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— 0B EFEAXBFFZAAERERLEHL —

e LR BRIk & B O 7o dh B iR g O
AR LRI ST
-

Z 5

TR O SR EBIGHEIREZ ] S 00 Ic I B 7201, BRI VAL AIA A 72 BT
DY 27 L &ML L, KEFEHEGTERIC B W T /2 BV L ~NOVREIEH O 0T 2 34548 L
foo MG+ HAEERIE X KE S oMRIc B LT L Cuie (K10nM). —4, U Vi
HIEHHRALLT (<3nM) A 5 300 nM O #iPHcHIFIRICAE) L TH b, Hicrhipit
KFEETE 2,000 km PLEOSEIE THEE (<10nM) LT\, U v ERIGIEE O T I35
KVPEDBFEAT OB 5N, IERTEREEICHES —RAEEDE Fick b ) REHTH
BN LIRS NI, i, ERETEOMHFRCE S 2 PILEFICHES St EETH
bEEZOoNT, 51T, ) VIRIGHEO —IRAEFEEZZ 5 ) viiE L TEFEKEY
v (DOP) I2&H L7z, PEILAFEETR Y YRGB FicB L TBEITEV T v Y

74 A7 7 ¥ —BiEHNRED o, DOP O 5 b B i o sy M IR S T v

5T EMmEnic,

F—0— 8 ORERIAGIR, ROCRBOOEE T, v L OVREE

ERMEE, BEEREY v

1. IC®HIC

IR ORIy & & o B di B s E 13, oK
#, BAEYETHEMMNT SN, BELOBEICEE SR T
[goWE] & &R n s (Karl, 2002), DT
3, BECOOENFEEL, FEhroRENDKE
BN Z L W Ic o RBITH 1 2 KEE R 3m <
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<, REEEV—REELZFRET 2 FERE L >TO
b0 D& ICHBHIIEEIE IS —, TS PO
AT H 205, —4T, IKRBHESTIC2KLY ~vo
VERREZZZ 5 ETRBHETCESBVHEETLD 5
(Field et al., 1998),

1955 41T Sverdrup 285K L e —IRAEFEICODWVWT O
WEEKCR T, ARG L RERMGE O Z L Vil
WTh s, —REEIRSKRVIERICX S shi
(Sverdrup, 1995), C OWEE, HAMICEAESZL D -
TH 5 9, Sarmiento and Gruber # [ Ocean
Biogeochemical Dynamics ] D REHE LG ETE I D
SHFFEPCR T, M, dR%ER, JREEIC S VLW TER
O FMc Xy a Ny, HdEGEHTIC O W T IRIEHEICE
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(a) Locations of nitrate measurements in surface waters (<10 m) of the global ocean. (b) Locations

of the stations where nitrate concentration of “zero” was recorded in (a). Nitrate data was obtained from
World Ocean Atlas 2001 (http://www.nodc.noaa.gov/OC5/WOAO01/pr_woa0l.html).

WT—HkDF FTh s (Sarmiento and Gruber, 2006),
O D ITHBGHIE D A £ — D3l Mg RIS
LTWREHHO—> & LT, BRI E T 2 KEK
B O MM 258 & = B U 7 B BR b 77
O 2 ZFHEICHIETEZ R > EBBTF 5N 5,
Fig. 1la ¥, World Ocean Atlas 2001 ® 7 — # T}
SOTEK L b DT, 10m LIEOEKBHHBE ISV
TERSNESET oy b LELDTH B, MEMK
13, 146956 IcHB L ¥, @iFREEZ—HIch -1 T
W5, —7%, Fig. 1b (d, Fig. la DELD 5 HIFIE
HEEYo (0) PidgsnkfiZz7oy b LkbDT
b b, MHERIGEE ¥ o O RIRRERED 11% % 5,

Z D% FKFEFEREFH A Z R < 30°N 2 5 30°S @
WAEERICEP LTV S, b5 Ihig, Stidic
ABHNTV—F VIITHESNTEZZA 7 B EL LA
IV OREIEN T, AR E O R R IR
WBIRENIC B O THRERALIT (<0.1 #M; Strickland
and Parsons, 1972) TH 5 EZ2EWKL TV 5,
BTHIRRE O REIE R OV — 7~ JIEE DR
HIRARLI M 2 2 S 3K poidiksn T o, 1980
FAp S KRB BN O LRICBE T 2 HLD # A 53T
T 7, HEES X CHHRRE IS L TIREFEFO
i (Garside, 1982), V) vBBIGicoLW TR~ 7 %2 v v A
7k (magnesium-induced coprecipitation) &, B&FR
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MAGIC 7 (Karl and Tien, 1992) #BEFE & 41, K
D+ 7 B L NVOREFHREZRERCHES 5
CEWHBEL B o oo DR, AMFLICTA-> TR 513,
{b2EFNH B L O MAGIC 7% W 7 BIG iR I 3B
B/ BV L ANOVREFHIEICEE T 2 IR R <
CRKRINDLEDITH->TET,

