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Abstract: Photosynthesis and respiration of seagrasses are mainly controlled by water
temperature. In this study, the photosynthetic physiology and respiratory changes of the
Asian surfgrass Phyllospadix japonicus, which is mainly distributed on the eastern and
southern coasts of Korea, were investigated in response to changing water temperature
(5, 10, 15, 20, 25, and 30°C) by conducting mesocosm experiments. Photosynthetic para-
meters (maximum photosynthetic rate, Pmax; cOmpensation irradiance, k; and saturation
irradiance, k) and respiration rate of surfgrass increased with rising water temperature,
whereas photosynthetic efficiency (a) was fairly constant among the water temperature
conditions. The Pmax and k dramatically decreased under the highest water temperature
condition (30°C), whereas the I and respiration rate increased continuously with the
increasing water temperature. Ratios of maximum photosynthetic rates to respiration
rates (Pmax : R) were highest at 5°C and declined markedly at higher temperatures with
the lowest ratio at 30°C.The minimum requirement of Hsa (the daily period of irradiance-
saturated photosynthesis) of P japonicus was 2.5 hours at 5°C and 10.6 hours at 30°C
for the positive carbon balance. Because longer Hsa: was required for the positive
carbon balance of P japonicus under the increased water temperature, the rising water
temperature should have negatively affected the growth, distribution, and survival of P
japonicus on the coast of Korea. Since the temperature in the temperate coastal waters
is rising gradually due to global warming, the results of this study could provide insights
into surfgrass responses to future severe sea warming and light attenuation.

Keywords: carbon balance, light requirement, photosynthesis, Phyllospadix japonicus,
rising water temperature
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A & AAe7E-E& A-Ee (Hemminga and Duarte 2000;
Hosack et al. 2006; Bertelli and Unsworth 2014; Nordlund
et al. 2017; Whitfield 2017; Valentine and Heck 2021). & 1]
AE2E oo 75 9wl |zE FarA, Ad
SHFRA 70 B E 0] RG-S AR (van Keulen
and Borowitzka 2003; Christianen et al. 2013; Walter et al.
2020). T Agto 2 WrsH FAEE FU9YERF
U e d=dS Fote] AAsHL FdS ol AtaE
AAatsto] 228 A 7= 71552 7HIT (de los Santos
et al. 2020). Zo A= EF7HE A (blue carbon
ccosystem) A, O ASFEAES B AgBH Selo] 7
ojuf 7|+ HSE e 4 Qe ST AR
A AZITH (Mcleod et al. 2011).

cEgRel 2o e P A A 9F
= A s, Ao A, AL H EX T
S AT (Lee et al. 2007b). F o= AJ4st7] g gta
QFFE FEA717] Sl DA A7) ool F=E 28
= QFTH(Ralph et al. 2007). A= 917t |47t B 0]
sto] Mol A7 A 4 glow, gne] L 4
Aol AgtE|1 Zn] 827t AT 4= Tt (Dennison
et al. 1993; Ralph et al. 2007). T TFH2 Q3191 422 of|%F
= e R T e

3 Hao] AES Hole FHH420] AA T (Marsh
et al. 1986). H| ¢ TEY W7 = 5 Asol 9

) B gl Folstel Fulo] A B Z715HA
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2 Z7Foto] Au o] Aitdo] FasHA Eth (Marsh et al.
1986; Collier et al. 2017; Hammer et al. 2018). 254-20]
Bt 729 90HAERY o)/fe] a1p 07 5Y ol 7

[¢]

il Bk B AEApO] ST o] ALt
= HAaAA e Aot AeE o] Haz ool
T} (Collier and Waycott 2014; Smale et al. 2019). Altt7} 11
T2 L] ATt FAlol WAYSHA EHH o
Al mAE AR ol o Az, o] 2 <Qls|
2o WA Dt §46] FAaste] Fu] fak wzjo] 27
ZAast 4= T (Kendrick et al. 2019). 98] Ao Exs}h
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= Aty el 79 oF 14°CollA] 2] S B
F20] olHt A B¢ ST AF Y] HAa
21t} (Park and Lee 2009). wHekA 9-2] ¢19tko] 4~
Auteree] Faet Aol 24 dFe nE Aer
Gy

