FL®IC

B 5 W % K2 AL
ZALHS, LA 0% bz @ CCTAaEY, 0w Tid
MR AERE RIS KT, ARTIE, NEIEH)
WX s h s TRfbRFER T s 2L L2, R
ke 2 V) 15 2 BRI AN RE R IS TS R
2 B LZCRRO—HMZ /N 5. “HAbREIE

BT B O BRSO

HERDEETHL00, WHEICBWTEEL—
KRIEFEZTH LI TS > 7 b v % T aifzess
& L7z WEFEAEREROKEBETH LY T T~ 7 b
BT, ALORFERERECH B AW
K%%@#ﬁ&#éﬂ%ﬁﬁ%woﬁ%wﬁﬁg
BEOFHMED PO EEAGIZIANT T, FREI D
BLBBZAH T 0T T > 7+ v DIREIS
My 2MRAOEEFEETH L. NFHIZL D5
BEELDSHERBREZ I Z ST OB & B L O
XS A A OBRE L xFInoENE, EEBSE
# (UNDP) %% 2015 4F \ZFRIR L 7= 68 v 6 72 B
BTV TR ERT D200 17 OFERE %
FIZSHAZ (SDGs) OHIZBIT % HIZ 14 THUY ik
bit, dWTIE 2021 FF X ) ERE Sz [ E i
FED 0] IZRNTWE vz L9,
REAZBALRFIRE ORI E 2 IUTER T % i
ERmBR LI, FEB L 0Kk pH KT 25| &
#2 9. HWERRBEILOIF R HENIITRE ~ A HEE
RN DDA, pH OB T IE FRAL iR R IREE AT
2T AR Z# 2 5 (Doney et al, 2009).
LS ZFRILRF S RA»rHLD(4 Ty P ThH

L5, TNO OB REICHE IIRNS.

BFCRIRIEEEMT ST 2D
E)U,.J"Kkﬂﬁ’d‘éﬁﬁ%

2 I ' =7

SHIZAMIC X o THFERABPELS 256 2 L1
FEEOMAEDOETICES S, pH OETIX
ﬁkﬁ&%&%@fﬁmﬁbwﬁ%%xéT%ﬁ
(Shi et al, 2010: Sugie et al, 2013: f23%) <CHiE
KM OWEFREEZZ 2 B REMES R STV 5
(Yamada & Suzumura, 2010; Arnosti, 2010; ¥
UL AT, 2011). o B TR R LIS B
T % s EAE OB BRYICEE M L T & 728, K
& DMHAENEH R &, BHERBIIHET 5 HRIER
SO TS (B, 2018). AFTIE, X—
) O 7T o 72 EBRT R O 7z, S BR R 2
B BRI LSSk O AR S 5- 2 5 1T
T, AR R RE 7 SR O EE & TIRAL 3R &
3L CTHERICHIET R 5598 2 A 7 L O FFEIL O
2DV AT A ERWIz I LR L SkoF M
DA TR M OMTERCR, mZ AL T1T -
7z, K - TR LR - MRS R RN L 7o R
AMVADT T 27 b ARERICRITTREIIOW

FHId 5.

— U2 7B TOEERER

N—1) 2 7R X BRAN R IR AR RE A R
% HNLC s & L THIH N TW D, #kiil] BR i
BIZBWT 7 ) =T =y 7 G L BaEE
BROME L, ARWIFE % 1T - 72 2009 4F D F A5
i B AL O 24 1213 72 <, Phikny 22 FEBRT
H o7z BRI IMT 5% 1180, 380, 600,
1000 ppm @ - FRIbLIRZx GL R ERER MV
WHR L, SRR/ 121F 380, 600 ppm O

