WM 1E Eqn. 14) OFETH % Eqn. 157 V7.

C, = Dexp (—kt) + Cyy ¢ (15)

C, \IFBIERE £ 128V 2IBFIHRIEE, DX =0I1CBY 2AEMEEE © AR
RED, C,, GBI 1280 2 ANAFRREE 2R T, k OHEEICLERIIER,
ERT AT K BBERT 90% LUT IR U 7B RIRE DY, BURIREICES 2 £ TTbh
7o. 2NHOREME Eqn. 15125 TE®, ERIESKMFZ LIk 2HE L. HEEX N k
YRR, —REHR (Eqn 16) 12 L > TR SN2 (R2=0.998, p = 8 X 1074, n = 4).

k, = 0.01003v — 2.53 x 107> (16)

k, LIRIHE v OO 2 LZEMREE R T, Eqn. 16 &K D18 5072 k, & Eqn. 171CfRA L, &
BRI D A ZAAZHUNT K 2 IR TFIR R IR D2 L 2 HEE L 7.

T
Flux, =Y =k(C;, = Cyqy. o) a7
=0

Flux, \3#EERR ¢ = 0 22 SALEORR ¢ (1) ORI D F AT X 2 I FERIRE DL E
ZRT. 5N Flux, % Eqn. 1812 L, FEERIN OIATFIARIR 2 iE L 7.
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C/ = Flux, + C, (18)
C/ \FIFEBRE 1 12 B DR AR B CHIE SN BFRBREZRT. L EoET
HIES NIBFRRRRE Z W, AR, BEREIRIEE 2 H#EE U 7.
WA BREE b BRI S DHEE

HIE X NI IBEREREE ORRY T — X 2 —REFICHTUID, ZOMHEEoMfMEE, A
S CRMOLE R, WS CIIREITIGERE & U 7. FEERIF O /KIRZE) (21.42 + 043 °C)
2 X BROCERGRE, WITTGHEOLE 2, FIRERRD /NS T 570, HEShIEHE
X, 7L =2 ZDR (Eqn. 19)(Yvon-Durocher et al. 2012) % F\W T, FEHEKIE 20 °C 1 FZH#E(L

.

B -E, (1 1
Slope = Slope,,exp | — o (19
K 20

Slope \ZBFIBRREE ORI ZEND DG HNTMEE, Slopey, 13 20 “CITEREL SN H X,
E, \ZEMALT L ¥ — (0.65 eV, Yvon-Durocher et al. (2012)), x (&R < > EH (8.31 x 107
eVKY), KI3FEBREMNZ L OFFHEHRE (K), Ky i$HHEKIR 20 °c O#KiR K 233
FYCEBOREE, MOCE R & BEsERE O EFHEE L.

TR T BRI EA BGREE ¥ BERERSEEE D IhE D € 7 UE

Xy ) C—2E RIS NFR, A BOERE & IR E B 23] X 2 D Riat s
AT 2720, UTD2200FFNICTF—&XEHTITD, HBLE.

y=0+ymax<1—exp <—Lﬁ>> (20)
Ymax
Y=0+Ynu <1 — exp <—LE>> exp <—iﬁ> (21)
ymax ymax
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v ZRNEABOEE S U I EREMEGERE, w3 —E Mz ERE x=-2 cn), 0 13814,
Vmax GEIRIFSYECEBORE S U < (ZRIRIEIFIGREE, o XIS 2 240 & A BRSO E S
EDRRE, pIxEidD 2 o AN EEZIC IS IHINRZRT. TS Eqn. 208
X Eqn. 211%, ZhZzhBgfafler Vv e BAPEEZE F—2Boss 1 2R LTV
%. AT, BEPRIGHEEE T, EHE N IicB W T O U CHBICEM L 7220 -
7278, =T ET LB RAEEI .

WREHRAT

TN TOMEM#ENTIX, Rversion 3.6.3 (R Core Team 2018) ¥ brms »$ v &~ — 2 (Biirkner 2018;
Stan Development Team 2018) Z i L THEMX N7z, y,,, B & & 0 OFAGTI A E L
100, REERHE50 DIEDT, a B XU p DHEFTDMIINE R log (5), REE log(2) D
SHEEM DA L Uz, —RIREE T VO E OFERID I brms 8w 7 — S DIEHERETH
> —kE0fm, YR OFEFIAMIIEHES3, ME~FH11, RERB10Dt9me Uiz MEEL
723 D0DETINDRERE () DFEFIDAMIX, HHE 3, MERE, REREK10Dt7fiL
L7z TRTDETANRT X=X —DHEEZENMIE, NIV EYTHLVREHEEY TH
bk (HMCMC) & W TR XN, 45D HMCMC F = A > ZHW7z. 120D HMCMC F =
A N0 EDR L LB 5000 DAY IO L, BRAOMOHEICH N TR
TOHEEMIX, FEMNICTH3ITPR L7z & Il X 7z, £ 7OLERI2IE LOOIC (leave-one-out

cross-validation information criterion) 23 & 417z,

3.2 R
KR OHBKIRE)

ETOERFEEFICE W T, KFHHOTNE @ 3% v / ¥ — 0 Ejith o Tifthld T, *
v/ E—Nez=6mBLUIF ¥/ —LEifEz=h TEEEL, ¥v/E—Lz=16cm) T
I 72 (Fig. 13). Ao ORIEAZ, LRES KO EENES LRI IFEHETH -
Jo. L L, BBENOTLEIZES O T (x =43 cm) TIE, HBEICK 2BV LRD,

R TOEECHRIEED®E X TRE L 7-.

FREATAOFE W) 1, ¥ ¥/ =0 Lifi»s FRCHAITxFy /E—H, Fr /- L
ECIZBABR 2 M2 <, 0cms™ ZHULICEH) L 7z (Fig. 14). ¥ ¥ / ¥— L TiE, 8L
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BEEICBOWTHF v/ E—iiEFRl (x=2cm) T, EAROTEALREEL, Fv/ ¥—F
Ml (x =13 cm) TLEAFDRNDB K E 2o 72, 2D, Tiic#ELIcon T, EAMODOR
NRRE L 72 BREE TR, ¥v /- LEifTbIric EARmoRMASFEEL M, %
NN DOHIE TE T ARDRNDFEZE L. LB LRI S, v/ E— LRI L%
M CHBERPSELLTE Y, BEIESVWEINS OEAIZEETH > 7.

