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FEECUHET 7 v 7 AHEY RITTREER (flx
X, SOGFER, RELOESY, FROBHFHRRE
)R, - EBKBERONCFL—a s (BFED
YEIRE) 2 EBKRELSELTEY (B2, Boyle
and Keigwin, 1982; Francois et al., 1997; Ahagon et
al., 2003; Jaccard et al., 2005), ¥EPEDZERINZROUR
HERB~OERBDROLTH N L2 b I NI TREM
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TER) ZAVWEFRICL T, BEOERBERICE
T EERRNELEORENRALMNI 2> TE -, B
BEEBEIZ, 90 %D SN EE o2 & A LM
7Y, EREEEBICKITDEMT T 7 b oRGE
KFO SN EOFEN S, BEEEEC L > THES
BORMBEIEINTZERD, 7507 bz
FRERTWD Z EMNIFEE N7 (H14iF, Saino and
Hattori, 1980a; Wada, 1980; Minagawa and Wada,
1986; Mino et al.2002; Montoya et al.2002), BZEiZ
DWTIHL, REHRPEIRTH 2R KT EOTER
[ DOREEED 515N B M & h, WO HEEED
SUNMELY b 5 %olh EEVEEENER SN TWA L &
DG Shiz (B2, Cline and Kaplan, 1975), =
N O OWHRUSN DL < OWFEETIE, BEIC X DRI
TRET OB AHREHE < FRLIESBIZRIC L -
T, REKOBBRLT T 7 oo §1N OB
bIELENTWS EEMIND LI ICholz (B2,
Wada and Hattori, 1978; Saino and Hattori, 1980b),
COEICLTHELONBREDHETOERSHLE
RENLLL & DOBMRY, BEOWEHEICKIT 5 ERHER
DFBREHETHIEDRO LY, 90 FERBAEUBIC
ITOINT-HERY) S15N OIFRFIEBDMRNT N D, EHRME
R(ZBREE, ME, WBAAYHR) &L RELBINERE
ICEHB LTV D 2 EBARAITH DS S L LT (4
%1%, Nakatsuka et al., 1995; Francois et al., 1997;
Sigman et al.1999b; Altabet et al., 2002; Galbraith
et al., 2004),
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M 615N DFRED A H = X AIZHONWT, b= T
THELBIT, HEREY N ORFRIIES) O EHRER
DBRBEZ R BRICEE TR & EHERIC SV THE
BT D. E7o, ITEOHREY N HENLHALMICE
NMRRRB LRI L, MEERERLIELHO
BEMICOWTHRTT 2, 2B, KR T, HEY
D §IN H b e HHED A EERCER R OBE R 5
DICATRICEN 2B =D, W T5 0 btk
LHBMEERORLL, REEOIER, EXEEERE
COWTIRE/ANROTRIZE EDDBZ 2B 35,
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R Eh, RESNIEROR L FORNE
HiZiE, EOXBERH20E550, £7, #
HOERBREBBEMNHEBTEX S LS, BE~D
EFRMBREKBETROE T T v 7 R EENENLOEY
H72 SN fE% Fig. 1I1CE L D7,

Fig. 1 TiX, EREELHETY 7 v 7 AOHEMEIZ
BELHTHD, Zhid, EYFEHT o RTHD
EREE L RFITIE, BEDBNBBTHSREEHRD
RFEMMELEZ2FROICRBL I Z LOEBIRH S
Z®, MREICL-TT7F v 2ORHEL 0 IZHIEDOR
O BELTND72HTH S (Gruber and Sarmiento,
1997; Codispoti et al., 2001), L2 L, Wiz LT
b, BEERORAT F v 7 RTBNTIL, #HEECH
MENDIEROBLTEHULEDR, BEREEICHRT
DLEAMLLN, TOEFEEFEICL > TH O %EL D
EZ b ORRERPBHFEARRMEBR S TVWE D &
B3> TWD, —F, RKEMNT7F v s i, %
NEN 25 T gN/y (T= 1012 g)(BEEEMLBTOHE
) LHESNTHY, THEEREEORLZ 1/4 8
TIZH Y3 % (Codispoti and Christensen, 1985; Duce
et al., 1991; Galloway et al., 1995), Bz, {LAREH
LRHEHBEROERLEDIE, ThEhOT Ty
7 AZEFREAM LRI O TEORMEIT/2 5 (Cornell et
al., 1995), RIARH THAE SN HER(LEWD 515N
i3, BAKPOREEEA ALY - TUoE=T AL A B34
*+ 5% T (Wada and Hattori, 1991), HHIEERS 4
%ol & 72> TS (Cornell et al., 1995), Zhizkt
LT, RIS & o THHE SN D TR - IATEIBAER O
SN fEIZ & HIT 4 %oRiitE & 72 > TV B (Sweeney and
Kaplan, 1980; Hedges et al., 2000), L7-43-T, £
FEDWHEFHI OB 615N H (~5 %) ZEHEIZE 2 3
L, BHREELKRK - FNIC X 2 BRI, BED
ERFAMELEEL TEHFETHNTNBE LS LD
IZHhBZENTE D,
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Fig. 1. Oceanic nitrogen cycle showing nitrogen input and output fluxes, together with their §'N values.
Left and right cartoons present the flow paths of nitrogen fixed by Na fixer and removed by water col-
umn denitrification in the oxygen-depleted water, respectively. Pathways: 1, ammonium regeneration; 2,

nitrification.

SRS 25 T gN/y T (65N EIZ# L% 2~10 %o),
TR LT, AL RBHEBMTOREIC L DER
21X, 175 T gN/y (Gruber and Sarmiento, 1997)
~450 T gN/y (Codispoti et al., 2001) & RFHb HH
TRY, HEREROFELRKHRLE LTESIT L
NTW3 (Fig 1), BIEEVOE, AL HRH T T
RUBZE7 22 23O TH2ICHEL LT, KiED
BLZE DI M FEIRLE S B RAS K& < (-20~-30 %0 ; 2
9, WATORME SN 2EH3), HHHT T/
EVHRTHD (AT LOFERLESFREIT T 1.5 %o
T, 2FETHOHEER 6N L5 L1 3.5 %DEH
T 52 L1/ 5) (Bl 2L, Brandes and Devol,
1997), HEMFOPET, BT ORNEZHI /DS
WHEE LT, FBRAFTTY VBT ZHBRICTS
HE (NHy+ — NO3 ~) RUBIED O HERY T ~ DML D

ILBOEE R, fEE Y, HEYEkE: LTORZER
5 R OBRRMEZBIN/NEL RoTWDH I &
W& 2 BTV 3 (Brandes and Devol, 1997), WW§h
KLThH, BERIMOKR¥E EDDIMET T v 7 R,
ERRAL By, BEOBRRALELEZED 55
N TWS,

IOXOIE, BEREELME L VD ZOORTREYAR
Tk RN, BEEROBKLEBRET S v I AOKE
SEEDTNBZEDND, ZOZOo07 & ANRMEE
DEZRNIORLB- WD LEMEINDG, £72, B
BEN, EEEHOME SSNES, Z0Z>07
5w ADRME AT R L-T, HEINT
WaLEMEEND, LzoT, HEERICBWTY,
DO ANREEOERNIOREE ST
febd 3L, BEEHOME FNEOEBEHETL,
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2RODRBREETNEHEIFET, MEWRICDLSE
RNKXOEBEWRET DL b TEHLTRENS (H)
Z4&, Gruber, 2004),

2.2, HEYOIONIZEHEXEZDIER

HAEW D SN B O RIIE B 2 ARIRT DB, §15N
KHBEE5E2DLEZONIERZEBICRNT AL
BRDB5, NP ORBEERIY, < OBE, WEE
ELTHEBT TV P CEESRE LD THD, *
DI, HFEWOD SN EORERFILE 2 BRI 58,
BERBOMBO SN EOLEHY, RLEELRLHE
RELTHEFTOND, —MRIC, EBED §NEIE, 1) 4
WERREREE, 2) BTRET COBRE, 3) M7
7 v 7 b X DBV AKBRE TR I A RN
AMZE-T, RESET D, IBHIZ, HBEYDITH
FENTHW2HEEMIL, ERBNOIE LERT 2 E
T, PR LBENPAULORRZET S, ZORR
AT—NDPRT, REBHLILE L TE R FREHY
DD SN EORMLEE (5# - TEER) b, #
B NEEZRELSEXDPERDO—D L STV,
ZIZT, UTFTOETIE, thbn7atRiz o0
T B,

ZREELBRE

BARPOERD D LEMIHHSh B EHEILAMIC
i, THERA A (NO3™), HRHBEA 4> (NOy™), TV
F=7 (NH3, NHs V) BdH Y, ThbiXBEEER (fixed
nitrogen) &P S, EMHIERILFERILERE - HIED
PA I MR ENTWS, 20 ) HLigeeiY, BEZE
RO BRULE 5D, MEAPICE>THRLEERZE
RRE LTRBTHEHT 77 FrZfRShTn3,
LinL, F - EREEBRDOS 13, WERREOMBEE
MWOITES, TNRZE2TTF 7 FrOAENKEL
MAENTVD, ZOKD RERBOWERTIE, L3
BERGRL-TEEOHEM T T 7 b rizidflfish
BROVER (No) 2, =basr—FLniEEsEsrboE
BT/INITFIT)VCE->THBEENRZZ L8 HB
(ZEREE ; Ny fixation) (Bl XX, Dugdale et al., 1961;
Capone et al., 1997; Mahaffey et al., 2005), ZEHE

2.2.1.