2] (surfgrass), = A2 (Genus Phyllospadix) 2
FE> 27 B abol | A 7E ARt ol 2|5k v B
‘_ﬂ% %‘%‘8}04 *}i%ﬁ}fﬂ (Park and Lee 2009), A /‘ﬂﬁl;ﬂ
o= sFo| WEuREo] ReHBYE Aol Rxsta 3
T}. Asian surfgrass2t &2 AN (P japonicus) T A-¢-
(P iwatensis)= S-5OtAoF AQto| BIESHH, American
surfgrassﬂ' EdE=r torreyi, P. scouleri, P. serrulatust 7t
o}, vl=f, GA|E 59 Er] Agto] EE 3T} (Green and
Short 2003; Short et al. 2007). $-&uet Ato] At
Arterd2 B At EAEY, Aviid2 2 F
S F-of dofl dghe] by El Al = Farstal lrt
(Kim et al. 2018; Park et al. 2019). S22t A= AlHtct
T A B ROl E R Agste] Host
AL I (Sl Al A B ol et RE Alx
1Y), B AR A R g dvllo] At AME5 (IUCN
Red List; BE91710 A3t & - A2 BaA)ol A Aupekz
2 & 9171% (Endangered; EN) 2 2 A 5] Q)T

G-] AQtellA H o tigt A= ol A7 &3
g x70% Qs gdjidor Ao A450] o]FFoH
(Park et al. 2012), 7 B0 et 750 F2 Sas]
SATt (Park and Lee 2009; Kim et al. 2018; Park et al. 2019).
A AIA S s 22 FAA o g FFotal 3o, &
5] Aofl, E5=ll, EolE Zedoh= oAt < (Bast-
Asian Marginal Seas; EAMS) 2] 3542 37182 A Al
AQ Wi ZU7HEHET =0t (Hyun et al. 2020). <-Zjtak
el AETe] EFFL-20.068°C year™ (2002~2018'H)
9] F7HEE BTkl R E I (Qin et al. 2020a). 2
O] o2 -2 Hste] vzt AMprpdS 2olkjt of 2] &
o F5oA 2 Agel 2 & Utk £ A4 = &5 7|5H
& Tor Q% s o 2 Aol AMtthE o] ghas
2] (carbon balance)°ll o|H F3F= A2 E 11@st7] 9
Sto] -2 Hotof| whg Fehd % S
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1 AR AR A3 S 2

2 A= 20139 10~11€0] FARFAA] 71 QI
319 (35°11'41"N, 129°13'36"E)°l| E-E5h= At
AF 5t Y= Ak (Fig. 1). A= AF] FAaE Qs =
Egzﬂ 9lo] T o] ke mo] Higkom Z2] oF [~

2 AT 5, 58 AL ofolzuto] ol 7127
2 A%H0E F718 FYS] UPAR eursllct &

HH Aot A2 ofibd sier 22 Y oled

& S AT 3TY 2 5EE 54 4 A
Al Avket s Mo EoHE oo

(400 pmol photons m~2s™)& FAFSHO] (141 : 10D) H 5]
$100] 550 & BAN e S LRE & 6uA 2
(5,10, 15, 20,25, 30°C) | A-SAI 7. Al ARE-2t sl
+ A A3 Aol 4] Afar o] vﬂﬁ%ﬂéﬂ (glass
microfiber filter, 47 mm GF/C, Whatman) 2 %3t & 11
FEAE AT

cm, l—"—ol- 40 cm)i 74]7\1-54041:]- T H}‘j'oﬂ—}:— i

1S & RAA AT - w25t 8 *Ji Fhe 7|x
7H AR Fre s 25 YHRE ¥ 2-mm O, probe”}
AZH 44E FA 471 (OXY-4 mini; PreSens,
Germany)E ©[-8-5t é@’&]—?&o ‘:q 0, probet= 5= A
Ghof] Aedste] & U] & 4ta T E S5
7} 22242 (5, 10, 15, 20, 25, 30°C)H}EP Z sTHA 9] Y
(0, 18, 34, 90, 200, 400, 600, 850 pmol photons m™s™") 2] X
S AP o, W2 L RE oF (A7 FE dAE
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Fig. 1. Sampling site (circle on the left map) of Phyllospadix japon-
icus for the measurements of the photosynthetic and respiration
rates in Gijang on the southern coast of Korea.

sEAS] Bl §& AtA W3 4O AFHE E
2 $=333d-E (net photosynthetic rate; umol O, g”' DW
h™")3 2&-E (respiration rate; pmol O, g DWh™')& 5
dotAeH, = EN 2 FES "ot A
(gross photosynthetic rate)= Al4totlet. 7 FE
FAEL Bl sl ARt & o] 4 ol-8-5td

29¥et I 5 T E3 T (Jassby and Platt 1976).

mim —lN

O

al
P=Ppx* tanh (7) (Eq. 1)