EHAOFREV X, ¥+ /E—HNEx=13,43cm,z=6cm), ¥+ /  ¥— L6 (x=1343
cm, z=h) ITEWT, EFRFHED 10 cm s™ WA CERHE T LIRS & i L 7 (pig.
15). EIRIRH#E2Y 10 cms? U BT, FB I CEBEICBWTHEHELRA IR ST, K%
BT ERTE & FHIcEn L 7= (Fig. 15). ¥ v/ ¥— F (x=13,43cm,z=16 cm) TlX, &
T EIRTE & IS L 72 (Rig. 15).

TKE X, ¥ v/ E—ABWTLEREEDIH 10 cms™ U T, £%E TR LiHE L
HITHM L 7228, FIRTGEDSH 10 em s A ETIE, B XOEEE XD BEREETED» -
72 (Fig. 16). ¥ v / ¥ — FEB IO F v 7 ¥— FIZBWT, EHf#ED ) 10 cm s LUF T,
REEC R & HISHIIN L 7223, RIREDY 145 cm s 205 25 emsT O & FHEET

% { 72 - /= (Fig. 16).

ELURARAE (D 1, v 2 E—W, LB, BBV TEBE T ERE L s s
A L7 (Fig. 17).

* v ) P—DEIRZRIZELEE T ERE e FITHEM L, 10 cm st THENMER DY < 72
- 72 (Fig. 18). £/, F v / ¥ —HIEIICE T 2 @ik e KBS KHE OEEL X - AEIX, &
SEC ERIUE e A L, 10 em s TREAMERIDTE L 72 - 7= (Fig. 19).

TSR

FiR#ES 0emsT D EFD alF, K, H, @EECBVTENZIAT, 76, 16m’ TH
o7z (Table 6). £72, LifA#EN0ecmsT DL 2D ah i, K, H, BEBEIIBWTEIRZE
11062, 098, 21 THol. RHEEFMATERTHEE HICaB I K an 3L, L. BIT
Xp (A U7z (Table 6). FHiZ X 1%, LFifi#E2 10cms™ K /MW &, BEZ L IOE
WA SNT2AY, 10 em s DLETEER OEWH/NX < 725 72 (Fig. 20).
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TR GRS, FERFBORE IR TR

RIEEBOEE (Fig. 21) & BEEIGHE (Fig. 22) 1%, _EIRFGEOMIM A > TN L /2. BAMH
WGEL MR, Zh e OAFINIGEEE I ERTTED I - TR & 1A L7 (Fig.21 &
22). ¥ ¥/ U—OEED NSNS ERE TN T 2 EIE, REBRTEALNR, o
L& oT, EFL(Eqn. 20 & 21) NDHTIEHIZE, BEEZEERAE LT —XEHV

o

)

7z. LOOIC i, BEAIEYDE TV (Eqn. 21) & D b, WAHEZEZLET L (Eqn. 20) DD, T
—XEZRKLTVWSE Z &R LT (Table 8) . ET /L (Eqn. 21) D ST X — X — DAL

95% O = %5 FE X [ (HDI: highest density interval) % Table 71278 L 7=.

A BGHE DO FRIEZ, ERFEOBINE > THEML, LFF®E 9.53 cm st THRAMHE
0.613 pg min' gt (0.58 - 0.645, 95% HDI) % /R L 7z (Fig. 21) . Fe KMEICE L 725%, R4 WAL,
b JRIRHE 40 cm s T 0.475 yg minT gL, (0.443 - 0.508, 95% HDID) %71k L 7= (Fig. 21) . HEPEIL s
DOTFHNEE, ERITEOHEM e ML, EIRHHE 4.95 cm s™ THRAMA 0.145 ug min™ g1,
(0.121-0.17, 95% HDI) %71 L 7= (Fig. 22) . ImAMEITIE L7218, TRAWCHEAD L, LiR#E 40 cm

s 7C 0.0724 pg min'g}  (0.0499 - 0.0946, 95% HDI) % 71k L 7= (Fig. 22).

33 E&
¥ v / ¥ — ORISR E

REITIE, ILEZICIDBRINTF v ) E—DOMBENENREICOVWTERT 2. %
¥/ E—NOEES [ DOFGE W) 1%, HEZ L IWCHBRZENIR L, X 51 EiRTE 10
cm pmol hgy ! DUE T ERIGEDOEE NN T 2 2N E 2 o 7 (Fig. 14). 72, v
J E—NOKEROFRDIFHRIZ, @B LOHHEETE v/ C—Aix CEaMICHED L
A, RE T ELIRIRE R 212 U 7z (Fig. 13). 248 DERE AT X K FEH M DIRLE K
BLLT, ¥v/ E—NOFEHHE (V) 13 EFRHE 10 cm s AT TIEREETHEL TV
2, 10ems? M ETIHEEETEL o7 (Fig. 15). Ko T, FHHE (V) O EEE L K
FEOEWMIE, FIOKFEARORENIFLG L TV EZbNS. ¥ v/ E—NOD TKE
&, SEEGE (V) & AR ERTGHE 10 cm s DLETT, B O AEWMERZ IR L7z (Fig. 16).
AU, FETE () TRENATVWS X511, BREETERIEEE LKL T, v/
—NIZEDZLOKABPRALLZZEDVERTH 2 e EZ NS, ML EOBIRAKIRIZ, *
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¥ /) E—NOWBKZERFEEETIZHELULTEY, BREETIPEEE L KL TEL
HoTWBIEERELTWS.

—J7T, ELIRE (TD 1%, ¥ v / ¥—NTREEICE W T LiiiE & Hi2id L7z (Fig. 17).
LRI BTN 3 2 M RELIR 2RI 2 RIBETDH 2. 2O eh b, LRTED
BEIMTtE- T, Fx / ©—NOMRZHIIH T 2EROF LI NS R o7 T e RS
nab.