I L > THEFARRRICRV AT Ny i, HE -5
REHTT E=UALA Y (NHyH) L2 0B RBLL
RCHRR L 2o T (Bik), —HAFOAELBICHG X
n, foEM 777 b RIAShS (Fig 1), %
BEWETIE, BEREEHROK 0 %DEE bORH
B, ZOKEE-BROVA I NV ERBLT, AWMEICA
LI, WMTS 7 NoRBMTT s b, Fh
O DIERL - eI, FEERBETHEEO b D & g
OPNEZ KL LT3 (H1%iF, Saino and Hattori,
1987), Karl et al. (1997) 1%, Z DX 57 515N EO4
BEFALT, "NUAHTIE, EEEERROEENL,
RART50%RE, HEEOKBIIEFLELTVWSLEH
LTwW3,

INETOMRIZLY, BEREATEHETERMN
WS OB RS> TE TS (Karl et al., 2002),
BlziE, Bkl ERATOBRTHD, ERETEHE
WONT A # Sta. ALOHA RKFEHICIIT 2 BHIT
i, TA=—=a FHRECIERE RIS LT
BHERBARBLL, SHERACIZRB~OWMED
BB ER L, RBOMBICAE LIoREREE L=
R, EREEMILLI-EIHME SN TVWS (Karl et
al., 2002; Bates and Hansell, 2004), £7z, KiEb=
ra b —EOEERICHNE 52 5ERFO—oE LT
EZohTRY, B EREROTELEREATE
THDHLT /NI FTUVT « U aFRIgal, 2000
UEDKRIZBNTC= ba S —YOEEE - T
DEPHOHI TS (Carpenter, 1983)(7272 L, FiE
DX HITKIR 0°C DBREICE VT L EEBTCEH I HRE
ER T3 ; Vincent, 2000), 7z, HEEEBRHN S,
=bhe ST —POBREICSSEE L TWS T L bERE
&h (FIZiE, Rueter, 1988; Raven, 1988), B4z
WTH 1999 FE DY~ T RYE b FREECT 5 R EE A Sk
TORYICE T o ) ¥ CRESKBEDOHEME b =
T AI Y LFEROEM (100 %) BHERB &N S (Lenes
et al., 2001) 2 &, ZHREE L SBE L ORI ER
ENTW%, Berman-Frank et al.(2001) 1%, DX
REFREE L SGBEOBRICER L, BED 15%DH%
BICBWTEREESSKFIBRTICH D LRE LTV B,
EHIT, YCHELTY, ERETORERBRETF T
HDHEPEHSNA TS (FlxI, Sanudo-Wilhelmy
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etal.,2001), TNHDOZ L EEHT B L, REBIL- X
B-SBE.-VUREREN, BEXREEOHERN,
7Ty AEHEL D HERTHD LV D,

L7232 T, KF-BIKEOTREERIC, FkiRig-
RIS - BABE S AR YL KM/ N, YEED N/P (B3R /Y
NEOBERENBI TV T HE, BRELT,
VT INRITFIVTIEDEREEZ 7 v 7 AHKEL
L LTV RREM D 5 D (Broecker and Henderson,
1998) £ T, ZO L) RRELEGICHTIEREE
BEOINE 2P BNT, EXEEER BT 58%E
D SBNEBEZETL, SN EORAEHI LERE
EDOBILFEZREL LD LT HHENTOATND
(3.2 ) (B %%, Haug et al., 1998; Sachs and Repeta,
1999; Kienast, 2000; Horikawa et al., 2006).

—%, BEOEREERERRUHETIHEL, 1)
BTFRRRE, 2) A7 T v 7 R, 3) RERIEE S |
HERLRoTEY, ThHLOEEN, HEZISv7 R
& RMT EOENLESBICEEE- LT\ 5, BFE, K
AR, BEERERE L 25 KEGRo X BHERY S
(sedimentary denitrification; Bl AL, ~—V  7¥) &
AMFKI (BHFBERIRE 2-10 yumol /kg LAT) #3103
DOWEHD TG (water column denitrification) THA4
LT3 (FlxiX, Cline and Kaplan, 1975; Naqvi et
al., 1982; Brandes et al., 1998), AKETHEIEZ -
TWAT I ETHE - AX T amEl - ~u—hfERig,
HAMRBAETLH S, ZhLOWERTIE, BRI
Ko TEMEENBRRICRY, YOS REOT- DIZE
KB OBTFEEFPHE S, A 100 m~500 m % Hl»
ICEBFAHAPEEL TN D, ZOHEBFEART T,
HRRBHEIC L T, FHYOLIRIZIEEN, BF
ZREL LTRASR TV (Bi28) (Codispoti et al. ,
2001) (eq. 1), FERAIC, AMRARPOMEEOR X
% 1/3BBME (Bix) &, BIEHL LTN, & N0
BER S, WEIDLRIUTHH ER TV (Fig. 1),

(CH2O)106(NH3)16H3PO4 + 84.8HNO3;—
106CO; + 148.4H,0 + 42.4N, + 16NH; + HyPO, (1)

Fig. 2ICHEKRO—FIL LT, AXTahOBEF
PeRIRE ([0z]) , WHBRIREE, MR SUSN, FHEEXRH
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Fig. 2. Water column profiles of dissolved oxygen,
nitrate, 6'°N-NO3~, and nitrate deficit off Mex-
ico (Sutka et al., 2004). Nitrate deficits are the
difference between the expected nitrate concentra-
tion and the observed concentration of nitrate plus
nitrite, showing the amount of nitrate loss due to
denitrification. In this case, expected nitrate con-
centration was based on a N/P ratio of 13.8 for the
preformed nutrients as determined from the data
below 900 m.

& (Nitrate deficit ; E#&K L Fig. 2 DHAXEB]R) 0
RE T &R L7 (Sutka et al., 2004), T4 5 DOERE
SR THEKRRZ FFEOT 201, KB 100 m
~800 m % PO EBER A (< 10 uM Oy) BEER &
NTWB AL, ZOKBIZIW TRER/KIE RO
ROLNDIETHD, EDIT, 2Ok D hLBaBmEAMH
PTIE, BEICK->T, RNEICEW UN THERE
NOWPEMBIRNICEITIN S, Fig. 2 TRLN
5800, ABFAETORBBEO 5N (12 %, K
200 m) BEBOETh L H_EmWMEEZRT, BEIC
Lo TEL RoTHBO—EIL, MHERAICI-TE
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BlzEEh, Zhamm> o 7 by REIkCRIA
T3, T, BMERCBEKEORE %4 2R
T, R T 7 by - ILRBRLT - RBHED O
SISN 23, {h¥Eik & AR ICEVVER R T D L
L 72% (Bl 21, Saino and Hattori, 1987; Ganeshram
et al., 1995),

2.2.2. REEH

W75 NACL DR (RO T VE=T) D
0 iAA (FULRIETT) X, BLE & RS, 1N 23R
KRR 2 RMAESRIREE L (BLE 4-9 %) (1
¥, Wada and Hattori, 1978; Needoba et al., 2004),
—fRi, MERBICHBELEEBICOIWE, 757 b
VITBIRMICEB WV UN 2RI L, BB LY L RMES
KBRWEEMEIES, ZOB, FRICRIBEro
T-MEPERIG ORHEED SN fEIX, #NT 5, —F, K@
IR SRR O T 2THR, RRIZRIBEEhS LS
REBE, 707 oo FONEIIEE & RBEDE
2722 (VA V—EET /N ; SEHITEH - A4, 1996
EBROZL), TOD, EREECHEBZOREDR
VRIETT, MRERE ORHEECRREBRI T D S9N fEA, 28
M8 H 5 WVIEEENICELT 20X, W77 07 b
YORMLERIZ L 25EBE,

FUEAERIC & o T, MBPERE OMBERE L iEEE S1°N
ERRE BT DHFIE, BERESHKREBRRRICR
WTERLBARICATL 52 LN T& 3, Fig. 3aciZM
KEZHT 2 RBAKIADOTHES 615N # & BB E O/ AL
Wi %7~ L7 (Sigman et al., 1999a), FARPEDOERE
Bix, £EOERLZEM T, SKHIRIZ X0 HEED
FIREMN 20%BEE TLMELRWEYD, Fbhd
RHE- - HEBILEREF BT 5, OB, Y
T bR, BHDARNMESRHSRERFoTUN %
BIRMICED AR, BETHLIRBOMBIEE KR
EFMIZRLITHD &8, WICHE SN EEEnEE
B, TOFER, TRIBOFRRBAMNL, EROBMBELRL
HAREVOVEEE SN E LRV E L 220, ZhEh
Zfedh - BRELC X, mE OZEMARE{LIE Fig. 3d
THREND KD BRREERRMBRE 2D, Fig. 3d TR D
N3 E 51z, WHEED S9N 1B & BRI B ORI B

b, VEERREOMEE SN EOEH oML, REICHR
ENDHBERLRE COMBORIAME, MBEORY
ABDEERD NSRBI R (BREBHOEE)IZL - T
REShTWA I ENHERINS,

—77, HERERIE OB T REB D 6N D%
A3, WEEEFULT ABORMLESIER T TRL,
HAEINET VE=T OV IAZRLSR - R
5 FNLIESYBIZhE, SRERLT & L CORIRIRE 2 &2,
TEMERL 2, BERBOWMEO SNEOEEH LY
bEMETH D, P, RBARET IRREOKR
BT, HRBENDWERB ~ ORI RIME
Wi, BBOEZRERO—IR, WHERBTHELE
ST E=TREREEICL>TEN2DNS Z
b D, FFT, HEBERBEREOROCEREBER T,
BASRBETHAIT VE=T OLBHIE S9N B,
RBEASERORNMIKIICEB SN S Z LG &S
NTW5 (Mino et al., 2002)(Fig. 4), L7=235T, =
D & 5 Iy IRE 2K SRARIE b HEREW) SVON I B R RIT
TZENRH B,

2.2.3. 2 - TEER

—HRIZ, WHERBOMERRTRAEHZES (PON) i3,
M7 0 N, WNBMT T Ry, RNITY
T, TT T FoDBHRBRR ENOEBREND, 1
HERBTHEEIND PONDELIL, ARETNITY
TiIZk o TE bR S h, BERES - AHERLL,
BUOWE®HTZ 7 bRl &n3, Fig 5ic, BBk
PON ORE L 20D SN EERT, B b, AEHO
BRALOARIC Lo T, RRBHE PON DI HSRE J5 AT I8
DL, SBNEBEMLTHEORATENS, 20X
D RBRITL, BESMROBRIC, BRAICEN M¥NH,*
DEENOBRESNMERE LTHRER, Ricks
TRONDEBHARARL LTEXHLN TS (Saino
and Hattori, 1980b; Saino and Hattori, 1987)(Fig. 5).
LA»L, UTRRIBRB L5112, BRBrLBREENRE
LR T ORE, WEBRTOEBMO SN [RR
B 14N ORRE] T CER2WEHERTZ
LWBdHBD, —HIC, LAY, 50-100m d 1 BBED
WHEEE %2 b 5 (21, Deuser and Ross, 1980; Voss
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and [NO3~] across the Southern Ocean frontal zone system

(3a-c). Fig. 3d is a scatter plot of §'5N-NO3~ and In ( [NO3~] ) (data from Fig. 3a-c). Isotopic fractionation

in the Southern Ocean can be estimated to be 4.5 %0 (Sigman et al.,

et al., 1996), AXREMLEREINZOL, 30-60 B
IZIEKEE 3,000 m DIEBEKIZET D, 20X 5 72k
AT — TR NT, R IR - EERRTE
DEORGREHEY, FHROCEAMEES LD LI
BLTWAONE, RIZATHS,

9, BBRBORT & LB, EMICH 01N |
BB RRS> TV AHFIEEREAILENDH S, AiIE
W, WM by, BNBM TS N, RO T
U7, T2 b OBEBRERLREDOERINDD
Wt LT, BEFBRECKREES T T 0 b oREY T
Sy b Ol SRt bR &S (Bishop
1977), D, ARBLERDO B AV b b

et al.,

1999a).