LZ3F PI curve (Photosynthesis-Irradiance curve) S ©
oto] A F 88 (o), HAFEE (L), 223
(1), AN FHEE (Pra) = ANTSFA O, 2 w7 TH

o BAAS ket 2k,

Pmax

L= (Eq.2)
a

I ( R h( “ (Eq.3)

= cot. .
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Fig. 2. Gross photosynthesis vs irradiance (P-1) relationships for Phyllospadix japonicus at the different water temperature conditions (5°C,
10°C, 15°C, 20°C, 25°C, and 30°C). Lines indicate the best-fitted P-I curves of P japonicus. Values are means = SE (n=28).
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=

F= ol

1o
z

S e AIRR2 Heol2h St 28 Alvt
tho] ¢F9] ®A4=2] (positive carbon balance) & 2]k
7] 99 WA 2 sk Aol H, 2L AL £ B
AFE PraxX Hoe 22 APYR F (Zimmerman et al. 1994)

ot o] Ajof wh2t A4St .

>

Rt'24=Pmax-t'Hsat't (Eq 4)

DE ZA4X = B (mean)t EFEQAH(SE)ZE LHE}
Wit SAEAL spSs T2 13 (version 27.0, SPSS,
INC., Chicago, IL, USA)< ©o]-85t3lor, &4 - A4
(normality) ¥ 524Hd (homogeneity of variance)= 7
k3t 919] 2o] MFE ] £ AL ArES A
S (square root) 0= HLSIRITH H= ZF =+ one-way
ANOVAE °]-8319 243132 ™ (2 <0.05), w44kl 7
OISt ¥, Tukey HAH L2 AT A S P51t

Table 1. Results of one-way ANOVAs identifying effects of water
temperature on maximum gross photosynthetic rate (Pmax), pho-
tosynthetic efficiency (a), compensation irradiance (k), saturation
irradiance (k), respiration, and ratios of maximum photosynthetic
rates to respiration rates (Pmax : R) for Phyllospadix japonicus

Parameters df M.S. F p-value
Proax 5 26.390 21.391 p<0.001
a 5 0.395 5.643 p<0.001
le 5 714.607 59.196 p<0.001
I 5 7807952 14.094 p<0.001
Respiration 5 15.330 78.262 p<0.001
Prmax : R ratio 5 50.587 34.101 p<0.001
2

14200 M2 By S L TS WY

A Y] F W 7} FLo| A o] Attt FFFEAER
W PI curves 20| w2t th2 4] UERgTh (Fig. 2).
T2-0] P curvesOl A R FEoA= B o] St
FTEFHECl MEA ST sttt HdEE T sl

H 91T} (Fig. 2). BE S 2jolq Fa1g BAT) AL
heRA] ot
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Fig. 3. Maximum gross photosynthetic rate (Pmax; A), photosynthetic efficiency (a; B). compensation irradiance (k; C), and saturation irradi-
ance (k; D) of Phyllospadix japonicus at different water temperature conditions. Different letters on the bars indicate significant differences
(p<0.05) for different water temperature conditions. Values are means = SE (n=28).
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Fig. 4. Respiration rate (A) and Prax: R ratio (B) of Phyllospadix japonicus for the different water temperature conditions. Different letters on
the bars indicate significant differences for the different water temperature conditions (p<0.05). Values are means = SE (n=8).

T Hstof| wet HF Y E (Poar), &
(), BEE (1), ¥ ZIFE ()= BF F2
7} UEFS T (p < 0.001; Table 1). AlRFeEe] 2o &34t
FEZ 2o Gl wet S7tsko] 25°CollA]
%k (186.61£13.93 ymol O, g DW h™')& ¥ Q1 &, 30°C
oA FA35] FAoF T (104.10+10.39 umol O, g”' DW
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h'; Fig. 3A). 3 B&2 729 S7hol i F3
T HolA] ogtom, secollA 7 W g (0.93+
25, 20°Cell A 7+
=2 35(1.574£0.06 pmol O; g™ DW h™'/umol photons
m?s7)& B (Fig. 3B). 20| S71&S Aniehd
o HAEEE A&A 07 FolA, HA42(5°C)ol4 9

roh

L

umol O, g'1 DWhY/ pmol photons m”
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Fig. 5. Best-fit regressions between the gross photosynthetic (Pmax; A) and respiration (B) rate of Phyllospadix japonicus and water tem-

perature. Values are means + SE (n=38).

9.45+0.51 pmol photons m™ s 7' F-E] F 1142 (30°C) ]|
X19] 33.43+1.51 pmol photons m2 s 7HA] YEFRTh (Fig.
3C). Z3PFE = 25°C oJ5te] oAM= = 7ol
2} gro] S7lote A Koo, 30°collA §435] HAa
Stelh. Zebgd = X4 78.42+10.09 pmol photons m™
s (30°C) Ol Al Z|3L 162.86 +14.93 pmol photons m™ s~
(25"C)77}X 9] 3= K3t (Fig. 3D).