o, ~No ANy 2 — S o ESRYE SR T
BAELLT—5 £y bBHEONTED, KEOHKE
+ HRETH R R IR (3B nM R & W O T b HE
LTwaoickl, ) BRI N 2 — 5 TiEH nM
BREE, U AT 1S 2HEEETH 5 T & A
St ENTVD (Wu et al, 2000; Cavender-Bares et
al., 2001; Karl, 2002), F7z, T0VY VIBIEEESHO
HIFRRE VIS O W TIEHPITO X S 122 A = X A AiA
AR IS SN TV B, NT AT, HEEEK» S
AR HEA S N 2 IHERIE + dEHERIE ¢ ) v IRIE DRI
16 it TchsDickfL, RETRERTF 7 b
Yk Ly F7 44— K (N:P=16) TRIHsh
1%, ) Y ERIGEREE DS HERE + MR R I T
@185, —J1, NIa—FHTIE, VY y FEKN
TE» ot s 50, RETRIEREENIEAICITD
nckh, MELLEREMDT S 7 b RT3
Bz ) vEREDSTHE SN B 2, ) R IIAEERIE + 1E
TR & [ERRICHEIE L N VICIE 5, /N 2 — S CER
BESTERB D, 1 FWE» S EEITEALSY
2 bt asnsicdThrEINTVWS (Wu et al,
2000; Cavender-Bares et al., 2001; Karl, 2002), Z ®
LT AHRNL 2 = S HORERIIERTIEA =
R LT BIAATIRERUS 12 S ey, dh BRI etk
HHT 2 EREREBEEHONMIT OV T KRBHD £ £
Th -1,

KREGHOSBENTICBAL THE, SHCICA - Th
SAbEEFEE MAGIC Eicfb 2 FiEE LT, K&
D BEIEOBEWT VT » 257 0 Y SHEOWHEY = —
THA FEE+ENV (liquid waveguide capillary celD),
PR LWCC, & H W 7o i + dhiffiikiE s L 0 ) VIR
O ENBEW NS CE kST S ic (Zhang, 2000;
Zhang and Chi, 2002), T ®FiElF, ER4)Hif L
7 v —opiriE O ER IS EEK & 200 cm @ LWCC %
fAIAAL S DT, FUKOEGEHEN JRER b, BURHR

WAL EE VS HEEELTVWS, EESI1E, LWCC
% FI O fe Bt ik 2 BISGEIN A L, il
BT I o0 [ 75 RIS I 38 1 B R B R O A A
BT 5 EAEFHMTHIRAERIG L 72,

AT, 95 2 8l THEE S DHET L o BORERIK
SR OMEEE, 5 3 il TRBHEBREN v 2 7 4
NI B, FAEIBLO5HEITR, FE O MK
BANC & > TS T L 72 PERIL RS EEER B Ic B 1 2 Y
v RIGABIER G B L ORERBIRIAD A v 2 — VA&
oW TENZNHNT B, FH6HITIE, RHFAIRE
B0 A A 72 BBV 2R O KRB I D < ek
KRICOWTHERT 5, F THITIE, VY YTRIEMET I
B LREEHE) v (DOP) @) Vit L COEHE
HicowTHNnz, HHITIE, AFOBIELXUSHR
DEFICS>VWTELT 5,

2. RABEALLESTE

2.1 FHERIE + ERFHERIE

TR + R IHRR IR o 22 U B EE 7 v — i EEiE 3,
e W FIVLABILF 7FNVIFLYIT I VED 7B —
54 727 5 & (Whitledge et al., 1981) #=Z&%Ic,
AutoAnalyzer II (Technicon, ¥l SEAL analytical)
D= =Fh— I FX=2EHWTHA BT (Fig. 2),
Akt ok 2EKOmME &R 22L& T
JRE A2 5 5 5 (Oudot and Montel, 1988) %%
IZ, Whitledge et al. (1981) DJFEEL D bik/kDiHE
ERELL, ROty v 2= AR OFREE /NS
CLtze Thucfkbv, BUKEIELT v &= LB MIR
HLEBOELLT v ED Y LA DORKEESEEOES &
FERfIcs 2 L9512, TOESEEOELT v =Y &EK
AREBL LI, ANVT > =0T I FIRRBLUOF 7F 0T
FLYIT I VIERICTOWTIREEICH > THBIL 7,
HokB L OFEAES 4 v OS| IC FFLE 20 um D
R F L vBEIEK 7 « V¥ — (GL Sciences) ZHUD
g, MBS 2 HEE T A4 VI3HE 0.2 4m O
Anotop 25 ¥V ¥ ¥ 7 4 V% — (Whatman) ZH{D i}
7.

e E T E, SEEEE 50 ecm @ LWCC (LWCC-2050,
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Fig. 2.

Manifold configuration and flow diagram for gas-segmented continuous-flow analysis of

nitrate +nitrite with an LWCC system. The flow rate of each pumping tube is given to the right of the peri-

staltic pump.

ot (FO-6000,
sokgs (USB2000,
Ocean Optics) %Z#lAIAA 72 (Fig. 2), Zhang (2000)
O i + IR B 4 2 ROBB OB i T 13
KR 200 cm @ LWCC ZA L TWichd, EH LD
at R L b LWCC [dMEEAY 550 pm & i\ D THLEE
ErEVwEEERRETco I, S oicpkEicF: M
WPIND T EDbhoictcd, HIGTOFEMAMEEEL
TR E 50 cm @ LWCC 28 L 7o ER £ (3 540
nm &L, HHY 7 b v 27 (SpectraSuite, Ocean Op-
tics) ZfJVWTa v Ea—3 — ETHEEEZT =% —¢
% L[RIREIC 7 — & iER 21T - 72,