T o T THEIN B LHERIT O 615N (B, BEREO
TRBRBRIT- O SN ALV b %oEm < 2 2 HANDH B
(B2, Saino and Hattori, 1987; Altabet, 2001), =
i, BYROREBEREIZIG U 15N 2 EHE L TV
BIZEoT, BROBHT T 7 ooz bigaid
BRI, O & THER SN AL T, BE
LR DBEBERLT (CBEHFRARER) DSPNHELY
bR D7D THD (BAiX, Minagawa and Wada,
1984; Checkley and Entzeroth, 1985),

WIZ, CEBRICB T DR FIREEH O 515N HO
T HOWTRTH B, Fig. 612, BV T afoOKE
275 m & 1,250 m KRB INTZEBIVAV PN TF I T
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Fig. 4. Latitudinal distributions of suspended
POM 6'®N and the depth of nitracline (m). Sig-
nificant numbers of Tricodesmium were observed
at 15°N-0°N. Modified from Mino et al. (2002).
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HOIEMZ L, JLXER (Altabet et al., 1991) RJtHE
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al., 1991), 73V MfE (Voss et al., 1997) 72 ETH#E
ENTW3B, ZOkD, ZOXK D BREML, B
HPERHRBHR Th D AIEENEV (7272 L, LG
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Fig. 5. Vertical profiles of particulate organic nitro-

gen (PON) and its 65N value. The data is taken
from Sta. 3 (KH78-4 cruise) in the northern North
Pacific. Figure from Saino and Hattori (1987).
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Fig. 6. Seasonal variations in the §*5N of sediment trap samples collected at 275 m and 1,250 m at the Cariaco

Basin (Thunell et al., 2004).
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FIRENEVER) T, AHEMOLR - HEIEE TO
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ENTW3 (Fig. 9)e DX D RFHEE R - 1iBIR T,
HEFEY SN T HEREEE (TeXi—) LLTO
EEMENE L, HEWO SN HORRIIE D, B
EORBARROBERBEEORNRE(LE EEMICHERT
& % (Figs. 10, 11, 12),

—%, HEAEEHEAEL (B cm LAT /1,000 4F), Hig
7T v AMMEVIEROHEREY 2 T DI aid, HERE
BOMEHRRIERORENR bR E 2, REHEY
@ §15N fEITIERERLTF- D 1N fEIZxT LT 3-6 %ot BEK
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Fig. 8. Schematic illustration of §!°N transforma-
tion. Bulk §'°N (export) is the integrated iso-
topic composition of all nitrogen exported from the
euphotic zone. Nitrate is supplied from the sub-
surface to the euphotic zone. Where the surface
nitrate is completely utilized by phytoplankton
throughout the year, bulk §'®N (export) almost
corresponds to the §'°N value of nitrate supplied
from the subsurface. &'5N of sinking PON de-
creases with depth, and then §'°N increases in the
sediments (See text in details). Note that diatom-

Fig. 7. N differences between sinking POM and
the surface sediments. The horizontal variation
with same marks in the figure shows the variation
of §*°N differences due to different collection depth
of sinking POM. See details Nakanishi and Mina-
gawa (2003).
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L, HFEY SN ORRIIEB LT L bR Tk bound 6N is interpreted to be not changed dur-
L7z 6N EORBELERB L TN EEX LR ing sinking and burial.
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Tk (BRI, FERERLHEIREARTLE), HHEY 615N i s
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%1%, Shemesh et al., 1993; Robinson et al., 2005),
PRZIIK & RREMLESBIREZ o, HEDH

BEARELSE®HTDHZ LICE -, FBEOHEADRE
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Fig. 9. Comparison of the thermocline §'3N-NO3~
with the surface sediment 6*°N values. In these
regions, nitrate in the surface water, which is sup-
plied from the subsurface, is completely utilized
by phytoplankton throughout the year. Data from
Liu (1979), Altabet et al.(1999a), Ohashi (1999),
Pride et al.(1999), Emmer and Thunell (2000),
Kienast (2000), Wong et ol.(2002), Nakanisi and
Minagawa (2003), Thunell et al.(2004), Thunell
and Kepple (2004).
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3.1.1. AVFEFSETE

Altabet 513, 77 ET7HERRE & 4~ — TR
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£/ §IN BB 4 LTV 5 (Altabet et al., 1995;
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ERB L EE) L TWDHZ L& EIR LT (Altabet et al.,
1999b), Fz, HEREEOEVIBE 6 TEROHERYR
FHZDWT D 1 cm [EBET 815N O &21TV, 7Y —
VIV RKERaT TROONDIFVAN— N A=
H— (D/O) %A 7 MZxtis$ 5 615N BB (HEEE))
ZHLMNIZ LTV (Altabet et al., 2002)(Fig. 10),
BHiL, ZHLOD—EDHAELBWT, TIETH
FTRTO a7 TRBEH (RS - EEKH) i 615N fEH
L, ZHH CkE - FOKE) BT 5 Z & 2R
238, 15N BBy (RELE) LU TOL S IKHHALT
W3, 77 ETHETIIEBRRICAEYEEREML TN
2ZEmb, TIETHTEEV A~ (AENMDILK
~DE) BIRE Y, BE ORI EMAEE L HEREIZIE
BT HHEBMBEEMEY, AEMFBODICER
B [0x] DAL, BLEINMER(L (615N »3880) L
TLERE L, OFY, TEVA—UEBICL-THIE
BZINDEECEHN, HRBTOMELHIEL T
WiZEWI T YA ERBELTCND, ZOBIE, i
WEINEA~—VOBFINMETE Y~ THED
SN L AFEEBIZ L > THIFFIN TV S (Ivanochko
et al., 2005), ZD®d, TV A=V VAT LR, TTI
ETHICRBITARELBO N Y H—Ths, LELDL
HnTW3,

3.1.2. HBFILAKEEAFPa-HVITHLZT -
HTT5H)

BB R TEDOAXF V2 AN TAN=T AT
FHLT T ETHEE R, 6N MEILREIKENICE < K
ARV 2R L, KE-FEKEC 2-3 %oDIE TEE T
B, ANR—NRLEBRENOWHEINDIEMEED
EBHH7 7 TR, BUKEICEL, KEITEY B
M%7~ (Ganeshram et al., 2000), £D7=8, T OHE
BiZRIT 5 SN LB (BELES) 7 7 7 L Rk
2, AEE;TEL > TR I I HEERNEDOIL
K- H IR LTV 3B LB X LTV e (Ganeshram
et al., 1995), L» L, Kienast et al.(2002) X, # Y
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Fig. 10. Time series of sedimentary §'°N record from core RC27-14 in the Arabian Sea along with the GISP2
680 record and the Taylor Dome CO, record. Numbers indicate Greenland Interstadial Stages. During the
interstadial periods, water column denitrification is enhanced, resulting in higher §'5N values (Altabet et

al., 2002).
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et al., 2004; Hendy and Pedersen, 2006),

B, B Y 74N=T TR 180 MO 519N &
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Fig. 11. Benthic foraminifera 6'80, §*°N, alkenone-derived SST, alkenone content (Ca7), and %N records for

the past 1.8 Ma from ODP Site 1012 on the California margin. Figure from Liu et al. (2003).

V% (Ganeshram et al., 2000; Higginson and Altabet,
2004), L7 L, ROKEICA DN DHERBO Y1 I
7L T, LFEROBMEETICR O NRVHENH
%, Fig. 121ZF V O EZE %7 L7- (De Pol-Holz
et al.,2006), ~L—ih-F UL HITHEIL 17 ka §itR
CABICIERIL L, 1,000-2,000 ORI 51N E2 B &
% 5-6 %N L TV 5 (Higginson and Altabet, 2004;
De Pol-Holz et al., 2006), AL3:BkiZ = OB, ~A
YvbAx2 b1 (HL) OfKBICRHELTERY, 77
VT TIEBE T E B LTV (Fig. 12), L
L, BB KFEDT 2T TRy 7HBIZBWTE,
17 ka R4 I B ZEH3BREA L CU D (Hendy and Pedersen,
2006), T =2V Ty 7 Bk, RERILKFEEORN
KMEBELTEBY, ~Ub— - FV e Rk, mAER
BOPRKOEELZ T MR THD, ~N—"FY

H~T 2T Ty 7 BIChT TRES RIS
% 17 ka &I, BRI IZREIIRATIE O KIR D HE NS
BH725 (Fig. 12), TD7®, BEHREHREOKE -
MR O (RE(L) ICBE L 2 KPEERO T8
KOEE (R FL—ra R [0,] OFEL) NEEE
MRS T 2 MELB DO EER TH S rIREENH
W (B 21X, Hendy and Pedersen, 2006),
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ZHEETEIL, BILE0%DEEL L OERLFECA
W5, TDR®D, REOTFF 7 brd FONERH
KB DILET DR FIRERY O SN EIL, FEEFRE
EWROETN LY bBEVER R E TS (Karl ef al.,
1997; Montoya et al., 2002), L2 L, SNFEBOER
BEEESROE I, HEEREPE{ABN T T v 7 R
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Fig. 12. Comparison of water column denitrifica-
tion records (6*°N) in the Chilean margin, the Ara-
bian Sea, and 6D in the Antarctic. Around 17 ka,
water column denitrification in the Chilean margin
begins to enhance, and the timing is in phase with
the warming in the Antarctic (De Pol-Holz et al.,
2006). During the H1 event, water column denitri-
fication in the Chilean margin already occurs, but
those of the Arabian Sea do not occur.
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FHRBRDIER N Y 7 2 - Pl & KM T
ZRBEEICER T2 L Bbh s SN EERRE SN T
W50 (Haug et al., 1998; Sachs and Repeta, 1999;
Horikawa et al., 2006), Zh HXE R —r DRFER
FEAERIC R T 2 — N R EREELBTHH T

8.0
Organic-poor, subtropical N. Atlantic sediments

Bahama Outer Bank
LGM

70}
MIS3

6.0

515N (%)

Bermuda Rise
5.0F

diagenesis = +4-5%.
4.0 .