¥ v/ E—NOMKZHIE, ¥v/ ¥— EHEBRKOERTHEET AR —1D
B, ¥/ E—NTRETIRXTLART—LOERIC L > T, {EEXN 5 (Nepfetal
2007). ¥ ¥ / V—EHENMRWEE, TAMA 7 — L OELRIE, ¥/ E—0OWNERIREAL
(Nepf et al. 2007; Ghisalberti & Nepf 2009), ¥ v / ¥ —2{k\OYE MG 2 EHE T 2. KA,
Fx /) E—EENGVHE, AT AR —LVOERIMEEL, BAMRA T — L DELTA F
¥/ E—DEL FTRATER W=D (Fig. 7in Nepf et al. (2007)), ¥ ¥ / E—2AHEANDOYE
HHEEAD T 5. ZORAN R — L OEROIRADIIHNE, Cpah e, ¥ v/ E—OH)
R Cp L HAAEY D DX v 7 ¥ — OFTHERARE (0, ¥v/ E—0D&EmE h D) A
0.30 X X 7= & T AT 2 (Nepfetal. 2007). REERDK, H, @EEICBIT % ald, 1EKSE
R TZzhEN4T, 76, 16mT THho/.Cpx 1 ERETZ L, K, #, SBEEICBIT?
Cpah %, IE/KZEMFFTZNZ4062, 098, 2.1 THo7= (Table 6). X HIZ, IO
I, ¥/ —0FRELESI I L (Fig. 18&19), a B X ah BN X ¥ 7= (Table
6). L7z o T, BEELXMITBNT, AT LA —ILOELRMIEEL, ERTGEOEIM
fFuF v ) E—NOHEKRIIIE SIS TW /22 e BRI N5,

¥ v /) ¥k 6 OKROBROHEH (X)) 1k, TAZHLDFy /¥—DEX XD H T
ST ReD o7z (Table 6). ZD Z & 1F, AEERTIE X v / ¥ A%k © OIKIRD BRI % B
LTV 2R L TW5. BREEENTE, KEARDOKROBE, ¥v/ -0
AR CHAE L2 LAEOKROBE, v/ ¥— LB 28 ANBEORKENRET 2
(Gambi et al. 1990; Chen et al. 2013). AFEERT & AT L FIMRIZ, F ¥/ E—NB XK LER
TRACEAMOTED F ¥ ) E—IBAT 2 HEVAMIICHEL, ¥+ / ¥— LTI
TEARDOWMNDFEEL, ZOHBEBIHET 2EHMZEM L 72, =T, Xp & EiRi#
DOEIMZAEVHA L, 10cms™ M ETIXEEROEWDIVNE 725 72 (Fig. 20). 24U, F
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Y E—DRENT 22T, LhKRBRFY / E—NIRBALDLL KB, &
EDORLZ3O0DF v/ E— DB ENRENEML TV o2 2 BRELTWA.

MEozeh»s, ElxhizFy /) ©—HNOFEETE (V)R TKE TIE, ERHEHD 10 cm
sTDLED b SEREERMFTROIPRKIEDEATD 2 Z e RN LD, i IF1E
TR, REERATHF v/ ©—NOMK M A, Liit#E» 10 cms™ MLETIE
FHCEE S L D S/NE VI ERBE NI, ZOEIE L HE SN EEOTEX, T
H—la¥ v ) C—MENG FRZ LR D 5. A CTHVW O3 LES DIBIR
BHEHETHD, FLEZICE o THEIN X v/ E—ORAEE OB~ —TH 5.
FEHEIZTEE v — 2 F v E—NIZE LAATEEW - ZHORE ZR L TBD, #
ESINAEREIF v/ ©—2ERO PN LRIFE 2R L TWS. 2070, ¥v /-
MED L —TH 270, MK IIIMENGFT & @SWBFTFEAE LT 2 AlRetEA
HY, REEFRETIEIEL VY — TR E VB ZHEL Tt EZND.

TEDEIDFEI A BREES X CREPFBGREE I B 5 R

FATIHE T, KEREEE O EBOREIX, E e M 2 Z e ks Twn
% (Wheeler 1980; Koch 1993; Hurd et al. 1996; Nishihara & Ackerman 2006, 2007; McPherson et
al. 2015). 25 DIFFETIE, HABEE X 16 cm s LU TR L 7. AFZE T, 2 LT
2 DFEE R IE EFTE 9.53 em s, WEIFIGEEIE 4.95 cms™ THRAMEZ R L, SEfT0F
FEEHLIL AR/ SN, S HITAIIETIE, FICEBEE & BIPIGERE L, &R
ELEEZBZ 3, FREOEMN e HI2iB L7 (Fig. 21 & 22). Z OFERIZ, Stewart
& Carpenter (2003) 235 fifi L 72 /KBS EBRIC AN DS 2 2FER L L Tz, ZOFRETIE, Z
farlowii & D. undulata @ 2 FEDGIEEDIEEHOEE & TR OBBR TN 7 H1F, Zhb
2RDYEERBOEE DFLHEICH T ZISEIE P —LBTH 2 Z LR, ETERICEEDTEAR
DIKTRC Ko THEM SN BT 2B Uiz, RIFFEAIRIE, Stewart & Carpenter (2003) D
ReZFrgseic, avEZiICkoTHEN v 2 ¥ —Td, FHNICEHEIIHR
ISR LT R — 2B I5E 2 RT 2 e ZHL I L.