* SRR ZE B S AT 78 B FE A M ER BRI R P R F 8 o A 7 2 WigE & v & — iR AERER L — T

74 FAERKF S (SFI24E 11 H 14 H) s
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MRALIRF 2 B OBRE R L, Bk b BRERE:
TIZBT 5 itk FDOREZ R~z (Sugie
et al, 2013; Endo et al, 2015). $kOHEMIZL D,
W75 > 7 b Y QHEEIHEED LA L7122 &
5, SREERIMOA (C-380 B & OFC-600) (L#kHE
HThol-tEz5N5b (Fig la and 1b). iR
Mmoo % (Fexxx) O M4l B IE OV R IRTEE O
r4#EEFEO (SIN ratio) &, R LRHE
DFEVIZL S THEREZIALN 572285, 8

30~

BERMORIBVTIE, ZBILRRREOR W
C-600 FEERIX 0 FL I8 gl 8 & o A & % KT & SiN
ratio DF E R BNAA S 7z (Fig. 1la and 1c).
C-380 FEBRIX & i L €T C600 FEERIX BT 5
SEN ratio 7% 30% b7 L 722N A8, EREOReHs
GIEL oo, T2k, BEOZEREEHIW
VLI ERRRL720, BEBIHBIER SN S
HEOR L GM 3 5 PDMPO % T, 10L @
Fegg sy v 7 i SERIL 72— gk % 24 By HR;

M@
T, 257 -@-C-380
2 204 —A-C-600
®
< 154
(@]
o
(= | ././ A
5 P K
a——2 A4
I I I I
0 2 4 6
T b
4 [
o a l
T 37
Z
& 2 c c c c
“ 10T
0 T T
C-380 C-600 Fe-180 Fe-380 Fe-600 Fe-1000
200 ~
§ (d) B c380 MFe-180 [ Fe-600
8 150 [Jce00 [ Fe380 [l Fe-1000
)
2 100 -
o
o =
§ I
[a)
o

C. construcus

(2]
3
%]
1%}
s
&
)
o
G

/ contortus
complex

C. diadema

C.brevis
/ laciniosus
complex

C. debilis
C. radicans

Fig. 1. Temporal changes of chlorophyll ¢ concentration in (a) unamended controls and (b) Fe-added treatments.
(c) Biogenic silica to particulate nitrogen ratio and (d) PDMPO fluorescence of dominant diatom species
during exponential growth phase. Error bars in (a)-(c) and (d) represent 1SD of triplicate incubation bottles
and 1SD of measured fluorescence. Figures were reconstructed from the selected data of Sugie et al. (2013)
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w7z, ok, BT SEEH (Chaetoceros
spp.) Dk DGl L, SiN ratio DZEfLE L It
BLCThEnroiz (Fig 1d). ZEAbRFOZEAL
WX BHEMBOEILL NS o/l b
(Endo et al, 2015), MifaNOREFREZEIZLL
2% Z 515, Endo et al. (2015) 12 &g,
REBHIZBWTIILkFEZ RS 58EON
YAT%a— N 2EEF OB ENFERX DO
FRAL IR IR OB & I LTz, $4b
L, ZEALRFRE O B RN AL
HeEOWLns, MlENOEEZEAEZ KT S,
SiN ratio % FH XHTCWw/z &z b b, HiE
A ERAHIZ 72 B & SIN ratio 2SI 5 Z & A
MoNTEBY (Takeda, 1998), AWFFEDOHE R,
PRAETSINIXAZ BT 2 ZIRAG R R IEE B A-H3 ) 7
7 b OFHIRE LEEL  SHEDH L ERE
LTW5., SRESRINOERXE BT, FhE
TROSRE CRA8, SfRERE) CHERAE
7 <, BREALIC X o TERAME NS 5 WIEREIC
oo 7o REMEDSE 2 Hfz. 24U, Shi et al
(2010) »%/R L7z, pH OZALIZ & o T & HH%
HCAL T DR DR BN AT 2Rl Z 7R L
FeREREEEMNTH o/, T4b B, HNLC ifE
B2 B DR b, SRR MIIC R S B