0 10 20 30 40 50 60 70
Age (ka)

Fig. 13. The §'5N records from the organic-poor
sediments in the subtropical north Atlantic, one of
the Ny fixation regions (Altabet, 2005). True §'°N
is lower by 4-5 %o due to diagenesis in organic-
poor sediments. Assuming that the substrate ni-
trate and the diagenetic offset have not changed
through time, the lower glacial §1°N values in the
subtropical north Atlantic suggest intensification
of Ny fixation.
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Fig. 14. Records of alkenone-derived sea-surface
temperature, 6'5N, and organic carbon content
over the past 180 kys in the Angola Basin. Figure
from Holmes et al. (1997).
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615NdV [NO3~]d = (slszP + 615NSV[N03_]3 (3)

ZIZT,[NO;s~]4 [NO3~] s BENEIER L EE
DIHBIREIC/2 Y, PIIES T 77 b DREULIC L -
TREINIERE, VIHBIEBIC X > THEARBIC
RHENDWKROBTH D, 615Ny, 15N, 65N, i3,
TNENRE, 707 b, REOBEHRRNLEL T
HD, WERBOWEBFIAE (v) i1,

u=1-([NO3~1,/[NO3~1,) (4)
TERYE, (2) & (1) #BETZ L,

u=P/(VINO3~14) (5)

LUTHRYED, £, EWT T 0 b ORLOBO
UL (€) 1,

65N, = 61N, — ¢ (6)

LEE, (2), (3), (6) FEELT,

6N, = 6Ny — £(1 — u) (7

BR/OND, ZTOXMEHLMREIIE, TPk
YD SN, 1F, TRBORHEE 015Ny, FNLIESHURE (6),
K@ TOWMBAADE (v) TEFESLS, RIZ, EEO
HBR 615Ny & MRS BIRER (e) MBFRICHBNT—F
ThHDHERETHE, I Fod SN L, EE
DR ADEROEBIC L > THROOND Z LT B,
UL, eq.(5) »OHALNRE DI, ZOFMABE (u)
X, REBICBTD4EE (P) & ETRADEE (V) o4k
FT50, PEVHAE{LLEZELTY, uddidani
EERLR2TNET T 7 brrd §SN I L,

BEHIXZDET ML DEBIERIZESNT, R—
V¥ 7Y O §ON D, & HIZ 6 %Rtk 2R
AR & SEBTE OB O - FIAZTIZOWT

UTOXSICHBAL TS, Biokiliz, BVWALE
WERIZ & o TEE (PEW) B8 L, B4R
WK DRI & > THREARET B - DI ETFRA (V
B) BIETLTWe, —F, ZEHHERBLEATHEY
ERL2ETRENBBIY (VEV) RBISERENE
SNRAE (PEW) o TWe, ZOX I iTxkiie
TR T, MERBORBILEEEDREFAKREL
BipoTWIER, BT LB OFIADIR () BEL
LMo Taleh, BMOKE L& sEE i OHERY 615N 11 &
HIZ 6 %ol THoT LHBL TV S,

eq. (7) TIRE L7 RB OMEEE 615N, & RN 45y A%
B (e), &DITILE - HFBRICEIT B 5N EOELR
EREROEFROFREZ SOICEEIIRITL
i, O REF M I > TREDHERASEOE
b XY FEMICHE T Z L b SN 5 (Nakatsuka
et al., 1995; Francois et al., 1997),

4. BIFERMRLEKJUREH

SETIE, MELEREE, 20 CITHEBEMAED
HREHIEBN L2, ZHAODHEDEF— 3
L, 1) BEOHWHERINIOET & BBARE - KRB
VA I N~DEBEOFE, 2) RELEBDA A=A 1D
FRRAR LICENENR S, BT, ZThbIZOoONTHH
RRATOMRERET S,

4.1. BEODBEZZINZOETEEE - REY1 Y
NADEE

FIBKER 2 TICREHZ SN TV B REH COy ME I,
IKEA-FKEIY A 2 MZHV T 80-100 ppmv FREZLH) L
THEY (FIXiE, EPICA community members, 2004),
TOEBORRIE, MFEL OEBRKRFY F—r—
THLIBERRBROLBICHZLEX ATV
(Broecker, 1982), §1T%, polar ocean stratification
R (124, Sigman and Boyle, 2000; Narita et al.,
2002) *° rain ratio {iR#% (Carbonate pump; Archer and
Maier-Reimer, 1994; silicic acid leakage; Matsumoto
etal.,2002) 22 EH, KA CO, BELENCEE5T 24
NIRAB =X L LTREBIN TS, Z2OHT, 3,000
FE L5 EVERRM% b 5 (Gruber and Sarmiento,
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1997), MHEQEYR L 7 LIRWEUYT & & b OWFED
EHRBRL, KBV A 7 VRO REF
CO, BELEBICELE L TWB AN =R LD—DE o7
OTE VWM EZEZX BN TE R (21X, Ganeshram
et al., 1995; Falkowski, 1997; Altabet et al., 2002),
2%, BRPICBEERENENTL2LT, Th
IS LT, HHEDAEYR7OREREML, KK
P CO, BEDEKETICELS L TWZOTIERVNEEZ
BTV, ZDX57%, BFEOEFEOLBL KRR
H1CO, IBELBNE OBEMIZE LT, BE, LoBRE
BORIEAELN TS THSIN? UTIC, B
A TOMREEERT S,

FERPEDKEE 2 7 DFEFIT, KN & KRS
ROBILICE > T, BREBEGESEM LI L &2
LT\ % (Broecker and Henderson, 1998), {RiZ, %
BOEBE Dy A TIZRBWTDH, SEEUOERBHGER
DML CWET5E, ZRICHEELTEREEY
TGy ABEML, BEOBEERELHMIETY
RS EY. ZHEBEMITD LI, Iy Y —
HEOHEREY 615N FoskiX (3.2 &), KBICEREEIH
LLTWZ EBRRLTWS, —F, T9ET7HE, K
BB, HEEHE R EEO=ZRBER T (3.1
#), KPICMENBL LTW5, 2RI 2ER
BETZS v 7 AN, KEFZTWML T, LBEEAT
AT E RV, WIS L TH, ZRELEMHRIC
BiFAXKMOBREOED 2T TY, BEOHBERX
WBRIREWMNT S L RFED LTV % (Ganeshram et
al., 2000), D7z, XKENZHWIMN L I-EEZRD, ¥
BEHIRE S T 5 & 5 RIBERBICIERIICHE S h
TWize+hid, FIEEOHEMEZI LT, K&EF CO,
BEVOEKTIZESLS LT -HREM?H 2 (Ganeshram
et al., 1995; Pride et al., 1999), LU, BFEIZIL,
WEERB~DOBERMAIT, BB HEARRIZS T
BENEA B E AR £ OXKENEHEOYRA K
ENEERED D, BHIZKET COy BEDKTILHF
BELTWizEidEmITonRniZs 5,

BE, Altabet ef al. (2002) i, 7 5 €7 HED 25-65
ka OHIICEIT B 19N &) (HEEE)) 2 BIEOWE
EFROKERRE 3,000 FTHREVEHLL, FELLE
SN ZEED, il COx REELHOML OO — (Al-4)

LIZIERFET 5 ELHE L TV D (Fig. 10), HHIE, 2
OORFEORFEND, BEOMILICL - T, BED
BEERESBOL, EMAEEQVKTENLT, KK
1 COy IE DI EFS L TOZOTIZ RV
LTCWwW5%, LaL, Altabet et al.(2002) DHFFETIZL,
FR{e LTz 619N £8) & B CO, BEEBOME D ¥
A IV ERBBIERLTBLT, BELHIAKF
CO, BELENCKITTHDOIMEND DN, HEZLT
W, ZDT, BRFATH, BEOERNIOE
B, WMEOAMEEEZN LT, KEF CO BEELXK
ELEZTWIZ WD, HEEMNRIERIB LN TV
WEER D,

EROFEHIZOWTHE, BELEHRIENEZEE D
ERFEBBEANITORTVWAD Y, ZORFICEL BE
LT3 N/P ORIV T b EE & ) LERDH
51259, BRI TWB X )12, BREESCHEDE
B, VLM, BEOEEERELHEE Y
50T, #BED N/P HITRE BT S OKHIN/P bt
~20:1), ZP7¥, Ganeshram et al.(2002) &, [k
HICMZBORBRIC L > THEFEERESHEIE LTYH,
VEPEEHD N/P LIS 57, #WHEDEITY v
HIRE 720, EREEMBEEMEEIRIR I, KK
H CO, BEDCEENCES Lol EEXTN5,
LaL, Zhix, kKHoFS5 07 hUBBLZE16:10
Ly 74—V FEETERL UV U RFIALTWEEE X
HAEThD, BEDHR T, 77 bl 18k
Z2HNTWELY LFEIZ, EHRLEV VOB ARE
ENZTWNDZ ENHh>TE TV D (Cavender-Bares
et al., 2001; Klausmeier et al., 2004), » L, JK#i-
MABOREEBORT, 777 PUBRERIIN &
POWVAREKERAG L V=L T5L, BEERE
OEBIZT TOIBECEMEEDEELZ RELELE
BEDIZHHTHo-RRENERD S,