WA BHE » OB (R E AN K DR IZR D, R TIREENEL L 1-IREE
ThbbIXy ) ¥—RF — L TEBEITo7. v /) V=R T — LT, RO TR EEHE
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E L TR OBREFRIAEDOL 1F, WHREICK > THRI W7 v EHEMNRE LTV
% (Thomas et al. 2000; Cornelisen & Thomas 2004, 2006; Morris et al. 2008; Cornelisen & Thomas
2009). 25 DI TIE, EERHICF v/ E—DIRBLIZBR I =D, 7o'
2RO TR D WG 25 oD 2B B IE/E 8 D TR IZBIR S e de o 72, A6 DRFZE TR
RrINET7<EER, AIFETHRrEINEZILEZ LD D, HBilinBIRERE SO, *
¥ /) =20 BEE O HEMTDHS. 2O L5 F v/ ©—MEORMEDE VI,
MENCHEL, FHNCERECHET 2 ExNS

KEGEHOARIEHEOKR 2 ZL X8, ZOKMOZIITEANOYE LG 7 1t 212
BT 5 2 i X4 T S (Hurd et al. 1997; Nishihara & Terada 2010a). 77 I 3% % £FD K
ROSERRIRRIR 2 i L 72 KIR O PR ELIR &2 M) § % (Hurd et al. 1997). ZD 79, Z0D X
5 IO E F FFOMMAIC X o TR S e F v 7 B —TIX, & b B IR OB
ENzbD &b D, WHEHERIIHI XS, X512, FEEEE RO ORATIE, KiICE
HIN2 22T, BARATORELRD2HEMT 2. 20 X5 REAROER DI, BEEADY
B 1% = (Anderson & Charters 1982), ADHIH T &= 2 6&E b5 2 AlEEED D % (Hay
1981; Koehl et al. 2008). AREBRTIE, EIRHERAICHRIEEBEE 2T TR L, SBITHE L2
IR WIEREIGHERE b FIRRICIAD LT 2 e s, MEMBKEOEDY, ZhoAmNnE
HE 2D X7 FERTH o Al REMED R W

FIRIEHE 10 cm sT AT IS B 2R EHGRE, FEIEREE OB, F v/ ©—HNOMK
TiE) (V % TKE) DM X > TR Z I hizeE2 N —H T, ERTE#H10cms™ DY
LT, Fxy /-0 RENMICEZF v 7 ©E—NOWKREI OB EMEASNT,
BHABOHE, BEIEISHEEDIRD %, V 2 TKE DLED» SHHT 2 2 ZTERr - T2
F 7o, REELEATIE, FEEE XD DMK EOATREMED FEHE (V) 38 X O TKE
D BRI NI, KOCEROEE B K CHERFIRGE B SR Z L IE W R o7, L
DURH S, RIfITRAT X 5 IHEE SN ZIERLE, BiE TV Ty /¥
—ANOWENCEEBOE NI L, WARKEPHHI XA TV Z e Z2RB LTV Ko
T, ERXN72WKIRE) & A AR OERS R 2 DD, ¥ v/ P—oBIREL
&> THF v ) E—HNOWKZHDNEI S NIz 2 8T, $IEABGRRE & BRI A3 8>
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L7 AREMED R S Tz BIEI TR 7= K 512, T oS - HiKinE) & ik 19fs
BROMEAIDE N, ¥ ¥/ E—EDORY—ZITER L T2 H 5.

AFFETHW -3 LEZ THEREINEZF Yy /=T, ILEZOERIERTHZ
Mo, Xy /) E—DEERMIAET—TH2. ZOHE, AT LRAT—LOERDO D
RY¥J— ¥ 72 % (Tanino & Nepf 2008). 2 7 L A7 — )L DERDO K E X1, XDOHERL ZDH
B 1C & o THIfE X L (Tanino & Nepf 2008; Nepf 2012), XDERE X D & FARM 0 REkEA /N X
{723, AT LRT —VOELTRIEEARR O BRI L, WEILBUIIER NS k2
(Tanino & Nepf 2008). Z D 7=, ARIFFED ¥ v / B —NDELFRIE, FEIEIEHE L TV 3 ET
T, RFINTNE L hoTwe#ifllansg. 51T, v/ E—DBIREIT X D
EREDEETZIET, TOXIBRRAT LT —ILVOELTRMBIEF /NS WEFTA, 88
LCWrARElDH 5. BRI, FREZAT2F v/ E—Tl&, ¥ v/ E—HNOKD
FREREAH X2 & & 23S XT3 (Abdolahpour et al. 2018). ARFEER T W\ 7= TiiE
=T, RFTZEAROELRE ERMICHHET 2 Z 213 TE R o7, LR
OGN & HITAD U7 ELIRERE (TD 3B X CTRIR I FAHHERE (ah, L, Xp) 1%, TOBZ%E
REEL COWAAHENDH 5. X - T, *v / ¥—OEHNCEEREZHIRT 2 E RN LT,
¥ v/ = OBIRETER T 2 R 2 W EEE DK T 2172 5.

¥y E—EEOEINPX v/ ¥ —DIRZZ, ¥/ ¥ —2RITIMN 2 HRZED S
4 (Hay 1981; Gerard 1984; Koehl et al. 2008; Stewart et al. 2009), J&& il % I X & 2 Al REMEDS
H5.AMETE, Frv/ C—FEZRNCERHEEIL, TXTO LRRESRATHEL h
o7 ZHUE, RHMENBEINLIEEBEERMNTH - TH, AT 5 72 DIT5E
RHED, Fy/P—2REIh Tui I ERBL TV, [#H L 72 &E 800 umol
photons m? st 1%, R XV IRHBEOAEREZ KE L L - THED (Kokubu et al. 2015;
Terada et al. 2016, 2020), YeHIR %2 RAEXH 2, HENWET 2 121F, EBRICHW ¥+
J E—DEE (K 13cm) TlE, FHREDE» o/ FEAND. 518, KEOBEHIZER
TZUNETHD, Fr/—DlHRSHIRAFETD 7. ThH5DWL Dh0H
BT, ¥¥ ./ E—ORIREITH S B DE(D, FICEBGREICHE L ah o T L HER
TE 3, BRI NBOHEZ 7T TRHES 5 Z I3 LW, L LR, Bkl
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ek DT, BOLEMEERZ T TR, KOEE LT IR VIETIGEE S D L2 e h s,
Pz L HRBDENIL, THSAEMIEEREDMDERNTH o7 Z LHRKREIND

A RIS EHR EE DS IR IE U 2T, ROCEBORE & D b BEEIGEEE 0 5 A3HE D o 7e.
WEIIOR IR IR R, BOCOORE XA FRK R EHE LTRAL, chsoWE
IR SN2 2 & T, WEPIGRE, #OUEREEIZRD T 5. 2512, I LE7 BTG
HHSRFR Y LT, “LRIBLERBEA AV ZFHT 220 TES. 207D, Th
ZNOEBNISERE OIBTERE S L K H ORI T % 2 FEREOEWE, ZhoEMHIG
BREPRAE 72 s (b X8 2 A[REMED D 5. BRI, Nishihara & Ackerman (2006)
&, MK OREOREIC X o T, AHENCEEED RN T 2 TRENRR 2 Z e 2R LT
W3, 2L, ZRZNOEIGEREDRA L % 2 TEE TS 2 729120%, BN
ERPNETDH 5.