FRAEIRIR S, THRE A Y ¥ MR E 75 v 7 KT/
ENLNNVETHRL B L, i/, - A FI D

World Precision Instruments) ,

World Precision Instruments),

LT LT K BEITRETN B oI, WEEES Y U
LIRS 7T v 7K THNLCRB L7, 75 v 7 iE
Kicid, LER1Oum dOX 2 LET 7 405 —
(Whatman) <A@, 142 ERAE L PEEHEREE
MEGEIREE K Z W7o, & OMgKOiEREE + HaNigiE
B A LI (Garside, 1982) 1Tk » THIE L,
TOREE 777 ORE] &L RRIREZHRL
too MHIRAE 75 v 7 WOt OHERZAED 3 f5h 53K
WIicETAINMTH - 7o F7z, 1000 nM F TOME
MIEEREREZRL, ROHEBENER s e (=
0.999),
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Fig. 3. Manifold configuration and flow diagram for gas-segmented continuous-flow analysis of phosphate
with an LWCC system. The flow rate of each pumping tube is given to the right of the peristaltic

pump. (after Hashihama et al., 2013)

2.2 U UVEIR

) viEgtEo €Y 77 v 7 v =7k (Murphy and Riley,
1962) MWHEEE LTHVWSRTE Y, FEESOERRKK
SO S SO HEIC RS WTWE, 'Y TF VT
W—ETKIET 2 DIEIEEAERA IV ) VEETH 275,
FRMESE N TGS B4 L b ) VIRDIA O HEREAE ) >
BRE) v dbILIEENE, T, LIELIRE
FEOEE )~ (soluble reactive phosphorus), B&#k
SRP, LERENTV L, AfRTIE, U vikiE=SRP
LasL, FEE LT vglEE—EH L THV %,

) VERIGOZER I RLE R 7 v — T RE R, 'Y 7T
YIN—FEDO 7o —=4517 754 (Hansen and Koroleff,
1999) =%, AutoAnalyzer II (Technicon, #i
SEAL analytical) @< =& — /)L K/ ¥—v %2 HWTHHA
EJ 7 (Fig. 3) (Hashihama et al., 2013), FEfilH
OFENZ, € 7 F VBIAKIZ OO TIE Hansen and
Koroleff (1999) OJFiicfitwv, 7 X 3 b VBIAERKIC

SVWTRIFEENSDLWE LT, 723 VE VIBIFRKIC
iF, N=ZA5A4 V)T FERETLIDICTRE VE
15% F 7 Y OVERER F+ b ) v LA AENA 7o, kB LT
REAES A v OWG N EZAE20um OR ) = F L
VBRI 7 4 v % — (GL Sciences) 20 72, %
BRI LD AERT 2 Y v« ) 757 VEERIE A 5 2%
HE7 4y —PRFEA YT LY T 4y —ITWET B2
W, WHHEBANEED B EHHE T A VITiE 7 c vy —Z AL
ot

&I, SEEEE 100 cem @ LWCC (LWCC-2100,

St (FO-6000,
otds  (USB2000,
Ocean Optics) ZflAAA 7 (Fig. 3), Zhang and Chi
(2002) TiFY vREOEREIOLCE ST IOt E
200cm © LWCC 28 L TWin, RBEEOEL
LWCC 35kl co £ b » 9 <, sEFIcFM»rr» 5
728, KR 100ecm @ LWCC 28 H L7z, U v IRIE
DRI T Ic B T 2 IERKE 3 880 nm TdH % 73,

World Precision Instruments) ,

World Precision Instruments),
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K27 LTIELWCC OFRAERED 230 nm > 5
730nm Th 578, B _WINE -7 D 708 nm % HlE
W& U, WHERIE -+ IERIE 05 LAk, HHY
7 b =7 (SpectraSuite, Ocean Optics) % AW\ T
HEDE =5 —BLOF — 7 il a1T- 1

BRHEAIRE, ) YIRTIKFEN Y 9 LERET T V) i
KTH /7 BV NUVETHRLTHE LI, 77 v 70
AKizid, MAGIC # (Karl and Tien, 1992) /&> W
TS IEAR e BV R B K & ) v BRI & TR bR 2=
L7ciRo bifZ2 ) YBRIG 7 ) —ilg/k & LTH O, fRil
RAE 7 5 v 7 WO DHERAED 3 f5h ok ic L C
A3nM THh -1, F/z, 1000 nM F TOREFITHE
IEARIEZ R L, OB R S iz (rP=0.999),

3. REEHZEHA T LA

HEETT RS RERS [ HEUL] B RO TRER] D9
i i D L, ARSEEERR GBI B W TRl 21T - 72
(iiasd, BN S X OWHS 3 BET TN T 3), L
IHAIC B U 2 RIEREBIEHO M EZH S I T 5709
12, BMERTE TR ICINE D & £ v I TRk A BT KBk E
HEE RIS LU 72 (Hashihama et al, 2009; 2010;
Kodama et al., 2011), fHMgLE + ditEiEiGEs L 00 ViR
HBIZ 20T 2 Hi TN L e BB LR o3 i % H
WCERERTI U 7oo s NIRRT & 10 ReFEIFREE v]
RET, HEOWRFES X OCHEORTB LIS 3254
D UFEN LU 7o, REEEE T O 22 M REe 1, 15
/v b Q78km h'') THELAESETS 1 km Kim
ThH -t KERHOHEGEHANCOFE T, K, 5,
7 au 7 o VAOLOEEE T 1T - 7o, KEHEHH, KR,
5y, v mu 7 VADED 7 — 413 1 RIRETHEE L 7.