WHEEOEFRELE L KRT CO2 BEEE) L DRMRIC
SOWTHE, EEFRARELEVR, ZOBRKREILIC
BAREIC T B, M &b, BE-HEEICE
AR -TREOBEMEL I/ PUDON &
POERYVIAHRENED L 5 REHTTERT EDNnI
DONT, XLIZHMRBUETHA D,
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4.2. BRBEEODAH=XL

BRI L A~V — BT RN L, =
D OWEHRIZI31T DML, FREICHRT @A
NEERQBREZHS TV ETHBNBBEINA TS,
RRESNTND 220EHIFT, Wihb, BREDORH
RBARAIRR S Cob A & 7, (BRI ih 5 e —
F7K (Subantarctic Mode Water: SAMW) & mi#
&7k (Antarctic Intermediate Water: AAIW) (Lynch-
Stieglitz et al., 1994 ; Sarmiento et al., 2004) 125K
ZHTIELDTH S,

Robinson et al. (2005) i%, FKREDA > R« KFE
HE I 2 —ZBWT, KDY A # 515N BNtz
N2-3%MEMT D LERL, ZOBRICESEA
R#E « K3k 7 # — subantarctic zone (SAZ) T, Xk
BICHBEORI ASERE N -T2 L MELTWS, Fi-,
ZDRERIL, KENZ, SAMW/AATW BB TTY ST
WRRRE RS EIER SN D HRIRED, 55
BEY BIEREIZ R TOATREM A TRIR LTV B, 1%
ZolE, TORFRELD EZACLT, KRR
THHAL P BAKOHBBBEMET LT\ =9, &
BRECTEREEDCETARBIY, TEOMBENEEH
KT L, BHEAICHBEKEEORBIFEKOM N
Ve REATRERICR ) 2V T U 48R
LTS, ZOYF VA, SEROEEEF AL
RLEPFARBROTRIBM TR DAEE - WELH L %
BB ST - EBRIR W TIEH 503, KEDFREICE
WTEERKESFDL L TWRNWEWIFHIEHERSL &
D7, SHRIDITHRIENLE L S T35 (Paytan
et al., 1996),

—77, Galbraith et al.(2004) X Meissner et al.
(2005) 12, I EARBEDKBIETICHE, SEA
(SAMW/AAIW) @ [O,] ML, ZOTFRITALE
TORERIZBWTHERED [0,] ML T, Bz
BEESTZLTHIFTVAERELCND, HAK~DEE
KOG, MEFHTEICE > TREY, ABRMN
THRD LML, BB 2D EWTETT 5, K
FRFEORBAKBDETIZ4-5°C L AL b TEY
(Ikehara et al., 1997), 7KiR & EERVEMRE DBMRICE
SEHEMAET D &, KEOKBIETN 5°C Thhid,

MR E ~DEERYEARE Y 29 pmol /kg A L TV = =
LITRD (BEHOEBIIIEL, 2BEOESKETI 4
pmol/kg FED [Op] #/), Galbraith et al. (2004)
1%, TOXIRKEBETICLABEMEOTITNZ, X
HORKHIEROMILHE R L THRKA T 80 umol/kg FiA
HERBO [0p] MEMLIZEEZTWS, BIE, Bz
BT RBBASLF OREED 1/3 (B KT 15 pmol /kg ;
Fig. 2 DR EREEZ2R) NEBShTVWEAN, =
DIEAKSLICTHEBOR DV IR P BEFZER, HFY
BHEBRFEN 20 pmol/kg MEMB SNAIITHEN L E
BT EITRD, Lo T, KT, BMRETIEAA
e SAMW/AAIW @ [0,] DM, FIFERE L
29 pmol/kg L ETH D, ZOWMSE#HELANLTF
WEDT 7 T HRHBH K EEOERBITEL T
e &L, KEICBZENSRE/ L T2 AT
&5,

ZOBUL, KEF-FOKEY A 7 B CRABIICR
LN DMELE (Fig. 11) 2%, BAFEEBEROEED
BRICL > TEHRBSNTWA I L& EKL, HELTH)
LR ORIBEE & ORICR bh B REE (Fig. 12)
NoLIFENDIHICBRD, 1277L, O3 bLKE
AR FL— g OBBRTRIER (0] OB A
MoTe D (FIZIE, KENCEWAENEML TVi-E
BORBMOZRRIC L 2BEOME), ~vFL—a
CORE GRE) XL ) RoTWhR E, S%ERIC
BT ORHbH D, LoL, WTFhZLThH, B
FERBERICI T 5 KBRKE - HATEROLTER, B
ZEXEHTRRIND L5 RIBEOERBRICE TS,
FEICHERREIZH>TWS Z LIIRBEBVWANTH
A9,

5. HBEMERFEMALOMBESRLSEOE
]

INETRRTERZL ST, S5 015N & hYEEMR
PCRIAT 28, LI UIERBEICR D00, HE %
BIER L RSP E TN BREROEETHS,
27, 0 c FEERCELTIR, 208220
TSRO SN ITRDY, &1 BERNED
AR 615N N KERR—Y v /e CTEAL S
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NEH T3 (Shemesh et al.,
1999b; Shemesh et al., 2002; Robinson et al., 2005;
Brunelle et al., 2007), L L, 7 A ##k 6°N i,
FALBEOY ) —= 2 RIS ES SN ORIE R A
IZEoT, A—RBTH FONENELRD LV BB
3% (Robinson et al., 2005), F£7=, 71 &N &
HHE L2 DB ORMLES IR S S0 TWHRWE
b, 7AEHRSON OFAEZ S HITED TV,
FRHT, ZOXSRBBEERBEICL T LERDHDTE
59, Fte, TABRICELT, BEEAEILRSLCHAER
P OB 515N &A% HEARAT TR S D FTHE
P23 B (Altabet and Curry, 1989), 2, 71 EE
HEOVRWERE TR T, BHEEALECH AR
SN ORBNTATTREIZ 2duE, THvE THfF - BEIER
WKLo, EREET T v 7 ADEEL EREIITHE
TERDPOEAEBICEWNT, BEOEXRBETEEED
BEERAONITELHEERD D, £z, DL
PR R A 515N ,%V’%ﬁﬁﬁ?@%@%
BN EVIRRITMZ, UTICHRRDEHEROL
BHLW LRV EBRERFALER-oTND,

Wiz, EREFZRORBIIOVWTIRRD, HEENHT
DOEMEROTLTREIE, 2 1 B LG ORBRICE
EENTE=Y ATHD (Muller, 1977).
BERDR, #HEHOHLIBEICEITNIEERIIXTL
K& FETHHE, /VV7 O SN L, BEER
O SN EDORBEFARHNIR ZT 52 LiThd, —
Rz, EMERO SN, F—F vy b LTWEHE
BEFRD N LR TEVVEZFHE LTS (Flx
¥, Schubert and Calvert, 2001; Freudenthal et al.,
2001), L7243 oT, BMEEROPENER TE HRE
ThhiE, RERO SONEITHHERD INHELIZ
FELWV, ZOREBRKEI LT HLEERD
SN EIEMEROMEICOET O, F—F v heT
DEBERO ONHELEKRE Rie->TL D,

Ril, BRI L TERZERPKRELSFETIH
EnHBHZ LN, iR, LET 7Y b, BEYTE
ETRBRENZaATH I L THESRTWS
(B 2.+, Schubert and Calvert, 2001; Freudenthal et
al., 2001; Kienast et al., 2005), €TDHFEF, KEW
L ZATIEBIBITHL R, TDHE, RERO SONE

1993; Sigman et al.,

- o)ﬂ
~— oy

N (%) 8N (%o)
0.0 0. 05

I
|
]

30

Depth (cm)

Fig. 15. Depth distribution of (a) Inorganic nitro-
gen (IN) and Total nitrogen (TN), of (b) nitro-
gen isotope ratios of IN, TN and Organic nitrogen
(ON). §'5N-ON was calculated by following mass
balance equation: &'*N-ON=(§!N-TN - §'SN-

IN*(100 — (TN-IN)) / (TN-IN). Modified from
Freudenthal et al. (2001).

PEBERDOSBNEE LTHRY 2L bR TER
VY, Freudenthal et al. (2001) i, LT 7 Y HHD =
TH TN R 30 cm IBWT, EMERLLER
DEBRVENL D SN EEMTL, BHERIERE
HENIFIE—EThH oD, 2ERIIARERONE

WEVEREFRCEL TS0, 2BEFRII3T 58
BEROFEMNEL RBIONTREL D Z LWL
LTW5 (Fig. 15), TOFER, REHRO SPNEIL, £
10 cm BHETIEL 2o T 5, RERENOERER Y
BV EHZERD SN &, v AT AOXTEET
5L, BERD SIONE L AR TRER 1 %lE EDFENH
DT Lbmyinoi,

INBOZ END, 2: 1 B EHEMOEEEN L
(PF Y EREROPER) XD 2MEH (F1 2, K
PEPRBE IR L) ICBWT, 65N & AV B R ARAT
T HGE, EHMEROPBIIOVWTHEHEIIRFNTS
BERHDHEVWLD, HIZVZE, ThE THRIER
BT SN Z W EGIDNE L A K2V, i
BROFBRERBTHILTT V=7 ANV—PBEEN
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LEREMADH D,
B ot

JeHEE K FE BRI B S R I ER R SR A B 5
DHREMNTIE, THETITEEX R TIHREE VY,
o, WA EMERR, AT FAME (LEERE),
L BESEHESER (B a7 B4 =) it BENIGE
BRIPEEZRNTNS, i, 280BELETE LR
EZBROYH BEL B (ATERAF) 1, BIC
LWHTEIZEFRLTWEEE, RXOESKRELED
LDEBERARA NETEW:L, TRALDOF L2 IZLNLE
LR LETES, £, FFROBITITTHE IR 2%R
B DB %5 T 1z,

References

Ahagon, N., K. Ohkushi, M. Uchida, and T. Mishima
(2003): Mid-depth circulation in the northwest Pa-
cific during the last deglaciation: Evidence from

foraminiferal radiocarbon ages. Geophys. Res. Lett.,
30 (21), 2097, doi:10.1029/2003GL018287.

Altabet, M. A. (2001): Nitrogen isotopic evidence for mi-
cronutrient control of fractional NO3~ utilization in
the equatorial Pacific. Lémnol. Oceanogr., 46 (2),
368-380.