AT, @MERICE v 2 E—DBIREN T2 28T, Frv /¥ —OAEHISEEE
PIES R — 2Bl 23 Z e ZHLPIC L 2, DIERGER R OWMKSELE L *
v/ E—ZBWT, BREMC X > THRAEN I DEETZ 22T, v/ E—HNOHKR
il Eh 2 Z L EETDH % L Abami i 72
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waE BEER

KT TIER XY IRloMEEENRIC, B Fv¥ / E—X 7 — 1BV TEKDE
PRI ISR L TR O BIRZ T, KBTI ETHDOIC, AL TES 2 1-FE R 2 i3
35,

92 BTIRMEARR 7 — 2B 2 AN E L MEOGRZ R XU IR e 2
WTHNTz 2O, FEROBNNIEES b5 ' 2 OAREAER D AT EICS X 5
B MGEET 5 72912, TRAREEE U7 (IR L L wigld) 2R E EE LT
WERR FEIRZAL T 2 ) OFEICR 3 2 AR E & L Lz, 2 OfER, BRkEEE
U 73k D AL PR IO ESEFE (RO E HORRE, WEIPIGERE, Noy WRINGHFE) (3 FE o 8 imi o
U CHIER 2R L, FEIRE EE L TR CEEIR O AR IS R L TR o B st LT
WAMERZ R U (Fig. 7, 8, 9). JEIREEE LA T, BAANOWHERRL, BIRE
L2 X o TR L R W DWARE FITER SN 2 IR B ICKEFE L T e E AN D,
ZD7=%, MO X - THEEMARRME _EOILEUR B2 < 72 D WEEEI EML 72 2
©C, AHERSEREDEM Uz e #HHl X0 5. —7, TBIRZEE L TORWVERKRTIE, I’
HEDOBINAEOTERDIKTRIC & - THEAMES N2 & 5 CZILL (Fig. 6), B OFRAD D
L7z EZNE. 2D, FHEOHEIN X > TEHEANOWEEREN R L2 T, &
BN ENRD Ll e B EN 3. Lzd > T, k27 —1icB0TRKDOZIRZE I,
AN E 2 M 2 Z & BRI L.

HIBETWEF Y /=R —LICBI24HEVINE L EOMFREZ, Ary&Zvoflar s
2K o TSN X v/ V-2 HOTHN. v/ B —EEZ 3E&MFREL, v/
V— DR ZWRERE T 2 2 v T, AHNSEOLEEHHAT 2 2 B2iRkAL. F
v /= QLRSS @OCABGRRE, WIFIGEE) &, R TOBEELRMAT LR E
EHITHMURKICE L%, EIREOEM e Hizid U (Fig. 21, 22). F¥x / ¥—W
DFEFHE (V) B L CELIROE X 2R THEETH 5 TKE X, EFi#E2 10cms? M Ly &,
B (ah = 2.1) B X UEHPEE (ah = 2.1) TIE ERFGEO NN LU THETH o 7253, K
B (ah =2.1) TLE_ETRIGHE & I U 7= (Fig. 15, 16). £ - T, @is FCHEELEMFIC X
STk ¥/ ¥—NOWRENIRL 5 7253, EHZNIGEIETEVDALNT, Bl L2 FY
TR (V) B L TKE Tld, AHICEOZF ZABRICHIAT 2 23 TE 1o 7.
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L LARDE, #ESNRENENEE @h, L., Xp) %, Fv ./ E—BIREICER
LCZAL L (Table 6, Fig. 20), EEELMTHKZBMBIHEI XA TWEZZ & Z2REL /-
Cpah > 03 DY E, AT AR —LOEFRBERL, MWK IEFIT/NE {7 D (Nept
etal. 2007), AT LART —LOEJRIE, F ¥/ ©—OMEREROBEI/NX L KR 21ZEHD
% (Nepf2012). Cp = 1 IRET B &, Cpah lZBHEESMT03METHD, ERiRitEE
HITHWIN L 72 2 ¥ 5 & (Table 6), FELEMAT EIRTGED BN & Hiz ik 2 h il <
TR EINT. T HIT, ¥y /Bl b OKROEBHEIBROER (X ) 1, b
A 10em s Y o &, BHEMTEVWH/NE L 727 (Fig. 20). 24U, Fv/ ¥—
DIFIRZAIZ & T, REEEMOTAIIFIREIE DV Z e 2R L TV 5.

Z OB D FERUE & A ERHEREOEPOE N, F v/ E—fEOT g~k o T
FIFEI SN TOWEARNEDLD 2. DIMEZFFOI LV EZICL > THEE AT ¥ / E
—OYIFEREX, BT K o TEREABOEREN T —TH 5. Ko T, MKHEMIEN
Fre @WIBFBFEES 5. SZHMETIE, REt I —%2Fr VE—HNICELIAATTEL
ZEEOWENZR L TED, BABOREI NS WIEFRORENIEZ 5N TE 6T, ikl
FHHEELE, ¥/ 2RO FENLRREREER L Tw eEZINS. oz ek
5, LEZICE o TSN —LYHEMEZFROX v/ ¥ —Tld, Sf#ETIc*
¥ ) E—OBREMIC X o T, BAERMOERMI/ NS 22 28T, WKIHE ST 2 &
U, AEHRSEEREZIHIL TV ATREEDY D 5.