REEHO AN e T, W77 27 b VB
T O 72 OBAMBIBIE, 7o -3 A4 X+ —
(FCM), Edikiks o=+ 57 +— (HPLC) HE¥Y)
OROTHORE b R v 7Tl A B 1o LK S EREX
L 7z (Hashihama et al., 2010), HA/KIF 7o 75 L ¥
A < — BT EAAIAA I i7KGEER RS E % WV T
15578 SITRELL 7o, REEHD ¥ 7> ViR EICK
D300 5 12 DK Z A A Th S B+ikiccT |l
5o T DI OfECREBRHRE OZF AR o h i

Y

/i

DLEE FRFRIIICHE ORI AT EES O T, ABHi

SN D KERTS > TS EFHRMTE S, 15
B EICERIL 72HUKIE, REEEHIEE 0L H) & ot
BifR & & TERINCERHMLEIT W 72,

DA SEEIE H 0iKIE, M EicTEB I vy — LT
VT E N CIREEE 1%I1IC8 2 X5 CEE L7z, BEL
WEFE T B dw - 7o BB, v s ' - vk
(Utermshl, 1958) k2 W\ ChliRfE L 7ok, HI78A
Mmcrs v b v OBEBLUCERBEETH 5
Trichodesmium D#E5R %L 72 FCM H @K I,
IS TEBIC VY — VT VT b N TERIREE 1%
155 &5 ICHEE L 7o BIERRO - Lic TESIC
ST L, —EBIRIAE SR THEL L 7o kicbE RIS E Ik
Blg-> THIT L1, 488mm O 7 VT v A % v L —H—
A7 PAS-III A7 o — % 4 + x — % — (Partec)
%\ T, Prochlorococcus, Synechococcus, £ 3 «
7 Bg#E (Marie et al., 1999) 8 & O HmAar: +
7 787 77 (Sato et al., 2010) DHIIEE A FTH
L 72, HPLC ¥t HoEUKE, it BicT GF/F
7 4% — (Whatman) TAl%, 7+ /V7 —%HEK
ERTHEEL, BELEMAECHE SR> THfr L, fl
Yo M ix, Zapata et al. (2000) @ iEIcH-S
&, EEHPLC ¥ 27 4 (Shimadzu) ZHWVWTiT- 7
(Furuya et al., 2003, Hashihama et al, 2008a;
2008b), Monovinyl chlorophyll @ (MVchl @), divinyl
chlorophyll a (DVchl a), peridinin (Perid), 19'-
butanoyloxyfucoxanthin (But-fuco), fucoxanthin
(Fuco),
myxoxanthophyll (Myxo), zeaxanthin (Zea) T
W, E#EMFE (DHI Water and Environment) %
WClEE S & CIREETRZ 1T - 72,

W OHFHIKE S HhDIF > THRIT 2 & BNETH %,
»

19'-hexanoyloxyfucoxanthin (Hex-fuco),

4. BEEIERTEEREICSIT S U VERIERFIE
8

2004 = 11 H A5 2005 42 3 Hich 0 THiEs /e
[ EAL ] KH-04-5 (kfiig 3 & O 2005 4 8 H 2> 5 [[l4E
9 Hicp o TEiisnk [HEH] KH-05-2 XKt ic 3
it U, HhobEACSEAEIC B W\ TR GBI & S L 72,
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Fig. 4. Surface distribution of nanomolar nitrate+
nitrite in the western and central parts of the Pa-
cific Ocean. (after Hashihama et al., 2009)

TG + AR B L O v EREE D IEEE /34 (3 2,000 km
AHMA L0 R —WTOKEEEHZRL K
(Hashihama et al., 2009), RHEEHE + T AHER IG IR EE (3 i
HTEL, KD OWRT I0nM N TdH - 7243,
LA O F i sEd bhtc (Fig. 4. T716b
t, 10~40°N © A /i< i34 5nM LUK &R
METH > DITHI LT, A =2~ F Y TiFEEER<
5~40°S ® B #i T 13 3~10 nM 2 & R A A H 4
iz blal- 7z, —7, Ak & B oI iiEd 5
C <13 5~35nM & BiHEIc T W EA A S -
too T OTNHEYE + HHRSEEYE O HIERR A5 (3K B & o
IGLTHD, A, B, CEDlHIcREREEDRE L
HimL, KEZTEENRED L7 (Hashihama et al.,
2m®o%of,ii@@%@ﬁ@?@@eigmmﬁ
Rt + iR O HATREE D VW E R L 7o b D & A
57,

U BRI SRS + TR ERIR I LTI K B RS
DEVWPIDPEETH Y, [HERIE + IR & [ERk IR
kA m oA %R L (Fig. 5o A #H T3 150 nM
IR, BT A gk v & < fa 20~200 nM,
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Fig. 5. Surface distribution of nanomolar phosphate
in the western and central parts of the Pacific
Ocean. (after Hashihama et al., 2009)

C#IETIE 50 nM % L[> CTh b, #HIck 2EWV I
IR LG + dTEERIE &[RRI Mg & DGR 5 T &
ERMLIZEDEEZEZ SN, 51T, AETIEHE
PEH RIS ARG 51, 165°E & 0 PO Ay i
TREZF, £FZMHIKPHEET 2,000 km 282 2
PRI T 10nM LA R EBHIRFAMIETH 2 Z &2b
Mot