Altabet, M. A. (2005): Isotopic tracers of the marine ni-
trogen cycle: Present and past, p. 251-293. In Ma-
rine Organic Matter: Chemical and Biological Markers,
edited by J. Volkman, Springer-Verlag, Berlin Heidel-
berg.

Altabet, M. A. and W. B. Curry (1989): Testing models
of past ocean chemistry using foraminifera *N/**N,
Global Biogeochem. Cycles, 3, 107-119.

Altabet, M. A., W. G. Deuser, S. Honjo, C. Stienen (1991):
Seasonal and depth-related changes in the source of
sinking particles in the North Atlantic. Nature, 354,
136-139.

Altabet, M. A. and R. Francois (1994): Sedimentary ni-
trogen isotopic ratio as a recorder for surface nitrate
utilization. Global Biogeochem. Cycles, 8, 103-116.

Altabet, M. A., R. Francois, D. W. Murray, and W. L.
Prell (1995): Climate-related variations in denitrifica-
tion in the Arabian Sea from sediment 1*N/“N ratios.
Nature, 3783, 506-509.

Altabet, M. A., C. Pilskaln, R. Thunell, C. Pride, D. Sig-
man, F. Chavez, and R. Francois (1999a): The nitrogen
isotope biogeochemistry of sinking particles from the

margin of the Eastern North Pacific. Deep-Sea Res.,
Part I, 46, 655-679.

Altabet, M. A., D. W. Murray, and W. L. Prell (1999b):
Climatically linked oscillations in Arabian Sea denitrifi-
cation over the past 1 m.y: Implications for the marine
N cycle. Paleoceanography, 14, 732-743.

Altabet, M. A., M. J. Higginson, and D. W. Murray
(2002): The effect of millennial-scale changes in Ara-
bian Sea denitrification on atmospheric CO2. Nature,
415, 159-162.

Archer, D. and E. Maier-Reimer (1994): Effect of deep-sea
sedimentary calcite preservation on atmospheric CO,
concentration. Nature, 367, 260-263.

Bate, N. R. and D. A. Hansell (2004): Temporal variability
of excess nitrate in the subtropical mode water of the
North Atlantic Ocean. Mar. Chem., 84, 225-241.

Berman-Frank, I., J. T. Cullen, Y. Saked, R. M. Sherrell,
and P. G. Falkowski (2001): Iron availability, cellular
iron quotas, and nitrogen fixation in Trichodesmium.
Limnol. Oceanogr, 46, 1,249-1,277.

Bishop, J. K. B., J. M. Edmond, D. R. Ketten, M. P.
Bacon, and W. B. Silker (1977): The chemistry, biclogy
and vertical flux of particulate matter from the upper
400 m of the equatorial Atlantic Ocean. Deep-Sea Res.,
24, 511-548. y

Boyle, E. A. and L. D. Keigwin (1982): Deep Circula-
tion of the North-Atlantic over the Last 200,000 Years-
Geochemical Evidence. Science, 218, 784-787.

Brandes, J. A. and A. H. Devol {1997): Isotopic fraction-
ation of oxygen and nitrogen in coastal marine sedi-
ments. Geochim. Cosmochim. Acta, 61, 1,793-1,801.

Brandes, J. A., A. H. Devol, T. Yoshinari, D. A. Jayaku-
mar, and S. W. A. Nagvi (1998): Isotopic composition
of nitrate in the central Arabian Sea and eastern trop-
ical North Pacific: A tracer for mixing and nitrogen
cycles. Limnol. Oceanogr., 43, 1,680-1,689.

Broecker, W. S. (1982): Ocean chemistry during glacial
time. Geochim. Cosmochim. Acta, 46, 1,689-1,705.
Broecker, W. S. and G. M. Henderson (1998): The se-
quence of events surrounding Termination  and their
implications for the cause of glacial-interglacial CO2

changes. Paleoceanography, 13, 352-364.

Brunelle, B. G., D. M. Sigman, M. S. Cook, L. D. Keig-
win, G. H. Haug, B. Plessen, G. Schettler, and S. L.
Jaccard (2007): Evidence from diatom-bound nitro-
gen isotopes for Subarctic Pacific stratification dur-
ing the last ice age and a link to North Pacific den-
itrification changes. Paleoceanography, 22, PA1215,
doi:10.1029/2005PA001205.

Capone, D. G., J. P. Zehr, H. W. Paerl, B. Bergman,
and E. J. Carpenter (1997): Trichodestnium, a glob-
ally significant marine cyanobacterium. Science, 276,
1,221-1,229.



ERFNLIELZ BT S HERERRAT 395

Carpenter, E. J. (1983): Physiology and ecology of marine
Oscillatoria ( Trichodesmium). Marine Biology Letter,
4, 69-85.

Cavender-Bares, K. K., D. M. Karl, and S. W. Chisholm
(2001): Nutrient gradients in the western North At-
lantic Ocean: Relationship to microbial community
structure and comparison to patterns in the Pacific
Ocean. Deep-Sea Res., Part I, 48, 2,373-2,395.

Checkley, D. M. Jr. and L. C. Entzeroth (1985): Elemen-
tal and isotopic fractionation of carbon and nitrogen by
marine, planktonic copepods and implications to the
marine nitrogen cycle. J. Plankton Res., 7, 553-569.

Cline, J. D. and I. R. Kaplan (1975): Isotopic fraction-
ation of dissolved nitrate during denitrification in the
Eastern Tropical North Pacific Ocean. Mar. Chem., 3,
271-299.

Codispoti, L. A. and J. P. Christensen (1985): Nitrifi-
cation, denitrification and nitrous oxide cycling in the
eastern tropical South Pacific Ocean. Mar. Chem., 16,
277-300.

Codispoti, L. A., J. A. Brandes, J. P. Christensen, A. H.
Devol, S. W. A. Nagvi, H. W. Paerl, and T. Yoshinari
(2001): The oceanic fixed nitrogen and nitrous oxide
budgets: Moving targets as we enter the anthropocene
? Sci. Mar., 65, 85-101.

Cornell, S., A. Rendell, and T. Jickells (1995): Atmo-
spheric inputs of dissolved organic nitrogen to the
oceans. Nature, 376, 243-246.

De Pol-Holz, R., O. Ulloa, L. Dezileau, J. Kaiser, F. Lamy,
and D. Hebbeln (2006): Melting of the Patagonian Ice
Sheet and deglacial perturbations of the nitrogen cycle
in the eastern South Pacific. Geophys. Res. Lett., 33,
L04704, doi:10.1029/2005GL024477.

Deuser, W. G. and E. H. Ross (1980): Seasonal change
in the flux of organic carbon to the deep Sargasso Sea.
Nature, 283, 364-365.

Duce, R., P. S. Liss, J. T. Merrill, E. L. Atlas, P. Buat-
Menard, B. B. Hickes, J. M. Miller, J. M. Prospero, R.
Arimoto, T. M. Church, W. Ellis, J. N. Galloway, L.
Hansen, T. D. Jickells, A. H. Knap, K. H. Reinhardt,
B. Schneider, A. Soudine, J. J. Tokos, S. Tsunogai, R.
Wollast, and M. Zhou (1991): Atmospheric input of
trace species to the world ocean. Global Biogeochem.
Cycles, 5, 193-259.

Dugdale, R. C., J. J. Goering, and J. H. Ryther (1961):

Nitrogen fixation in the Sargasso sea: Deep-Seu Res.,
7, 298-300.

Emmer, E. and R. Thunell (2000): Nitrogen isotope vari-
ations in Santa Barbara Basin sediments: Implications
for denitrification in the eastern tropical North Pacific
during the last 50,000 years. Paleoceanography, 15,
377-387.

EPICA community members. (2004): Eight glacial cycles
from an Antarctic ice core. Nature, 429, 623-628.

Falkowski, P. G. (1997): Evolution of the nitrogen cycle
and its influence on the biological sequestration of CO5
in the ocean. Nature, 387, 272-275.

Francois, R., M. A. Altabet, E.-F, Yu, D. M. Sigman,
M. P. Bacon, M. Frank, G. Bohrmann, G. Bareille,
and L. D. Labeyrie (1997): Contribution of Southern
Ocean surface-water stratification to low atmospheric
CO: concentrations during the last glacial period. Na-
ture, 389, 929-935.

Freudenthal, T., T. Wagner, F. Wenzhofer, M. Zabel, and
G. Wefer (2001): Early diagenesis of organic matter
from sediments of the Eastern subtropical Atlantic:
Evidence from stable nitrogen and carbon isotopes.
Geochim. Cosmochim. Acta, 65, 1,795-1,808,.

Fry, B., H. W. Jannasch, S. J. Molyneaux, C. O. Wirsen,
J. A. Muramoto, and S. King (1991): Stable isotope
studies of the carbon, nitrogen and sulfur cycles in
the Black-Sea and the Cariaco Trench. Deep-Sea Res.,
Part A, 38, S1003-S1019.

Galbraith, E. D., M. Kienast, T. F. Pedersen, and S. E.
Calvert (2004): Glacial-interglacial modulation of the
marine nitrogen cycle by high-latitude Oz supply to
the global thermocline. Paleoceanography, 19, PA4007,
doi:10.1029/2003PA001000.

Galloway, J. N., W. H. Schlesinger, H. Levy, A.
Michaels, and J. L. Schnoor (1995): Nitrogen-fixation-
anthropogenic enhancement-environmental response.
Global Biogeochem. Cycles, 9, 235-252.

Ganeshram, R. S., T. F. Pedersen, S. E. Calvert, and J.
W. Murray (1995): Large changes in oceanic nutrient

inventories from glacial to interglacial periods. Nature,
376, 755-758.

Ganeshram, R. S., T. F. Pedersen, S. E. Calvert, G.
W. McNeill, and M. R. Fontugne (2000): Glacial-
interglacial variability in denitrification in the world’s
oceans: Causes and consequences. Paleoceanography,
15, 361-376.

Ganeshram, R. S., T. F. Pedersen, S. E. Calvert, and
R. Francois (2002): Reduced nitrogen fixation in the
glacial ocean inferred from changes in marine nitrogen
and phosphorus inventories. Nature, 415, 156-159.