Pujol et al. (2019) 3 X X Nishihara & Ackerman (2006) {%, FOEDBEIMIH L TF v/ P — 2
F=VOEHNSEEI N —2BTH 205 Z e ZRE Lz (Fig. 3). Z DRI ETRHE T
B 2 AEHWIGEORADER . LT, KR X 2 BANOHEMN 2 b L 2EZBF TV
505, FEBIF v/ E—R 7 — L CEE MBI 2 BB E O H#I% S -
WA, AR, Pujol et al. (2019) DMRR L 72 AICINZ T, ¥ v / ©—DIRE(LH
AL EORADBER 725 Z e BIRE L. 2 LT, LR TEedizk i, 7l
ZROR VXY IRHEEZ MR LT, EABIUOF v /=R T =BT, Fx/
Y — OIRZE( LIS E 2 HH 32 Z e 2SI L.
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41 EEBIBVTH ¥ / ¥—OBIREL L ABNEEOBRICHE T 2 ER
AMETETNVAENE LAY XU IR 22 BXLU0IVESZIE, KE2—5miZZEL<

WAR L REBA 2003; /\A 5 2007, 2008; 32k 5 2010; BFH & 2014), IR & 28k
MEEMFICBEIN TV, ¥/, AFETH v/ ©—OIRE(IC & D AT IGEHE D
B HHSNITE F 10 coms™) 1E, IBFERTE, ZLOGMTHENINZRETHS. Z
D7z, FEHHICEWTH RV XY ZiROERNISEIL, SIERE TIcBWT, WE
FED G SN TV B ATREMDI D D, B X v 7 E—DBIRE LI, BEOKREZZPX
v/ E—0EE, ARBEHIET 2 EK L 72 3RS D 5. EEISHEAKREISHML <, &
DIERZAE Z DR TWEATTE, Fv/ ¥—OHRERHROLE, AHIKROKE X
FEEOIIRD T 2 2 & DG XA TV S (Engelen et al. 2005; /\A 5 2007; Baer & Stengel 2010;
Nishihara & Terada 2010b). L 2> L, SEMEICEBIY 2 H50%, M4 RBERMEHICHEER S
522 THDIL->TED, RMATHLNLHRBHNTERV. Z2h 51X, RFRT
BONTBHRUTHET L2 L ZEZNDZ BRI ONWTERT 5.

MEIBRE DR WIZ & 2 REIESHOEROE(LDORE

REGEHOTVREL, EE T 2 IREIERIEIC X o TZAL T 5 (Gerard 1987; Hurd et al. 1996; Stewart
& Carpenter 2003; Stewart 2004; Fowler-Walker et al. 2006; Stewart 2006; Nanba et al. 2011). il 2.
X, 7L — 1t LOEERRD M. integrifolia l&, #RZGELD LD BRWIGT, 3
DIEAPE L, BEEL D ORMEHIZ/NE < 72 o 7 (Hurd et al. 1996). R D 77K S 2
F#D D. undulata & Z. farlowii & [AFRIZ, HEH72D DRWEAT, EOMEHIEL EENEL
D, BARRTEY D ORMEBED/NE £ 72 o 7z (Stewart & Carpenter 2003). FIKDIAFED L
QIZEED-D ORI [Surface area/Volume (SA/V) ratio] 1%, KU IR % @
CTYWEZRINL TWa 72, AHIYSE & DRERIEEY (Rees 2003; Stewart & Carpenter
2003; de-los-Santos et al. 2009). SA/V DN & HIYPENIGHE, EREE, HEHORE I3
525, EAEDBEXED T2 PR SN TWVS (Rees 2003; Stewart & Carpenter 2003;
de-los-Santos et al. 2009). 37205, HHD DRWIGFNCBIF 2EREDOZE(IZ X % SAlV D
B, ABCEREZRD S, BEOMEEZ &GO MEHND 2 L E NS, FRI,
472D DR WIGFTD D. undulata & Z. farlowii DYEEBOREE, R UMBIZA T THE L

7256, BRERIGAT L D SN 2 ¥ B X T W B (Stewart & Carpenter 2003). B2, &
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TE T2 B % D. undulata & Z. farlowii DG BORE DAL, BRZGIE D kY-
D ORVHBFITHRIE MR T/hE o7z, ZhuE, D ORWEGATTIREEADOR
HFEMBRADT 2 28T, TBIREL L Z2BROmAOER D 3R L, TBIRZEIC K 2MED
PRI 75 IR R39S & 2 ATREME 2 RIE L TV 5.

MAZT, REBREIEAEOTFENEL(LEE, KRICLBRECDESVELE(LEE 2
K& 72 % (Stewart 2004, 2006). MR DSIRZE(L D EAVIE, FBADORMES, 7775, B X UK
MOZTBPIDNT ¥ ZIZHIH X 415 (Luhar & Nepf 2011). Stewart (2006) 1%, Turbinaria
ornata DIEREIL, EIET & D b EIHE FCTEE L TWAEED Y, Sid (KENEEDTF
NEFIET 28858 ORD L, EPHE L, BIEOWMMHERELEM U 2 8L 7.
ZAUE, @ETRE T TROKIRIC X o TIRIRDSTREIGICZEIL L3 <, IKifth 321 25105
BHENTWE I ERBLTWS. Ko T, EiE F T, Ki#EFeHKRLTXDE
REMHEZ DR TVWATREEYH 2. 2D X 51T, REPRTEOE VI X 2 KAEHOIE
DZALIX, AFZE TR LRI X 2 EHSEOMHEICEET 2 B 20155,