-2 W3t wheh Anprhg o] i—é—%—ﬁ— Fo)gt A}o]
£ HAtH(p<0.001; Table 1) e
o] F7loh= AFE Bl i% 2 Q13
2:9] F2 5°CollA 7}?* 2|31 (-8.62+0.63 ymol O, g™
DWh™) 30°CollA 71 BTH(-46.04 £3.15 umol O, g™
DW h'}; Fig. 4A). Prax: R HI-&-2 2 0f| whe} f-2J3t 2to]
(p<0.001; Table 1)E H o, o] ZI7145
Hadhe TS HATH(Fig. 4B). Pra: R H] 82 5°COA]
Z‘412111(9.70 +0.48)2, 30°COll Al A2k (2.37£0.32)=

ER AT} (Fig. 4B).

21 Antrhg o] AT FAEE 2 25

W& dot 7] ffste] 2l A=A AAIRE A, 2o
= 1

FHTHE (#=0.9788; p<0.05) L SEE (7=0.9277;
p<0.01) 25 523 Fogt ATHAIE B A (Fig. 5).
= =

PRI} o

Table 2. The minimum requirement for daily saturation light peri-
od (Hsat) of a positive carbon balance of Phyllospadix japonicus at
the different water temperature conditions

Temperature (°C) Min. requirement of Hsat (hours)

5 2.50
10 3.98
15 3.04
20 4565
25 4.22
30 10.61

2 2X|(carbon balance)

O] ®FAZZ] (positive carbon balance) 2] E 8.3t
F|Aghe] AU ZIPFE AT (Her)> G200 wtet 27
UERS T (Table 2). 2 5°COllA] F9] ©FA42] {219
STEE Hal 2.5h2 7F AR OH, 42 10~25°ColA
£ 3.0~4.6 h2] H.,:©] Q7% ATH(Table 2). & 30°CONA]
= & &aA] FAo] Q7 5E Ha©l 10.6 hE 545}
Al S7Fst e

Xt
=

o

ST EQ] Fu]FE0] 22 ool A s
A Aoprt7] w2, sfi4=2] iE-@r Z02 E0]9
10] oko ztu] o] A B o AJZof 27| S 1]
o+ a]lolth(Lee et al. 2007b) ZH) 7 AJE5H] 9
U= o Fee did G| 2~37%= Foll o

o Norr

e rlr ){KE DN
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2007b). 7%
o oIt 4

A7) 3 /uuw gg G

U 52 ARF 4= th(Grice et
al. 1996; Erftemeijer and Lewis 2006; Lee et al. 2007a).

Lok Fehd 2ke] BAIE Y P curve ] 9]
AEo] Hagh Frof dieh &t FEE ATE + 3
o, Frrt S7FHAA Yt FedTel WMeke
E7F S7etel met et dwel Skshe 73 He e
T = BAS] ZotE o] Tt FUel= 0‘13?_} T
gl A&EE 771, 12| A BRIV S B
o] frach=s FAe] 1o R LRIt (Lee et al. 2007b).
= A9 Aatol| oJat, Amtrtee] 3¢ gtgdel of 200
umol photons m™ s~ ]| A] Z2}=|L}, 800 umol photons m™
st o] Fol M FA S e A] b3kt (Fig. 2).
oebA] Appehe v w A =8 BeF 2 A0 H-LE Zh)
Toz HeE I QA= 92 Atel #Est= AMtt
T ASAS2 v 53F0] Tt oA Fr
=]} e,

2 AFNA P-I curvel] Hi7iHS

dslel el £ AFAE el o

3
HERUIE, LATE, FAGES TR
r o
u

=

J
olr

5k

i
oX
d
o
rlo

j&
rlo 8%
oS
Q=

2 3

(¢}

ES

2]

2]

g0 Agsetel met F7kehe A Bt A e

t (Zostera marina) A2} F-AIEONA T 4=20] AF5otH
HAgw ot mald et S7kohes A do] BRIt
(Marsh et al. 1986; Abe et al. 2008). 5=2°] =OFA|HA of
ArHE SE7F el wet S EAALETL SE5E
o] Z71otA =tk (Collier et al. 2017). 18I T SES] F
7be oY B S7E= o]ofAs ZeR o
7411E}(Lee et al. 2007b). ©] 2|2t HF 2 o] A5
= AMprpdo] AEskal A7shr] s o B o] T