Gruber, N. (2004): The dynamics of the marine nitrogen
cycle and its influence on atmospheric COg, p. 97-148.
In The ocean carbon cycle and climate, edited by M.
Follows and T. Oguz, Kluwer Academic, Dordrecht.

Gruber, N. and J. L. Sarmiento (1997): Global patterns
of marine nitrogen fixation and denitrification. Global
Biogeochem. Cycles, 11, 235-266.

Haug, G. H., T. F. Pedersen, D. M. Sigman, S. E.
Calvert, B. Nielsen, and L. C. Peterson (1998):



396 B AR - B R - R TR

Glacial/interglacial variations in productivity and ni-
trogen fixation in the Cariaco Basin during the last
550 ka. Paleoceanography, 13, 427-432.

Hedges, J. 1., E. Mayorga, E. Tsamakis, M. E. McClain,
A. Aufdenkampe, P. Quay, J. E. Richey, R. Benner,
S. Opsahl, F. Black, T. Pimentel, J. Quintanilla, and
L. Maurice (2000): Organic matter in Bolivian tribu-
taries of the Amazon River: A comparison to the lower
mainstream. Limnol. Oceanogr., 45, 1,449-1,466.

Hendy, L. L., T. F. Pedersen, J. P. Kennett, and R. Tada
(2004): Intermittent existence of a southern Califor-
nian upwelling cell during submillennial climate change
of the last 60 ky. Paleoceanography, 19, PA3007,
d0i:10.1029/2003PA000965.

Hendy, I. L. and T. F. Pedersen (2006): Oxygen minimum
zone expansion in the eastern tropical North Pacific
during deglaciation. Geophys. Res. Lett., 33, L20602,
doi:10.1029/2006GL025975.

Higginson, M. J. and M. A. Altabet (2004): Initial test
of the silicic acid leakage hypothesis using sedimen-
tary biomarkers. Geophys. Res. Lett., 31, L18303,
doi:10.1029/2004GL020511.

Holmes, M. E., R. R. Schneider, P. J. Muller, M. Segl, and
G. Wefer (1997): Reconstruction of past nutrient uti-
lization in the eastern Angola Basin based on sedimen-
tary °N/™N ratios. Paleoceanography, 12, 604-614.

Horikawa, K., M. Minagawa, Y. Kato, M. Murayama, and
S. Nagao (2006): N fixation variability in the olig-
otrophic Sulu Sea, western equatorial Pacific region
over the past 83 ky. J. Oceanogr., 62, 427-439.

Ikehara, M., K. Kawamura, N. Ohkouchi, K. Kimoto,
M. Murayama, T. Nakamura, T. Oba, and A. Taira
(1997): Alkenone sea surface temperature in the South-
ern Ocean for the last two deglaciations. Geophys. Res.
Lett., 24, 679-682.

Ivanochko,T. S., R. S. Ganeshram, G-J. A. Brummer,
G. Ganssen, S. J. A. Jung, S. G. Moreton, D. Kroon
(2005): Variations in tropical convection as an ampli-
fier of global climate change at the millennial scale.
FEarth Planet. Sci. Lett., 235, 302-314.

Jaccard, S. L., G. H. Haug, D. M. Sigman, T. F.
Pedersen, H. R. Thierstein, and U. Rohl (2005):
Glacial/interglacial changes in subarctic North Pacific
stratification. Science, 308, 1,003-1,006.

Jickells, T. D., Z. S. An, K. K. Andersen, A. R. Baker,
G. Bergametti, N. Brooks, J. J. Cao, P. W. Boyd, R.
A. Duce, K. A. Hunter, H. Kawahata, N. Kubilay, J.
IaRoche, P. S. Liss, N. Mahowald, J. M. Prospero, A. J.
Ridgwell, I. Tegen, and R. Torres (2005): Global iron
connections between desert dust, ocean biogeochem-
istry, and climate. Science, 308, 67-71.

Karl, D., R. Letelier, L. Tupas, J. Dore, J. Christian, and
D. Hebel (1997): The role of nitrogen fixation in bio-
geochemical cycling in the subtropical North Pacific
Ocean. Nature, 388, 533-538.

Karl, D. M., A. Michaels, B. Bergman, D. G. Capone, E.
J. Carpenter, R. Letelier, F. Lipschultz, H. Paerl, D.
Sigman, and L. Stal (2002): Nitrogen fixation in the
world’s oceans. Biogeochemistry, 57, 47-98.

Kienast, M. (2000): Unchanged nitrogen isotopic compo-
sition of organic matter in the South China Sea dur-
ing the last climatic cycle: Global implications. Paleo-
ceanography, 15, 244-253.

Kienast, M., M. J. Higginson, G. Mollenhauer, T. I. Eglin-
ton, M.-T. Chen, and S. E. Calvert (2005): On the
sedimentological origin of down-core variations of bulk

sedimentary nitrogen isotope ratios. Paleoceanography,
20, doi:10.1029/2004PA001081.

Kienast, S. S., S. E. Calvert, and T. F. Pedersen (2002):
Nitrogen isotope and productivity variations along the
northeast Pacific margin over the last 120 ky: Surface
and subsurface paleoceanography. Paleoceanography,
17, 1055, doi:10.1029/2001PA000650.

Klausmeier, C. A., E. Litchman, T. Daufresne, and S.
A. Levin (2004): Optimal nitrogen-to-phosphorus sto-
ichiometry of phytoplankton. Nature, 429, 171-174.

Lenes, J., B. Darrow, C. Cattrall, C. Heil, M. Callahan, G.
Vargo, R. Byrne, J. Prospero, D. Bates, K. Fanning,
and J. Walsh (2001): Iron fertilization and the Tri-
chodesmium response on the West Florida shelf. Lim-
nol. Oceanogr., 46, 1,261-1,277.

Libes, S. M. and W. G. Deuser (1988): The isotope geo-
chemistry of particulate nitrogen in the Peru upwelling
area and the Gulf of Maine. Deep-Sea Res., Part A,
35, 517-533.

Liu, K. (1979): Geochemistry of inorganic nitrogen com-
pounds in two marine environments: The Santa Bar-
bara Basin and the ocean off Peru. Ph.D. dissertation,
Univ. of Calif,, Los Angeles, 354 pp.

Liu, Z., M. A. Altabet, and T. D. Herbert (2005): Glacial-
interglacial modulation of eastern tropical North Pa-
cific denitrification over the last 1.8-My. Geophys. Res.
Lett., 32, L.23607, doi:10.1029/2005GL024439.

Lynch-Stieglitz, J., R. G. Fairbanks, and C. D. Charles
(1994): Glacial-interglacial history of Antarctic Inter-
mediate Water: Relative strengths of Antarctic versus
Indian Ocean sources. Paleoceanography, 9, 7-29.

Mabhaffey, C., A. Michaels, and D. G. Capone (2005): The
conundrum of marine No fixation. Am. J. Sci., 305,
546-595.

Matsumoto, K., J. L. Sarmiento, and M. A. Brzezin-
ski (2002): Silicic acid leakage from the Southern



ZRFNLIALL 2 RV 7o E i EARAT 397

Ocean: A possible explanation for glacial atmospheric
pCO2. Global Biogeochem. Cycles, 16 (3), 1,031,
doi:10.1029/2001GB001442.

Meissner, K. J., E. D. Galbraith, and C.Volker (2005):
Denitrification under glacial and interglacial condi-
tions: A physical approach. Paleoceanography, 20,
PA3001, doi:10.1029/2004PA001083.

Minagawa, M. and E. Wada (1984): Stepwise enrichment
of N along food chains: Further evidence and the
relation between 65N and animal age. Geochim. Cos-
mochim. Acta, 48, 1,135-1,140.

Minagawa, M. and E. Wada (1986): Nitrogen isotope ra-
tios of red tide organisms in the East China Sea: A
characterization of biological nitrogen fixation. Mar.
Chem., 19, 245-259.

Mino, Y., T. Saino, K. Suzuki, and E. Maranon (2002):
Isotopic composition of suspended particulate nitro-
gen (6"°Nyy,) in surface waters of the Atlantic Ocean
from 50°N to 50°S. Global Biogeochem. Cycles, 16 (4),
1,059, doi:10.1029/2001GB001635.

Montoya, J. P., E. J. Carpenter, and D. G. Capone (2002):
Nitrogen fixation and nitrogen isotope abundances in
zooplankton of the oligotrophic North Atlantic. Lim-
nol. Oceanogr., 47, 1,617-1,628.

Muller, P. J. (1977): C/N ratios in Pacific deep-sea sed-
iments: effect of inorganic ammonium and organic ni-
trogen compounds sorbed by clays. Geochim. Cos-
mochim. Acta, 41, 765-776.

Nakanishi, T. and M. Minagawa (2003): Stable carbon
and nitrogen isotopic compositions of sinking particles
in the northeast Japan Sea. Geochem. Journal, 37,
261-275.

Nakatsuka, T., K. Watanabe, N. Handa, E. Matsumoto,
and E. Wada (1995): Glacial to interglacial surface nu-
trient variations of Bering deep basins recorded by §*3C
and §'°N of sedimentary organic matter. Paleoceanog-
raphy, 10, 1,047-1,061.

Nakatsuka, T., N. Handa, N. Harada, N. Sugimoto, and S.
Imaizumi (1997): Origin and decomposition of sinking
particulate organic matter in the deep water column
inferred from the vertical distributions of its §'°N, §'3C
and 6'“C. Deep-Sea Res., Part I, 44, 1,957-1,979.

Nagvi, S. W. A., R. J. Noronha, and C. V. G. Reddy
(1982): Denitrification in the Arabian Sea. Deep-Sea
Res., Part A, 29, 459-469.

Narita, H., M. Sato, S. Tsunogai, M. Murayama, M.
Ikehara, T. Nakatsuka, M. Wakatsuchi, N. Harada,
and Y. Ujiie (2002): Biogenic opal indicating less
productive northwestern North Pacific during the
glacial ages.  Geophys. Res. Lett., 29, 1,732,
10.1029/2001GL014320.

Needoba, J. A., D. M. Sigman, and P. J. Harrison (2004):
The mechanism of isotope fractionation during algal
nitrate assimilation as illuminated by the *N/*N of
intracellular nitrate. J. Phycol., 40, 517-522.