¥ v /) E—NICERT 3t ORE

AFFZETIRE L ARE (Fig. 3) 13, BIAEDNEMPERITHDERYEDN * ¥ /7 ¥ — DD
LK K o TG I N2 Z L ZRIIELE LTV, ZORIHED T T, AR TREINL K
1T, EARIRTGE T & miid P EEESIRIC & D A BRI A3 S L% AT REME A
H3. LhL, FEETE, Fv/ E—NIERT 2L REVHEROWEABKGIFET
. %% ) E—NOKIRE, Fv/ E—EI X DKEPIHl N3 720, EFIRS»T
HB.FDD, HEAZANEDEE L (Carr 1994; Chaves et al. 2013; Tano et al. 2017), A%
MHEOFERICY, MEBRESEYLZHERLTVS @ 1975 F v 7 4 < - 51l 1988;
3 5 2008). FRCHERICAER T 2 IE4EYIE, MAOREEZES Z 2T, BAERH LR
BURRE R U, 2o EREII AR AR IR OREZRINLTE D, HE
BAMRICDH 2 7, REGEFHOYIEIINZHE L TW 5 (Cornelisen & Thomas 2004, 2006). —
FT, BAEREPX v/ E—NTHEKIHE T 22T, IhsEWh ol dnmH
¥y E—MICH#E L, REEEANOWHEMBICEML Tw 2 efafich T\ 5 (Hurd
et al. 1994; Larned & Atkinson 1997). 512, ¥ v / ' —4#LHH & OYIE G D T WETRE T

T, WEBGHIRZEMNL T2 eE 2N, &E MIZBWTHIBIREIC X - TR
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HNTHNER 2 & OYTE G D LTV 2 BT, EWHROWE G OF G o5@ 0l Rl
DB, A RT T RHBEIIM S DI LMEEZ RO Z s, EIRICERT 2 &R
HREWNC L o TRIFRAERG L ko B D BEER 2003), AEVIHROYE G E R E
RTHD SN,

RERIC &k 2508

AWFZETIE, —HAMDKIR TIZBIT 2T & RO LN E OBRZ N Ui L,
IR OWKIRENE, MR Y O—HHROKRE T Th L B & - THRAET 2 REIRIC
Lo THMEN 270, REHENPERNSEICEZ 2B ITOVTHIIXNDIBEDND
(Koch & Gust 1999). ¥ ¥ / ¥'— R 7 —)LTlE, —AAMDKIET & D IRENR T D53, #h
E 7 DIRE DRI X L (Koch & Gust 1999), AFHMIGE ZMEET 2 Z e EfIhTWw3
(Thomas & Cornelisen 2003; Weitzman et al. 2013). #REITR FI12B1) 2 F ¥ / ¥ —NOMKEH:
F, ¥y /E—0%E, KOG, KOEINC X o THIEIXA, BAIMKL, FEEFE W,
X v/ E—NO#KIZHE 5 % (Abdolahpour et al. 2016). B2, RENR F T, FEIEDIR
BRI EDETENT 2720, KRICK2* v/ E—OFREME, BiticHAEL,
FHREWEE, F v/ E—2IREL L TWAREAEL D, ZORENEEICRND
CHERII NG, Ko T, @<, KORAEMNRELS 2251, ¥ v/ ©—HNOMBKZHIIME
HEINEH, Fv /- OBIREHYEEXRZMH T 2EH S REL R IR D 5.
L7ep3o T, RENE T B2 F v 7 ¥ —DIRE L & YE R AN E DBIfRIE, i
HPx v ) E—HERLI TR, ROSIPEDACHELZITI2EZ N5,

4.2 RHROFE L SHRDOEE

ARIFFETIE, RYERU IR NFEZva L2227 VEE L, K ABNIEE OB
BREFNT L LA s, KESEEIEIC XD SRR REERD, BRICK > TKiE
ARG E OBIRIE, 2 ZeHPHEIN, oW 2EOKIR L ANIGE OBRE
BINCHANR D Z L IZBETIE 720, Littler & Littler (1980) I3 AT ORI, Zhz2h
OAFRRVRHEZ ZHACBIR L TV A i L, OB EL e BIlcHHT 22T, Zh
HOAFRIHZ IR L X5 & U7z 7RI D 6 BETH 5 (Littler & Littler 1980; &5 H &

2011).
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(1) FEIK 2V — 7 (Sheet group); W HIAEJE THERL X 412 LR D FRE;
(2) IR N — 7 (Filamentous group); Ml DE 2 H T S L7z R THER X V-T2

)
&

(3) 43I 27 )L — 7 (Coarsely-branched group); FZJ& - BEfE 27 D7 MifafE TR X 7z
TR DTLRE;

(4) HIKZ NV — 7 (Thick-leathery group); FZEMIfE N FEE L, WAL DIEL, BHEITH
L L A d B 2 A5 2 TR,

(5) HEiF K32 )V — 7 (Jointed-calcareous group); £1/KE ICB LN EHIDEN L 72

i)

g

=1
=0
Ani

g

(6) 7K )V — 7 (Crustose group); Al AEYI DREITE LT 2 BEIRPLBARDIERE.

E iR N CTHERAEDIBIRZEL & NG B E O A D3RR X £L72 D. undulata ¥ Z. farlowii 13
(Stewart & Carpenter 2003) 73l 7L — 71 L, W EZRILVEZIZHERINV—-TFIET
5. WRZACDEFRNISENDIEAIE, DI EZA L, KiZ X o TERMBZEL LT

K, DIz, FART N — T THRNZ e B TFREIND. 2D, DS 2 ITBRE D

VR
EEENEHND Z X, JIFHEICHERENT —<THD, SROPETH 2.

RIFFETHA L2 D2 DTG EIIREN, HifeF v/ ¥ — 2 KROMFRERT O
WIEHICETH 5. HlZ1Z, v/ E—HNOEKZEI YD & 3 ZithicHlE s Tn
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Fig.5. The image on (A) the top is the free seaweed, while the image on (B) the bottom shows the
fixed seaweed. In the free seaweed, the seaweed deformation was determined by the change in

angle (0) indicated by the black lines.
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Fig.15. Mean water velocity (V') slowly increases with upstream water velocity (u) above the
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Table 1. The expected value and 95% highest density intervals of parameters (), 6;, 8, ;) in the

model (Eqn. 5), which were estimated by the Bayesian method.