PHESAL AR ITAIE 5 Aw T Y v RIERE
RRI AR < 0 o o3, B AR PRER L RS R E 1
BOTT £ F L VEILHEIC & - TARE L - EREEE T
hBHE, U VEEED 10 nM LU ERGE U ks &
WA R TEREEEE S E L > TV
(Hashihama et al., 2009; Kitajima et al., 2009), & 5
IZ, Spectral radiation-transport model for aerosol
species B&#r SPRINTARS (Takemura et al., 2000)

ko THRLSNBIIIE O 28R 507 V7 KEES
boﬂﬁf’:]ﬁ? 2 MENEONHESD L, V) RGN EE
Bz s W RIS AN TEE S 5 2 ME TS - 1
(Hashihama et al., 2009; Kitajima et al., 2009), VI E
DFERE D, Ay K/ N 2 — 5 HOHEHF] (Wu et al.,
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Fig. 6. Cruise track in the vicinity of the subtropical
South Pacific islands. Thick lines with numbers de-
note transects where nanomolar nutrients and
phytoplankton were continuously measured. Black
circles denote transects where mesoscale decrease
in phosphate occurred with an elevation of chloro-
phyll fluorescence. (after Hashihama et al., 2010)

2000) E[EBkIC, 7 VT KENI S DA EEICTHAK Y
2 AP EREEE 2 A LS ¥, BEEREZEY 7 5
v N VISR BB vERIESTHE S s o dic Y
VEBIGSEHE Lz EZ O, TOMEER I 0 Ry —
WTHER SN T VWA T ENIH LM &1 - 2,

5. RERBIEHDA Y R —IVEE)
FIBRBEIEH DO~ 7 0 X7 — )V TOKELEEITIMNA T,

100km IR D * v 2475 =it B 2 RBREBEHOR
ATHIZE) & Bl s nic, [TEBUL) KH-04-5 XAt < 1
FAASERE D B L A BT ) v BRYE R DS R AT K
T 2HEMMBIEA 5N (Hashihama et al., 2010),
A RSP R BVRIE I 4 W R B 2 T A L A 17
FSYEZ FPDSE, TODMTvEZ b (#3, 4, 5,
6, 11, 12, 15) ITHWVT Y ¥ ERIGIERE O RFTHIE N Hs3E
»ontc (Fig. 6), V) YERIEREDRIIFIUKTE, 7

i

st

oe 7 4 VASED EREIELTEB Y, KiEb L UHES
DA H) & ST LB (3380 S iad - 7o,

) VERIEIREE L 7 m o T 4 VHOE OSBRI IE, FFiC
FYAEED NS €S~ (85 Fig. ) BXU7 4 V-
PO Z €7 b (811 Fig. 8) THETDH - 72,
D VERIEERE, P AHA NI vES FTEI9km
DOIT 17~125nM, 7« Y=L+ 5 v €27 FTH
98 km DfE}ic 23~136 nM OHEIPHTEFH L CTHB D, i b
FvE7 bEL ) VBRIGEREN RGN L REICE L
TERBEEHE Trichodesmium ® 7 v — & (1600 fila-
ments 1)) B LN, T, VU VIBERENKD
{E&?Lf: fflEk <&, Prochlorococcus, Synechococcus,

a -/ AREHOMIAEE s L OREM 7T 7 v o b
ﬁ*ﬁﬁ?‘é@@ %, MVchl a (Prochlorococcus VL4t @
WY > < v 2 +v), DVehl a (Prochlorococcus),
Perid (B#iE#), But-fuco (<7 T#), Fuco (@),
Hex-fuco (“\~ 7+ #), Myxo (Trichodesmium), Zea
(¥y7/ 730 570)7) OREEF&RED N, —4,
Bififark+ 2 v 7/ N7 7 ) 7ico0 TR ) vIRIEEE
DI BIET LAtk E v s LAZToEIIRIcB W TE
BETH-12, TNOHDOT EDHEAEEDE/MILICE
F %Y VIRIGREORFTIME N, Y777 b vic
L2 vBREOMBICHEZCEAKL TE D,
Trichodesmium T & 2 ZHRMEEHN Y Y RIFICE W TE
BTHDHIENRES NI, TOMKOB%MHEIT>VT
SPRINTARS ® 7 — % ZfW T Lic& 25, &2
MRS &) v RS N I I I A KRR R I35E D 5
N8I > Too FAKREED BB TR ISR S /AT
ICEL 8B EMRESNTEB D (Campbell et al.,
2005), BZ 5L B S OBMEE D Trichodesmium 1<
K BERETEB LY VIRIGERERMNCHS L v
HEMENEZ ol

= 5I0T, [wHEHL] KT-05-24 (2005 4F 9~10 H), KT-
06-21 (2006 &£ 9 H), KT-07-22 (2007 £ 9 H) X
T, 7YTREEGEORY FBBLU 7 ) EVigE
BRI AR + RN PR IG IR EE DS SR I 59 2 SR
BIEAZ 517z (Kodama et al, 2011), Hxziiic B0
TREEGBNAEB L9 FS v €7 b0 5, T
SOLZ7vEZ M (#1, 4,5 10, 16, 17, 18) icHB WL
THYIELE + TSRS L O & O /i _ R332 Sk
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Transect-5
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Fig. 7. Horizontal distributions of temperature, salinity, nitrate+nitrite, phosphate, chlorophyll fluores-
cence, and Trichodesmium on transect 5 in Fig. 6. Abundance of Trichodesmium is shown by black bars.
(after Hashihama et al., 2010)