High CO, (increase in [H*])
v

Increase Keond
between Fe & L
Decrease in
bioavaileble Fe'

v

Decrease in chain-forming
diatom production

%’;ﬁ

Decrease of biological pump

AjIAionpold uea20 Jo Yoeqpas) aAleboN
ks
20D J0 Xoeqpas) aAlISod

Fig. 2. Schematic diagram of the results and impli-
cation of the impact of ocean acidification on
the Bering Sea phytoplankton community.
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BHEOEEEOIRTPEES N, YR 7D
LI KRB IR FERE IS T2 EDT7 4 — F
Ny 7 O REEARIE S 7z (Fig. 2).

LALads, BGOmKE AR T,
TRMLRFE LS FNRPhOBERY) 5L
EISTE LRI, NX=1) ¥ 7 TOFEBHRERIC
EOEWEREZ G 2 57-0121%, bR s
FOFFAYEZ M L CRETRE R EBR Y AT L%
WS LB o 7.

#HETBRILRFEREL AERBEEER

AWV T RE e BRIE ISR ERERE (Fe)
EZzZHLNTWw5h (Morel et al, 2008). iy 7
T P UICE S TOHDFM L5 SITE N A
CSE2ERNIE, $RREP—EDRE, $REAH
AT (L) Ok (Fel) O$EZEEREDB X g
FEXOZEALEE Z b D, KR TIE, AR
T & L CTEDTA (3 CTO¥EE1Z 100 umol L)
THWT, #HE S 2HOMRE LT 52250
CO,iEAZZ 5 LT, Fe Ol & pH &M
LU TEAEWRE A Z L L7 (Fig. 3; Sugie
and Yoshimura, 2013). %27 5% pH 2B} 5 Fe-
EDTA @ %t H) |% Sunda and Huntsman (2003)
IZhE - 720 RWFFETIE, BT % 2250 CO, i
FE % #9 200, 380, 600, 800 ppm O 4 B [&, Fe'
DIEREZ#5, 10, 20, 50, 100 pmol L™ @ 5 Bz,
A 20 FEERX ZikE L7z, SFERKIT2#EE L,
J0FRDKR PV TEEZTo 72 FERICHW-H
#L, Pseudo-nitzshia pseudodelicatissima T 1) ,
lris DI A & R INE X TIRAE S % PR
Thb.

PRI EE ORI A D ML O RAE S 7z
T, MifEM47z 0 OIeFEE & IHEE O 7 M
KR TRY 2 &I X DL L 72, MR
L7210 DR T DOFIEDOID IAHHEEE DR & IR
9 (Fig 4a and 4b). REHL7Z 1) DR T D%
B (FARLER) O AHEEL, TSR
FEowmeLICFBEIIEAT2Em D), S5
(2 CO, DI & WA T B IS A D7
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(Fig. 4a and 4b). FEEEEAIT-72504TlE, 714
FERB L CEROZILEIKRE L, ZORPT

DY AHILD SIN o (=HFIKD SN H) 1,

PRREOMITICE Y EA L, CO, O¥MTIRT 3
% fag 1) (SiN =040 % p[Fe]—35x 10" % pCO,—
277 F,; =139, p <0.001, R*=088) 2%A& 5 1i7-.
plFeld LU CO, DFFHEALIREIL, £ 095
BLU-030TH Y, FEBEATo2#MHNIZBW
T CO, B IFE L I L T”/hEd o7z (Fig 4e).