Parameter Mean 2.5% 97.5%

Asymptote 0.778  0.582 0.965
Intercept -0.056  -0.185 0.054
Midpoint 0.228  0.180 0.257

Scale 14.773  8.013  21.808
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Table 2. The expected value and 95% highest density intervals (HDI) of slope and intercept in the

Bayesian generalized linear model (Eqn. 7) on each the treatment sections, for gross photosynthe-

sis (GP) and respiration (RP).

Treatment Slope 95% HDI Intercept  95% HDI
GP Control -0.032  -3.5341t03.736 0.035 -0.708 to 0.807
Fix 2431 -1.0881t06.039 3.360  2.615 to 4.096
Free -2.167  -5.669 to 1.339 8.606 7.837109.31
RP  Control -0.204 -1.451t01.016 -0.023  -0.268 t0 0.234
Fix 1412 0.18to0 2.683 1.243  0.9851t0 1.494
Free -1.113  -2.325t0 0.157 1.487 1.235t01.736
Note:

Units are pg min?! gww'1 ms?h

HDI, highest density interval

GP, gross photosynthesis

RP, respiration
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Table 3. Pair-wise comparisons of the slopes between the treatment sections for gross photosyn-

thesis (GP) and respiration (RP), which were conducted by comparing these posterior distributions.

Pair-wise comparison Probability = Odd ratio

GP Control - Fix > 0 15.61 0.185
Control - Free > 0 80.88 4.230
Fix - Free >0 96.26 25.738
RP  Control - Fix > 0 3.42 0.035
Control - Free > 0 85.93 6.107
Fix - Free > 0 99.45 180.818
Note:

GP, gross photosynthesis

RP, respiration
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Table 4. The expected value and 95% highest density intervals (HDI) of slope and intercept in the

Bayesian generalized linear model (Eqn. 7) on each the treatment sections, for NO3 and POi_.

Treatment Slope 95% HDI Intercept  95% HDI
NO;  Control 0.068 -0.475 to 0.643 0.050 -0.059to 0.171
Fix 0.394 -0.203 to 0.969 0.289  0.169 to 0.407
Free -0.367  -0.974 to0 0.191 0.387  0.265 to 0.504
Poi‘ Control 0.003  -0.046 to 0.047 0.001  -0.009 to 0.01
Fix 0.036 -0.012 to 0.082 0.042  0.032 to 0.052
Free 0.004 -0.041 to 0.053 0.050  0.041 to 0.06

Note:
Units are ymol h™ gWW'1 (ms™h

HDI, highest density intervals
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Table 5. Pair-wise comparisons of the slopes between the treatment sections for NO; and POi_,

which were conducted by comparing these posterior distributions.

Pair-wise comparison  Probability = Odd ratio

NO;  Control - Fix > 0 19.97 0.250
Control - Free > 0 86.90 6.634
Fix - Free >0 96.37 26.548
PO;~  Control - Fix >0 15.21 0.179
Control - Free > 0 48.34 0.936
Fix - Free > 0 83.88 5.203
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Table 6. The distance between individuals, the total wet-weight, a, ah, L., X}, of each canopy, the
double-averaged upstream water velocity, and the canopy height for each experiment. The up-

stream water velocity was measured 2 cm in front of the leading edge (x = —2).

Distance between Wet Upstream water Canopy 1
a(m™) ah L.(m) X, (m)
canopy elements (cm)  weight (g,,,)  velocity (cm ) height (cm)

3 453.4 0.00 13 164 214 0.12 1.08
0.60 13 164 214 0.12 1.08

1.88 13 164 214 0.12 1.08

4.33 13 164 214 0.12 1.08

9.52 13 16.7 217 0.12 1.08

14.77 12 193 232 0.10 0.98

19.85 11 239 263 0.08 0.88

24.99 10 30.1 3.01 0.07 0.79

37.48 9 456 411 0.04 0.69

6 238.5 0.00 13 76 098 0.26 1.29
0.62 13 76 099 0.26 1.29

1.86 13 76 099 0.26 1.29

4.65 13 76 099 0.26 1.29

10.17 12 88 1.05 0.23 1.17

15.94 11 9.9 1.09 0.20 1.06

21.59 9 12.2  1.10 0.16 0.87

27.22 8 15.0 1.20 0.13 0.75

40.44 7 248 174 0.08 0.60

8 153.8 0.00 13 4.7  0.62 0.42 1.53
1.06 13 4.7  0.62 0.42 1.53

2.06 13 4.7  0.62 0.42 1.53

4.93 12 5.0 0.60 0.40 1.43

10.84 12 102 1.22 0.20 1.12

16.41 11 19.7 217 0.10 0.91

21.81 10 27.0 270 0.07 0.80

27.10 8 59.1 473 0.03 0.60

39.58 7 78.8  5.52 0.03 0.52
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Table7. Mean and 95% highest density interval (95% HDI) of the parameters estimated for
Y =0+Yu (1 — exp (—ﬁﬂ)) exp <—ymiaxﬁ> of the gross photosynthesis rate (GP) and dark
respiration rate (RP). 0 is the offset and y,,,, is the maximum gross photosynthesis rate or dark
respiration rate when f = (. These parameters have units of ug min~! g;,‘lN. a indicates the sensi-

tivity of GP and RP to water velocity and f indicates the inhibiting effect at high water velocities.

These parameters have units of (ug min~! gv_viv)(cm sHt,

Precess  Parameter = Mean 95% HDI

GP 0 438  3.92t04.84
P 896  3.33t015.74
a 052  0.28t00.77
g 072 0.12t01.39

RP 0 0.71  0.47t00.95
P 6.06 1.12t012.48
a 043  0.18t00.69
/i 1.04  0.11t02.29
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Table 8. The differences in the expected log predictive density (AELPD) and the standard error (Std.
Err.) of the pair-wise comparisons of the LOOIC for the gross photosynthesis (GP) and respiration

(RP) models.

Process  Pair-wise comparison AELPD  Std. Err.
GP Decreasing model - Saturating model -7.05 3.58
RP Decreasing model - Saturating model -5.36 248

Decreasing model - Linear model -1.19 243
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