Transect-11 Latitude (°S)
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Fig. 8. Horizontal distributions of temperature, salinity, nitrate+nitrite, phosphate, chlorophyll fluores-
cence, and Trichodesmium on transect 11 in Fig. 6. Abundance of Trichodesmium is shown by black bars.
(after Hashihama et al., 2010)
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Fig. 9. Surface distribution of nanomolar nitrate+
nitrite in the East China Sea and Philippine Sea.
Transects where nanomolar nutrients were con-
tinuously measured are numbered. Black circles de-

note transects where nitrate + nitrite patch

occurred with lowered salinity and no notable
change in phosphate or chlorophyll fluorescence.
(after Kodama et al., 2011)
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Fig. 10. Horizontal distributions of temperature

(open diamond), salinity (closed diamond),
nitrate+nitrite (closed circle), phosphate (open
circle), and chlorophyll fluorescence (cross) on
transect 16 in Fig. 9. The arrowhead denotes the
peak of nitrate+nitrite patch. (after Kodama et
al., 2011)

fRICIERF 2 £ B2 ohic, THIRIE + ANTIERE & 18
SO ERREFR A & kb O iEERTE + T AEER R A ok
W, I 5ITT DR ERIKED S MELIE A~ D ERN AR
DRI + WG RE A b - e & 2 A, REEHE
MR B 1 5 EEOEREE RS L O ERILET
X2 NED» S OHBRGMAGE EFRBEETH -
(Kodama et al., 2011), #4E, 7 ¥ 7 KEEM S
KPR DRI R A A S5 2558 D TLE S AR A1 1
22253 (Duce et al, 2008), PEERILAREZREEZ Y v
FRIGEAHIBNGE & LTSI 5208, ) v IRIEREE
PHEUBERELTYZ M (B hE - ERETICHE
TREABHERZLED 7o R bTEEICKLEEZD
ns,
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Table 1. Concentrations of nitrate+nitrite and phosphate in surface waters of the world’s subtropical oceans
as measured by highly-sensitive analytical methods.

Nitrate+ Phosphate

Domain Location Period nitrite(mM) (nM) Analytical method References
Western North Atlantic 26~32°N Mar 1998  3~7 <5 Chemiluminescence Wu et al. 2000
64~T70°W MAGIC Cavender-Bares et al.
2001
Central North Atlantic  10~30°N Oct~Nov  1~15 1~10 LWCC Moore et al. 2009
30~40°W 2005
Eastern South Atlantic  10~30°S Oct~Nov  2~15 100~300 LWCC Moore et al. 2009
10~25°"W 2005
Eastern Mediterranean 33°N May 2002 <10 <4 LWCC Krom et al. 2005
32°E
Western North Pacific  15~30°N Dec 2004~ <5 <10 LWCC Hashihama et al. 2009
140~170°E May 2005
Aug~Sep
2005
Off Hawaii 22.75°N Monthly <20(Av.3)  8~200 Chemiluminescence Karl et al. 2001
158.00°W intervals (Av.60) MAGIC
1988~1997
Central North Pacific 15~30°N Aug~Sep <5 10~150 LWCC Hashihama et al. 2009
170°E ~155°W 2005
Western South Pacific 10~30°S Jan~Mar 3~10 20~200 LWCC Hashihama et al. 2009
150~170°W 2005 Hashihama et al. 2010
Eastern South Pacific 10~30°S Oct~Dec <10 >120 Sensitive Moutin et al. 2008
90~130°W 2004 AutoAnalyzer 1 Raimbault et al. 2008
MAGIC

6. BRGFEBERBOREERSGICEICE
FXR

SRR ITEOBIG B~ DEAIC LD, i
Bl R Ic B 2 iHIRIE + EIRIE s L O VIRE
DI BET 2 HIR IR ICIE X > D b 5, Jeli
FNCEI 7 — s BB SN TE AT AP N 2 =%
Ma Ly, Hidug, KFEFES X REFEO R
BlIcBWTHER T — s FEIN TV S (Table 1o
INSEBET 2L, Eoigics VT bIHERE + MY
BRIGIRAE X 20 nM I TN ERGB L XV TH 2 DI LT,
) VRSB ISR TR E KRB T E bbb,
VR ORIE DT 13 MAGIC #: & LWCC AV 5 h
TWEH, HBMEIFEROER, Wik, oGonicy v

ERIGEEIcERELEZR TV ErREshTcws L
and Hansell, 2008), 7> 7 A MU D is < 138 75 %
7= R oNTE 5T, FEIELPREL LA
KA SIZ T 2ICREHRE SICBlF— s 2P L TW
MBS H B0, INE TIPS MITE -2 VEREED
AT S BLERZE O HIERA ) 23 5 o