DEO#ERLY, SINIERE B 2ZERIZ
Fe' TH 1, CO, DL TIE R L2

Motz Thbb, X=1 YT TRONT,

FRAIR TIZB1T 5 CO, D _EADFEE A D SIN

(a) O;]{t

& Airin

e EASETCWAERE, FeodThsr
ReMENE Z 517z, pH O TFIZ X 0 A 26
EED LA L HRECALT L, )8 — FHRECAL
THARP D AN T T DA F V7 e OFHUEIZ
BOWTEBEBIPHNLBIIKEA T V2T 5%
A 7%z 5% (Shietal, 2010). X—1 ¥
WTOEBRREICHEL TG REN T
EDTA ® &9 %37 o b UL L 2B A IS &
DEREREE LW EZO6N5. 4kiE, BIK
TIIHEETIZD 575, Kb OFRENL - ORgE
IR 5 2 & T, HNLC #1812 g
AL DB 2B 2 RIS EH 2 e TE
LThH’H).

Incubation bottle

CO, conc.

controlled

@ Controlling pCO, & pH

. @ [Fe'] calculation u
. =
Jd-o . _[FelEDTAY 3

"o 47T [FeEDTA] =

0°0° D8O

s Log K (dark) = 2.427 x pH - 26.84 i )
%7 Log K (light) = 0.776 x pH - 12.92 | humidity

Fig. 3. (a) Schematic diagram of culture system using CO, concentration controlled air, Fe(III) and EDTA
manipulating pCO,, pH and bioavailable dissolved inorganic Fe (Fe’) concentration. (b) Pictures of culture.
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BB TOREBIREX b L AEEERER
NERB OB, HEICL)END L
tﬁﬂ%nfw%.%@ﬁwﬁﬁwﬁéﬁ$ﬁ®
K2R CTHEITLTBY, SulZ IR LEIE 5%
%ﬁ(k%z%hfwé
FBEIC B A REIE, KOBEET SR
728, WARKOEHEH L b, ERRET VY
ER—EORA, Bk (E5olT) &ARE

pSi per SA (mol m2d™)

700+ e
600
500
400 ~
300

114

10.8 105 102

pN per SA (mol m2d)

(b) Bl 55

= . 4.
c 600 5
©
3 5004
~ 35
N
8 400-
Q. 2.5

300+

200 1.5

14 111 108 105 102
Si:N (mol:mol)

(c)

700

600

500 -

400 -

3001

200

1.4 111 108

pFe

105 10.2

Fig. 4. Net uptake rate per unit surface area (SA) of
(a) silicon and (b) nitrogen, and (c) biogenic
silica to particulate nitrogen ratio (Si:N) in
Pseudo-nitzschia pseudodelicatissima culture
under different —log[Fe’] and pCO, (natm).
Open circles represent the data points of the
culture experiment. Figures were recon-
structed from the selected data of Sugie and
Yoshimura (2013) J. Phycol.

(Overland et al, 2014).
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EH 5 KD pCO, % FHA X4 % (Fig. 5a and
5b). WA AFEEIHE AU, HEMHEIZL - T
pCO, IFE EATLEHE L %5 (Fig be). #HEER
i b L ADERERIC KT T HEICOWTEEY

52 Lid, EREROHEMORIL &R T OEE

CICBD B 723 T, SHROBBRBORIZ ST
2500+ (@)
Twm
2000 H
=3 1 =
© 1500
& i | |
c?1ooo— .
(@]
Q "
500 —— = L -
Sea ice melt o
n
v T T T T T
0 32 34 36
Salinity
1000
(b)
E
é enn _| ~C hd
~ Juu o oY
8 oooo
Q o o) (o]
000 —_—
Warming
0 T T T T T ]
0 10 20 30
Temperature

Fig. 5. Change in pCO, level under different (a)
salinity, (b) temperature, and (c) both salinity
and temperature conditions. Reference values
of seawater used in this estimation are salinity
of 35, temperature of 20C, pCO, of 400 patm,
dissolved inorganic carbon of 2104 umol kg™,
total alkalinity of 2381 umol kg™, phosphate of
1.0 umol kg™, and silicic acid of 10 umol kg™ In
the case of salinity change, total alkalinity was
estimated with the function of salinity using
the following formula: Total alkalinity = 5844
Xsalinity+335.5 (modified from Yamamoto-
Kawai et al. 2005 by using on-board data
during MR15-03 R/V Mirai cruise).
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DEBORETH 5.
AFZeClE, dbfRiEIC BT 5 F0m, R,
KIFEALD 3 ODEIREA NV AT T v 7 b U

