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We provide our redvpandgad | (ORPIsgi n oti eatl )i wntnenew.t s

-Response to Reviewer Commen

Reviewer #1
-Gener al Comment s:

[IThe amtdotersacntot include any summary of the main coc
synt hesi s.

dWe hmaovei Ab etdfraoat |,i npda@el | i ne .1, page 2
[2I't is not clear to me what the purpose of the ent
objectives of each experi ment, but 1 d&dm not convinc

page sectiomyinoedamhat cthe authors explain these
gener al introductieogesor iemtcihorexpefri mbat oeanogr ap
usually only a vague, g e neexrpael r i emegnitasmie(m v e otf i gpautrep ots
responses reteabhedecontdr ®OhEx was conduedtra dvée,n ogrash To
For some experi ments, the authors only | iasbtoulir itehf
objectives and design.

d Thank you for pointing out thisodefearkencexpWeaih
hypotdfebes previous artiffridecm @, QCtaddyieaep @25 Wee nhtasv e( al

removed t hd rnpamenv iroeussu |l QlsFS extpiean mz.nk .s

ESection 2.2 is basically a long | istxpferinemastisem
these have been revi eweodn 6ptr edvroaova Isainyy, o & s Gfditabneg taduet cht oi
The authors have gdwmmarninsiexg etl hiesati nfodor méti on i n tF

But sincmedgshaegenasenems t o be that iO4eFr shea vrea cboemednio fci oonm
woul dnét it be better if th&pavtalgorphjsystanmdaddedeinhd

an argument and drawing conclusions?

dReviewer is coriSect.i 6We B3y ghdar @ v 4s eEBitge x p wdlyh o w

initial environment ah eampi.inime ms$a |weernev idriofnfneernetnatl C

concentration and zooplankton abundance) were dete
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artificial OIlIF expemgicmemhte masmsalinvkeer ren r aWeait eefdacholo glain © z
Sect i,anaddteldeo nc Isd e bweSde cftridome 2t i2on 1LiIA55 plafjgien e s

@The subject matter of Section 2.3 is ban mampggr taand
shoul d t patfcdr thiel itgemadkt ed? What tlhemiasust hionr st haicst usaelclty
from these results.adRdart i eoxnasmplhee, rargehtmulatyi ptloe de si
should thEgebexmadiemehos I nhstdedaviaogw, aso simply 1|i
rather than the intervals at which thky weefeulmatde ,
di scussion of the amount of JTilr oeng keai dtdheadt ptelre saqdudairtei
experiments var i-aerdbaas ilso,t badts ot hoins ai sperot di scussed
applicat ivamnm iforuesm etxlpeer i ment s? | f not, i s twhoirsk ,isfoanmedt
so, of what kind? Likewise, the discoasitonhat SIF&c

can be used, without drawi hgasc @rmalcudicands rtelfcatmme ol
driftingr buiogss iaxpeundendosuwermately | eave the pa
one ofectommendati ons of this paper is t hatofe x3ple rd any

under which conditionghmubeicpime ®&®b6ei neeessany.

d Good poinsub®We amkeevnSseldyi bnoR. 8ddi ti on hwyd stcrriaabw mag
previous Ol F expa&mtdrnaécetds i I nzewhpdmachtespr evi ous OI F
multiple iron addition, dnrdbd np2r@go sp&agmed! ic mmisWeo fhpadvgea ail
addtehliconclsdei ofnmedde ct i 6t de2t 3 on 21255 hpkde c il wnt us e:
Desi gni ng efxwpteuriwaean@lyFe a d d/e d g g easbrouusts iicofint ¢ r v ad redd dti ht ei
amount of imofi aWEdadi, pgrmé&t hod t o mdx iOhiFz e xtplea i erfefn
Secti(@Ilni rRe 38380 bome &3 8,

ESection 2.4 -Haghdankj ureotsttllye rmain findgags dbepr s
often rati merdd.aghg ( nf or mati on odb aute sSpOatEiXa lb | ppaotntse
contribute muek). oAl Idokmi mbltyuptelmit diynt egrated under

responses to rieadchs ardadtitdronmorbeutl i ke a selective ca
fromditfhfeerent eegher dmé heswemcaehli mir onpahxyilnil LEERR® N | SE
pointed out, but this isndédt part bheadbfbadent dOEE
causes might be. I n -It ha&n dh el lteF BEEX@ map g r & pléh weieBriide & x o o h

integr-atedock] bompahed Wwsthobdther experi ments. My
adgpecifically a discussion of chlorophtyheé, papam j
shi esfraovmyreaching interesting siemplinsengdhs s. wiTthleo e
conclude anything from mdilnttihng duwmtf oirmatthe nmi dadli @ e

that integrateasdugthhtendnyniptrodeic tiimnf uture experi men
2
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d Thankf oyrouy our.Wehansmebnstt a retviiSeleldyi on 2. 4 Bi o g(eforcchre miict
8, plaige 17 npd)deo I ef |l ect t he eRehva veew baedddse gsr uagt geatise trc,io \nve d
fromct itom RQedfr omiz. pldHe | i ne6).2 5F0rmp aygaeurt hirrefeo rcnoantdii
at lagaestinevitable to detect significant carfdda exy
shift toomi Wamwaed mcommunity, (2) |l ow bacterial resp
|l ayer, and (3) a sufficient experimental durati on,