PaER s & O AL KPR, BESH b, PESIL R
T, —EHLTY YEREERED 10nM LU EffiE L T
W% (Table 1), Jickells et al. (2005) A3FsZ L 724k
IZB T B S 2 P NRESICE B &, B
D 5 BALKPEHE, i, PEEIEREER S R M ER O
PEE SR H D, ) vRIEORTEE K —HLTWb,
7o, RS X OPEES IR ERE T I3 fth o s s
TEABEEES BN S WEAICH ©  (Sohm et al.,
2011; Luo et al., 2012), ¥ % r& T, Z=REE, YV v
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BRIGHE D H1 o 77 ) v 7 ISEERITH B AlietE 2R L T
Wao —F, U YBRIEREA—E LT 100 nM LI EfEAE
9 % RARF RVEE S & ORI AREE T, &2 PRET
MNZ LKL, BREDERWENZE L CRWicy, ) v gh#g
BAFIHET ) vIRENR-> TV 2 LRSI 5
(Sohm et al., 2011, 7z, S HFEAT 2 %
K ToMEDORELH D, V) VIREREIOIRRENHER:
ISNTVwsEbEZ 5N 5 (Gruber and Sarmiento,
1997; Deutsch et al., 2007), 7 4 iz &L iR
SEER PREREE AREEE ) VERIEIRE DY 8~200 nM &
RELLHLTBY, BEMIC LB Y vBEREE &
) U RRIEAREN & ORICALE T 2 8 &8 > TV B,
7 A TEEREINCEREEATO 7 v — D o N
THH (Dore et al., 2008), PHEFEKEHETIE SHEIT
BTk H I BEWIT B W T Trichodesmium D 7 )V —
LATPES ) YIRIEIRE DFATE R D ST b
(Hashihama et al, 2010) fth, & b 2R FHJITE
WERBEEEE LB STV (Shiozaki et al.,
20100, Th oo, Ny 775y v RgIcY v
BIRIARTH BH, [MohroX-nFick->T (FIZE,
B7» & OEMHE) ERETEAYIHHETE U 72 BT i3 —FREry
) VBRIERENK TS 2L BEHTHLEELS
N5,

7. U VEEHETICEIFZ3DOP DY ViEE
LTOEEM

S B R BT & - TE S o i BB 2
DIEERIE + HRHERIE @ ) vIRIEOREEA S L, D
mEicB VT LMLy F7 40—V R (N P=
16) Z K< MEI-THY, —KEEICBT 5ERAE
PRI NS, DX D BERRELRBNHE L 7815
TREREESGRNCE 508, SERKBEEBUCNATY
YIRIEDNE U 7o I T B EREEEM A ) Y A b L R
T TAERE L C—IREEN Y RIS 2 0lEEM: b
&% (Sanude-Wilhelmy et al., 2001; Mills et al., 2004),
I, HEHIh T RIMRE IS Y R D 7o E R ENE
PEB I O—REENF LBV EAREsN TS
(Ibello et al., 2010; Krom et al, 2010),

dEEE IR B I B8 1 5 DOP EE I 0.1~0.3 uM 2
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Fig. 11. Vertical distributions of LDOP and phos-

phate in the upper 200 m of water column at a sta-
tion of 30°N and 137°E in the western North Pa-
cific. The gray line denotes the deep chlorophyll
maximum layer. (after Hashihama et al., 2013)

Echb, VYBEDOLSITF / BELVLVTHET
IomFEMEFInETRESNTLWE L (Karl and
Bjorkman, 2002; Suzumura and Ingall, 2004; Mather
et al., 2008; Moore et al., 2009), U v EIEHE N T3,
) YERIEOME & LT DOP —AEEICRIHE NS
EDfEfE w5 (Safiude-Wilhelmy, 2006), DOP
DHTET NN Y 7+ 27 745 —+% (AP) Ic&->Th
KR E N B G5 DOP (labile DOP, LIt LDOP)
i, Fic) VBBE TR F UM SEKD, —IREEICBT
5 viRE L THEELSEEZH->-TVWEEEZONS
(Cembella et al., 1982; Hoppe, 2003), #G7kd1d LDOP
BEEOREICE, TIRO AP ZHUKITERI L THIKME
CEOAELK) viRlEE €Y 77 Y TIV—ETERT 5
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FELEL PSHV SN TWS (Strickland and Par-
sons, 1972; Feuillade and Dorioz, 1992), L &> L 7548
5, TOFFETIRMEAGREERICE T 5 LDOP R 31
HBRALIT (<0.02puM) Efm-TLEH7®, TORE
EAHPHEIC OV TREBEALHSMTSh TV -
7z (Moutin et al., 2008),

T, FES3EE O LDOP flEH#H 1 LWCC &
ZIGH LT LDOP O SR EE ik 2 L L, FEBRIC
B ic s W LDOP 0 BESHEZFHE L 2
(Hashihama et al., 2013), [#&HL ] KT-10-13 (2010
FTH) BEOKT-10-19 (2010 49 A) Auis i Fefin
L, PEEHERTEEB L O Y FillcB LT =2+ VK
WA 72 CTD+ 7 v o 7 ¢ JVAEER ~ 2 5 4
1T K BIKEE 200 m & T DS E BN 2 TN L 7o, Bl
Witk 5 LDOP iR (3, BMMRALIT (<3nM) »»
5 243nM O EiIl TEB L TB Y, U viEE G~
374nM) & [EkR7SZEMAE 2R L 7o, SAESMICEHH
45 &, Fig. 11 1c—#%7 L7k 512, LDOP R 1
U VERIESHEE L e R g 7 v o 7 4 VKB LI TR
<,V VBRERESSEIC ER LcRE s en T oL
BWARELIEICE VT LA 2 HRVRD St ) v
Wokg LicdiEE 7 v 7 o ViRKELIE T, 21
DRI HERTEE IS W AP IEHEAED 51, U VIR
g Mic BT LDOP ki icMlanTcuws 2 &
DR S N7z (Suzumura et al., 2012), %7, HEliE
FERZFD [HER] Mk (20114FE1H) wswT, B
AR EOE (enzyme-labelled fluorescence) #:, W&EHR
ELF %, ZH It EEREOMI 7 5~ 7 +
YHEO ) v 2 b LR & B v o TRl L7
(Girault et al, 2013), = OfEHE, V v ERIEEE 2
10 nM DU @ fHIBIC B W THEE N BIE 72 AP iE 2R
TEMNPHS ML EL 5T, U EDRERDP S, ) VERIGH,
Iz BT DOP W —IRABEEZSLA B Y viile LTH
P REAZRILTVWE T EARBE T,