B_?:}‘S_: Oln| 3t} Py : R ratio= GHHA O O 400
A =2 ZHS Ro|=d| (Marsh ef al. 1986; Rasmusson ef al.
2020), 2 AT AT AL Poyay: R ratior= 5201 4534l
w2} ZASHATE 7H E2 42291 5°COllA] Py : R ratio
7} 7H =982 (9.70), 7FE =2 221 30°COlA Pra
:Rratio”} 7H4 W9ITh(2.37; Fig. 4B). ©1& 4~20] AF53t
of et S&Eo] FAE] vl o w=A S7It=
A oufth. 2 30°ColA= -2 AEH Az QS|

A EFPEL PaSIYOL, BB Astol 37}

rI
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SFTH (Fig. §). wHebA] 30°C9] alp2oli e T52 Sltt
o] a7epel S7bsht BaHel ol BaTgTe
9ole] ZHasholnis AL o % Qltk,

2 sl R2ste Fu Fo] YL 29 A
A2 5o wet Ad/de 7AW, oo whet Fm] o] 7
Al 271, 4 vl o T 5o FHA 40 AF T
o] AEAd-E YerHTH (Lee et al. 2007b). 2]kl A<
St A2 -20] AA5ste ol A4dol S7tst
AtH7t o 54 Ag-of Aol §475] Aastal Aol
gl &0t YA Holtk(Park et al. 2019). &3], 2zt
gFojiet2 ol 142 A4 F ohel YL} (Marine
heat wave, MHW) 7} H1515] ®-A85HH (Qin et al. 2020b), ©]
E]ﬁ]— —!/\io] 11-7]{]- 1]_/_§\|_Q1:ﬁ| zPﬂg] AHA]—/HO] 71'/\6]-
of AESH7] o] A 4= STt} (Beca-Carretero et al. 2021).
2010~20118°] HEH o5 AsfetolA 9] siFdut=
B 42T 2~5°C £ OT, o] s AR
HA o] ©F 13,000 km?>7} FrA5F T (Strydom et al. 2020).
OF AR Lo o5 FHeF vl T, A=
shepaut QIoh Ful A7} A E ek gl
(Smith et al. 2021).

2 AR s°CollA] 10°C, 10°COllA] 20°CE F=20] 2
v F71e wiuitt 8552 27 oF 2174, ©F 1.80H &
7¥e}A. 0, Pracs ZH2E ©F 1.368H, <F 1.578] S7Fot] ©

FEol A3 ert o we Srrshart. B3 &
g2 olFe] 2ol Af fe2o] STl whet Aot
AE2 Hastl 2F80] Sk thE el I91E
A AIE B30t (Fig 5). 2 AR Bl Aoz
et Ao} Fedel A9l 22 oF 20~25°C

2 et Zujrt Ao S Hols 22 A F
T entet oheFstu, 2o o9 o] du] FE59] AL,
11.5~26°CollAl ]2 9] S HAlt}(Lee et al. 2007b).
<t $AEQ Amewo] e 15~20°CollA 7}
Z =7 Uebt o™ (Lee et al. 2005), 23] Qb EiLs}
L Amtohge] AL 13~14°Co] ol Aog By

Ak (Park and Lee 2009; Park et al. 2019). oheba B A
3 ATtz {39 3 A4 (20~25°C) 2 AR
o] A A YLt =A verdoh A% A 4521 F
?:1-/(—] _,’];(4/\_(?___ 5]_% ol ];]_ ] O]—Ouc] 11-_‘1_]_4 AHXT-_ _14—
A o}, 35E, IFH 7184, 49 k3t 5 ol
a<le] 25 AA =22 (Bulthuis 1987; Marsh et al. 1987;



Lee and Dunton 1999; Lee et al. 2007b), €FtH oz AJ=2F
A p-2 A A 420 Hlof vl A epd
o} (Lee et al. 2007b).
Zul= Astal AESH] Sl ZepFE o4 o] U
E dA A7t ol Q2 It} (Lee et al. 2007b).
=AY Aol oJshd AmpriEe] o] g®AaAE |
Ast7] floll MR 2 Sh= #4Re] Heol 7HE 2
1 5°COlA 2.50h O, 42 25°C7HAI= 3~5h o1
Q= sh= ZAor FAEYOY, 7P w2 Y
AN 5= EFE oFe] Bl 5435 F71sto]
10.61 h o]0 2 FH =3Itk (Table 2). ] 7 H}E}“*O]
30°C9] A420)| A ELIF T (78.42 umol photons m™s™")
o] W& 24 1061k oA WA AT, BT
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