Ohashi, M. (1999): The origin of nitrogen in the marginal
sea using stable isotope analysis. Master’s Thesis,
Hokkaido Univ., 73 pp.

Paytan, A., M. Kastner, and F. Chavez (1996): Glacial
to interglacial fluctuations in productivity in the equa-
torial Pacific as indicated by marine barite. Science,
274, 1,355-1,357.

Pride, C., R. Thunell, D. Sigman, M. Altabet, and L. Keig-
win (1999): Nitrogen isotopic variations in the Gulf
of California since the last deglaciation: Response to
global climate change. Paleoceanography, 14, 397-409.

Raven, J. A. (1988): The iron and molybdenum use effi-
ciencies of plant growth with different energy, carbon
and nitrogen sources. New Phytologist, 109, 279-287.

Revelante, N., W. T. Williams, and J. S. Bunt (1982):
Temporal and spatial distribution of diatoms, dinoflag-
ellates and Trichodesmium in waters of the Great Bar-
rier Reef. J. Exp. Mar. Biol. Ecol., 63, 27-45.

Robinson, R. S., D. M. Sigman, P. J. DiFiore, M. M. Ro-
hde, T. A. Mashiotta, and D. W. Lea (2005): Diatom-
bound 'SN/'N: New support for enhanced nutrient
consumption in the ice age subantarctic. Paleoceanog-
raphy, 20, PA3003, doi:10.1029/2004PA001114.

Rueter, J. G. (1988): Iron stimulation of photosynthe-
sis and nitrogen fixation in Anabaena 7120 and Tvi-
chodesmium (Cyanophyceae). J. Phycol., 24, 249-254.

Sachs, J. P. and D. J. Repeta (1999): Oligotrophy and ni-
trogen fixation during eastern Mediterranean sapropel
events. Science, 286, 2,485-2,488.

Saino, T. and A. Hattori (1980a): Nitrogen fixation by
Trichodesmium and its significance in nitrogen cycling
in the Kuroshio area and adjacent waters, p. 697-709.
In The Kuroshio IV, edited by A. Y. Takenouti, Saikon
Publishing, Tokyo.

Saino, T and A. Hattori (1980b): N natural abundance
in oceanic suspended particulate matter. Nature, 283,
752-754.

Saino, T. and A. Hattori (1987): Geographical variation of
the water column distribution of suspended particulate
organic nitrogen and its '>N natural abundance in the
Pacific and its marginal seas. Deep-Sea Res., 34, 807—
827.

B 5, TN SEHL (1996) « DERMIEERILSE. BEREA%
HikFi%, 403 pp.

Sarmiento, J. L., N. Gruber, M. A. Brzezinski, and J. P.
Dunne (2004): High-latitude controls of thermocline
nutrients and low latitude biological productivity. Na-
ture, 427, 56-60.



398 Y REE] - B - RS

Sanudo-Wilhelmy, S. A., A. B. Kustka, C. J. Gobler, D. A.
Hutchins, M. Yang, K. Lwiza, J. Burns, D. G. Capone,
J. A. Raven, and E. J. Carpenter (2001): Phosphorus
limitation of nitrogen fixation by Trichodesmium in the
central Atlantic Ocean. Nature, 411, 66—69.

Scharek, R., M. Latasa, D. M. Karl, R. R. Bidigare (1999):
Temporal variations in diatom abundance and down-
ward vertical flux in the oligotrophic North Pacific
gyre. Deep-Sea Res., Part I, 46, 1,051-1,075.

Schubert, C. J. and S. E. Calvert (2001): Nitrogen and
carbon isotopic composition of marine and terrestrial
organic matter in Arctic Ocean sediments: Implica-
tions for nutrient utilization and organic matter com-
position. Deep-Sea Res., Part I, 48, 789-810.

Shemesh, A., S. A. Macko, C. D. Charles, and G. H. Rau
(1993): Isotopic evidence for reduced productivity in
the glacial Southern Ocean. Science, 262, 407-410.

Shemesh, A., D. Hodell, X. Crosta, S. Kanfoush, C.
Charles, and T. Guilderson (2002): Sequence of events
during the last deglaciation in Southern Ocean sedi-
ments and Antarctic ice cores. Paleoceanography, 17,
1,056, doi:10.1029/2000PA000599.

Sigman, D. M., M. A. Altabet, D. C. McCorkle, R. Fran-
cois, and G. Fischer (1999a): The '*N of nitrate in the
Southern Ocean: Consumption of nitrate in surface wa-
ters. Global Biogeochem. Cycles, 13, 1,149-1,166.

Sigman, D. M., M. A. Altabet, R. Francois, D. C. Mec-
Corkle, and J. F. Gaillard (1999b): The isotopic com-
position of diatom-bound nitrogen in the Southern
Ocean sediments. Paleoceanography, 14, 118-134.

Sigman, D. M. and E. A. Boyle (2000): Glacial/inter-
glacial variations in atmospheric carbon dioxide. Na-
ture, 407, 859-869.

Sutka, R. L., N. E. Ostrom, P. H. Ostrom, and M. S.
Phanikumar (2004): Stable nitrogen isotope dynamics
of dissolved nitrate in a transect from the North Pacific
Subtropical Gyre to the Eastern Tropical North Pacific.
Geochim. Cosmochim. Acta, 68, 517-527.

Sweeney, R. E. and . R. Kaplan (1980): Natural abun-
dances of N as a source indicator for nearshore marine

sedimentary and dissolved nitrogen. Mar. Chem., 9,
81-94.

Thunell, R. and A. Kepple (2004): Glacial-Holocene
nitrogen isotope record from the Gulf of Tehuan-
tepec, Mexico: Implications for denitrification in
the eastern equatorial Pacific and changes in atmo-
spheric N2O. Global Biogeochem. Cycles, 18, GB1001,
doi:10.1029/2002GB002028.

Thunell, R. C., D. M. Sigman, F. Muller-Karger, Y. Astor,
and R. Varela (2004): Nitrogen isotope dynamics of the
Cariaco Basin, Venezuela. Global Biogeochem. Cycles,
18, GB3001, doi:10.1029/2003GB002185.

Vincent, W. F. (2000): Cyanobacterial Dominance in
the Polar Regions, p. 321-340. In The Ecology of
Cyanobacteria: Their Diversity in Time and Space,
edited by B. A. Whitton and M. Potts, Kluwer, Dor-
drecht.

Voss, M., M. A. Altabet, and B. von Bodungen (1996):
8'®N in sedimenting particles as indicator of euphotic-
zone processes. Deep-Sea Res., Part I, 43, 33-47.

Voss, M., G. Nausch, and J. P. Montoya (1997): Nitrogen
stable isotope dynamics in the central Baltic Sea: In-
fluence of deep-water renewal on the N-cycle changes.
Mar. Ecol. Prog. Ser., 158, 11-21.

Wada, E. (1980): Nitrogen isotope fractionation and its
significance in biogeochemical processes occurring in
marine environments, p. 375-398. In Isotope Marine
Chemistry. edited by E. D. Goldberg and Y. Horibe,
Uchida Rokakuho, Tokyo.

Wada, E. and A. Hattori (1978): Nitrogen isotope frac-
tionation during the uptake and assimilation of nitrate,
nitrite, ammonium, and urea by a marine diatom. Ge-
omicrobiology Journal, 1, 85-101.

Wada, E. and A. Hattori (1991): Nitrogen in the Sea:

Forms, Abundances, and Rate Processes. CRC Press,
Boca Raton, Florida., 208 pp.

Wong, G. T. F., S.-W. Chung, F.-K. Shiah, C.-C. Chen,
L.-S. Wen, and K.-K. Liu (2002): Nitrate anomaly in
the upper nutricline in the northern South China Sea—
Evidence for nitrogen fixation. Geophys. Res. Lett.,
29, 2,097, doi:10.1029/2002GL015796.



ERFEINLE L E BV T iR AT 399

Paleoceanographic analyses using nitrogen isotopic compositions
Keiji Horikawa!, Masahito Shigemitsu?, and Masao Minagawat

Abstract

By measuring nitrogen isotopic compositions (6'°N) of nitrate, particulate organic matter,
and sediments in the ocean, the behavior of oceanic nitrogen and related characteristics of
8*°N values have been clarified. Based on these findings in the modern ocean, we have inferred
the past changes in Ny fixation, denitrification, and relative nitrate utilization from downcore
83N changes. Consequently, we have reached the knowledge that the past changes in Ny
fixation, denitrification, and relative nitrate utilization work with the Earth’s climate system.
Besides, we have found that factors which influence sedimentary §*5N values, have different
weight in various oceanic conditions and geological ages. It implies that we must pay attention
to the use and interpretation of sedimentary §15N.

In this review, we overview the framework of the nitrogen cycle in the ocean and explain
the most significant factors controlling sedimentary §'°N values, such as (1) N; fixation, (2)
denitrification, (3) NO3~ assimilation by phytoplankton, and (4) §'°N alteration of organic
matter during sinking and burial (Section 2). The former two have particular importance as
the principal source and sink of combined nitrogen to the ocean. As such, they together control
the oceanic inventory for combined nitrogen which, in turn, is a factor controlling marine
primary production and export flux of organic matter to the ocean’s interior. Moreover, we
present some examples for past variations in sedimentary §2°N in the oligotrophic Ny fixation
region, water column denitrification regions, and upwelling regions (Section 3). In Section 4,
based on our present knowledge, we review (1) the influence of oceanic N inventory changes on
atmospheric pCO; oscillations during glacial-interglacial cycles and (2) plausible mechanisms
influencing water column denitrification rates during glacial-interglacial cycles. Finally, we
summarize a near-future task we should address.

Key words: nitrogen isotope, oceanic nitrogen cycle, denitrification, Ng fixation,

paleoceanography

(Corresponding author’s e-mail address: khori@cc.kochi-u.ac.jp)
(Received 6 March 2007; accepted 11 July 2007)
(Copyright by the Oceanographic Society of Japan, 2007)

T Center for Advanced Marine Core Research, Kochi University, B200 Monobe, Nankoku, Kochi, 783-8502 Japan
} Faculty of Environmental Earth Science, Hokkaido University, NIOWS5, Sapporo, 060-0810 Japan