FRARWINT 5 B bk FZOEEEZ H T L TH
HLLT ERLAXVICL7, LSEBRXIZBITA
WEVEAL DFREE L, RREINC L 2 7 v ) EoK

CRETBEEAEAL 20, HRE L), &  FHRHERICENT 5 SBLREORIZ L ) #

]

CO, X (LTHC), M&I&IX (LTLS), & CO, ik
X (LTHCLS), @/KiRX (HT), mKiim CO,
X (HTHC), m/KiRfkiEX (HTLS), mKiRS
CO, K3k X (HTHCLS) @ 8 EERIX % 51, 1A
MO L EEHE 2 HENICRET 22 L2 H
By & L7- (Sugie et al, 2020). Hiic X % pCO,
L%, 01N NaOH KBEWIZ L 27V EED

Bl
X

w70 FEBIE, WEEHIERAIIEA [ A5 v
MR15-03 B &£ OF MR16-06 ¥ AL 12 8\ TIHERE L
7. ZZTIE, WWT T 27 b YRHEOBIREOKG
RELTHEHOBEELZIMPEBED
fucoxanthin (fuco), #*ig - 77 ¥/ BEHOIEE
i3 @ chlorophyll-b (chl-b), B X Ui
LL2BEOH - JEL NV TOMBOMERERT

MR15-exp. MR16-exp.
0.6 - 0.6 -
(a) b b b (d) b b
1 b
£ 04 ab—I——I—_:i_ 1 b
= 413 4 4 4
=9 F} 03{a 2 @
28 oI - a(%
©
e ool L IHHEH ool LT
-1 b b 0.4 -
S (6) e @) ;
3 Q ab —} cd
= 3z a a a a de—} cd
3 £ 2 abc abe o
g g 0.0 0.2 5p . T -
n § a T
G 1 +
-0.1 0-0 T T T T T T T 1
100 - ~3.0 100 —(f) -3.0
™ 2
S 754 L25 75 - i ° H#‘ L25 £
5 | N L
Zg 504F 20 50 L -20 3
o 4 i L >
8 25 15 254 %% m%%_1_5 g_
0 1.0 04 L 1.0
FE R 9 9 5 ¢ 9 9 FE 2 29 95 8 9 9
552 EE 2 5 5% == 2
o | n — =

Il Chaetoceros spp.
Thalassiosira spp.
[ Other centrics

[ cyiindrotheca closterium
[ Pseudo-niztschia spp.
[ Other pennates

Fig. 6. Specific growth rate of (a) and (d) fucoxanthin, (b) and (e) chlorophyll-5, and (c) and (f) species composition of
diatoms during the experiment of (a)-(c) MR15-04 and (d)-(f) MR16-06 cruises, respectively. Letters above
the bars represent statistical results of groups with Tukey-Kramer t-test. Figures were reconstructed from
the selected data of Sugie et al, (2020) Front. Mar. Sci.
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MRI15-03 T3, fuco 8 & U chl-b & 4
I % B O HHREHEE I AR X ) A EII®E L
7z (Fig. 6a and 6b). HT ORFIZ BV THAAE
R L 72\~ Cylindrotheca closterium D 5D
LA WA EIEK T D Thalassiosira J& O A2
£ o TEHEIE$® Shannon index O/ A3 Bi%E

(Fig. 6).

SN7z. MR16-06 Tl, fuco # AT Ao
FEIZ A L > TN L 72—/ T, chlb A7

5 B OB AR & FRIEALOT 712 X o THE
L C\w7z. Chlorophyll-a ® ¥ A4 X458 B &
P70 —H A MA M) —DRENS, chl-db 2
TAHEEL, 2um LTO Y aBEEETH - 7.
HEOLHMIE, HOOETIZE > TRT T A1
M2 S N/A, LT X & HT XB LU CO, R

X & HC XIZBWT LS IZIBE T 5 R 52
olzlz®, FEDDEENERIEIIEL S R

=TTl h o7z (Fig 6f).