8. BhHYIC
S SRS IR A A Ll EORIZEIC L b,

dEGEE S, - TmE Rk A 2 — Y EI3HE D,
FEFEEED VA F L v 7 IB(LT 28 ThY, 27—

VD HIL DI DIBERFRD SRS 1L B AR T &
5T EDH O - TE I, HAFHEEREICET 5
KREEFHOREZLE L, KIELERE, =7 vV Ivils,
EREE, —REE, BIFERYEELEO 7o R &
BERICEFH L TBY, M oM OEVW IR HEDORL
BHEYIHERLAIIEER I Y v 7 9 5 SRS N b, 5%
d, REICBT 2K IET T, BHESHPRR
FIZE) b HE I AN T, HEGHHEERIC B 5 KEEHE)
REZRZERINICIR A, £ OEFERIC> W T—>—>l
GMT LTV TENEBEILR L EEZ NS, 12,
SR RSO A V22 K OFFEIE, HREE +
dhfEiRE S Y vIRIEICEH L TR, BEREE SR
LWCC %A & IAA TS A TR D S IRIE Tk %2 AL L e
(Hashihama and Kanda, 2010), ~ 1 I (3 H: i o 54
ICHD KBTS 5, dRGR T, HEREEHAE
BO—IREFELBOWCRA F =175 v 7 b v T v—
TTHHD, FHEEB X OCBHAEENDOHFG 3RO TK
W ENEHEINTVS (Goldman, 1993; Scharek
et al., 1999; Brzezinski et al., 2011), =5 KEIGE
iTEEE L TER, Vv, rAROHEEREHIIC
Hohicd 5 2 &icky, MAGHHEO LY LA
TEER ISR S SRS 2 C iR s N B,

&

DU/ ED 5 AR FRMEEZTHE, KA
KicE-TBEd, REICHE LT LS - FEE
DR EBEZ LB DA BE#H W LEd, £,
HREZRITT BIChicD, £ DH 42056 THEETEE
F Lo HpUBERYOMBEREREAICE, SRR E
WEOIHTD /9o & TERETHV Ith, K¥FETOHEGU
FICBAL THAZ KD IWHEZTHVWTED £ 9, HR
R OIS EHE Th » L HERFEO eI,
WHFLc D fHE 23, BFERD 71 ~, 7 — T,
SRS TR I LB RISERIT O W TREH]
CCTRETHE % L7, W LAREOIRERHETH - 12
WHUKEERY: (BHGEERT) OfAMMEEA I, 8
A ogED 5, iy EToOBEWEED , vy, WYT 5
v b VRO WTE L O TIEEATHEE £ L1,
A EOISEEE Th - I TR (BIemHET
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A biogeochemical study in surface waters of the subtropical ocean
using a highly-sensitive method for measuring nanomolar nutrients

Fuminori Hashihama t

Abstract

To understand nutrient biogeochemistry in vast oligotrophic subtropical ocean, surface
distributions of nanomolar nutrients were investigated in extensive regions of the Pacific
Ocean using a highly-sensitive method with a long-path liquid-waveguide spectro-
photometry. Nitrate +nitrite concentrations were consistently depleted in most of the study
area (<10nM). In contrast, phosphate concentrations varied from the detection limit
(3nM) to 300 nM over the study area. Despite the prominence of excess phosphate in most
of the regions, an almost complete depletion of phosphate (<10 nM) was observed at a hori-
zontal scale of >2,000 km in the western North Pacific. Phosphate depletions were also ob-
served at a horizontal scale of <100 km in the vicinity of the South Pacific islands. These
depletions were ascribed to phytoplankton utilization of phosphate, and active dinitrogen
fixation, as enhanced by iron supply, likely contributed to the utilization. Furthermore,
characterization of dissolved organic phosphorus (DOP) and its distribution pattern were
investigated in the western North Pacific and the East China Sea using the highly-sensitive
method with an enzymatic procedure. In the phosphate-depleted waters where alkaline
phosphatase (AP) activity was remarkably high, AP-labile fraction of total DOP was de-
pleted (<10 nM) compared with that in the phosphate-replete waters. This implies that am-
bient labile DOP is actively hydrolyzed under phosphate-depleted conditions and utilized by
microorganisms as an alternative of phosphate.

Key words: subtropical Pacific Ocean, liquid waveguide capillary cell,
nanomolar nutrients, dinitrogen fixation, dissolved organic phosphorus
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