MRI15-03 B & OF MR16-06 DTS T 5 7z
BEEBREA b L ADEEIR L W5 E o7z
B, BEEZIER T 2 EEOHA (MR1503) 8 &
CEE DS O/ NI o BEE ORI (MR16-06) & \»

High CO;
Temperature rise
(lowering salinity)

v

Shift from chain-forming

diatoms to solitary one 3
and/or %’»
Shift from diatoms g.,
to small flagellates o
o

Q

Q
Q
S,
(@)
7 @)

e v

°!

Decrease of biological pump

Fig. 7. Schematic diagram of the results and im-
plication of the impact of ocean acidification,
temperature rise, and freshening on western
Arctic phytoplankton communities.
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D RERD 72 5 FEREAR R IS R R & v R
% (Fig. 6). 37&bbH, ZBILRFZEOWIMIAES
iR, JeiEo sy Ry 725t s -, KK
TALR TR S HIED T 4 — NNy 7 4EH]
L Tw5 (Fig 7).

BbhVIC
KREADZBRACRFRIRED TN 5 2 & THI &S
ZENDB A DOBFEAEE, REOEHEIZE > T
AFNZ M < WREMEAS N — 1) > il & e o SEER
BTl L CBigE Sz, U, R
B L OB REZR & DL ORMDUEROIER I R
IZBWnTh, FimP_EIbRE ThEhHMmT

DI, & TRRILRFEDOMFERIRIZL o T
NEIDBEPEL LR < R AR TR S

Tw 5 (Feng et al, 2009; Meakin and Wyman,
2011; Yoshimura et al, 2014; Davidson et al,
2016; Schulz et al, 2017). 3 7&b 5, KA _ERIL
RFRIEED A, WO USRI R Y 0%
FHER R AR PRSI DRI B 2 BT T 7210 T L
(1 21X, Mayor et al, 2015; Thor et al, 2018),

W75 > 7 b v OREREOZAL 2 U7 %
WELZT LML RET 5.

WK O WAL T L, WEAKIESCHEY 7T
Y7 N VEEOREOFHEICL o TRELED
0, WEIEIZ X 5 TIE 1000 patm pCO, & i A28
A, O, FHELL LB L TRIER NE
FEIE D AL R EE b A D MR RR M L O R
BIIEETIIRWES ), L) ODPFEEDME
TIEOTUDEETH o7, LMLV H, 2
~300 patm FEEED ZRILIR FIRED A2 X
THE 77 > 7 &~ ORFEMS R A T AR &
TR BT ENHL NI 4TI, BEPO

TR bR, KRR & BRI 7T
7 b CERE R AL S R B AR ST XA =5 D
NO—D &) EFkICE b7z, 5134 A07%
PRI TRA BRI R EE O A R § 2 B
ZACHERERIZH R BB OV TR S 2 0%
M5,

oz,
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DFREERZIY), BEIHEDoLFSFITIL &
DFLEH L B E . () EI R pigeaT 2R
MEFIIFER & LCTART L, AAgddt (BE
JeilEE R & TR AL & SO BEAEH A
I RITTIIZEICHED 5722 &8, B CoOM
BOERBA P L AL ERRR T O L 2O ERIZ KT
TREICHET AR ERE Lz, (W) Ehdhg
WEZERTIE N (W) R FE R FsA A I B\ C
HHZWMIZROE 2R L T HES I
BHOSIHZ A, /2, SFSERMMT
DEIN B TRADPOMVE R AN, A
b L S ROWIEEEN B VW TUHTH Y, &
oL EECICREOER S F, BIEEME O
SFEWESCHARL EIFET.
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