to be observed

[l had previously requested that t he @aiwtfHdrcd emaly e
Afsequestrationo in the contextsoed lcaodehy fwWuxkesyt b
think this is &exi gnisfbiecsaprdtagparionbgl eoni W ut ure i ron f e

achievingpbtfletstvetsed o ensure that the correctwemeas
defi newltdteawé yneed to measur e. I  wolud dp istutg geetst a'lt .h a
2008 speci al i ssue of the Pas |tolseopdiitcad Imansaek i
AOcean fertilizatigeaongian@eortiemg? @l TMmMeiasnspager di scl
such aseqaridamati on with reference to t he nieegstur eod.

d We apol ogize Tobhiexacohfyusixmpd @as exqgueesito n@t i, ororghout

D

xported from the mixed | aectiobnhol iweln&céntdddalLamde
. @2Re8e dreadw Fi pebgle 3Waawad so added a sentence to
arti fiacsi aflolQloFws :

Q

-1 I nt {ddwent,il opBaegted Ol i e 2, page 4

iHowevead] Ffoobo be considered as a usefiwml tdeotdhmnignasatr
critical i ssue is whether the su#DdtFarntni @lhea mauiftas ¢
a significant export to-tiemihe QrAdd iyeetaa/sd e espt olraaygeer s( F
20008) .

[7Sect2i.dbn again | eaves me rather unsati sddredd: niahkee
argument or properly discuss resaglbobns bhypyrthbedeeddvef
clear to theefrfeadtir v earledsi sfi i dofe iornont hi s component of
guestiono. |l auotthlbhes whodd d brRreusing this section t

nomanaged to yield clearcamiBsamrerseduwe ¢ thleiadesf dierrc td veom

of experiment duration, mesatsaulrleave ndr maelt ho dde € pnera sfu
very small pat cht,rapss unsipgehctt nihsast edxepegoresret hae mhy mb e
particdrefsi nesd to such a small area), and tpaaticohn amoyv €

but very hard in a | arge patcom).l uslitomesugm tahe eawt hy
3
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the end that futurleorexpemoumgmt sf emreteidl itoe lasltargei s
justi fipudbticeomiofgy a review paper | ike this ontehenus
previous OItFo weali eimnea btlleese requiremertdst oTa ed o et m
details of each experiment merateherwihgntopebadisng i
each experi menthefAgeaitn,v etneramsd olfiiloemd0 coul d be defi
using lasndwaogely as this does not help with achi ey

d We admoee he Revi ewdhoGse aoddmmeurstsi on i s necegslardy.

Bi ogeocrhesnp c@d @ etsheersiubd Bt xsp or ta ffileuoxrne ssalsl i ft 0 lolno ws :

-2. 4Eqluat or i(lail n @&s2c 1dlalgce

iTo determine whether the biological pump (i . a.x, ex
oparticul ate organic carbon (POC) can be estimated
as the natural-234&°fpotlhiafceer= t2hdo.rli udmys) and the st a

organi c( iyagt tiesne a t traps, transmi ssometer s, and un.
(Bidigare et al ., 1999; Nodder et al ., 2001;t Bald,
2005; Tsuda et al ., 200e7t; a9me,t@2x0e1kd pedi Tanle c | i2d0el 2k a s\
for particlesdFhandmbhal ekhehheofvater column id$ ind

surface PP out of the miRewakbkaybE E¢Bpestsabat, i h9 %8
was estimated (Bi dfPdhardeefetci &lncy IT9®9) t hBhesur f-ace
fertilized pasthmubatesdi maperirpnoduction i fFhhe
measurements were made in the wunfertilized patch f

undertaken to demonstrate de&p carbon export (Bidi

-2.4502ut her(nf rocman@BBgeé o | indg:25, page 13

AISOIEE was the first aOlF experiment in the SO to es:s
They used a comprehensive suite of néhhad€de stuichhataes
deri ved -vfoloutmeh ipghmp sampl i ng, and a beam transmiss
measurabl e change in carbon -exxipoult daavedePBesemdke)d (i
and Buesseler ana0haj tdod@e®01; Trull and Armand, 20
an increased downward?*hrHefhi El ermcegswathavbbdéeirved i

the experiment progressedrehowsvbaendvedmaenldvea eer maon
(Buesseler et al S, 00Mi.f iwumitdy SOkmeaXiced POC fl u
enrichment wetfhobbaéenedtifoosm (Buesselermagnial ude 2
these flux increases was similar toNtuhsaded opprslefrivieidn
robotic Lagrangian carbon explorers equipped with
empl oyi ngt rcahceemisccaland observed | arge POC flux even
addition (Bi;€fbapeeetahbl,, 22004) . Ho wefviexre d icarwiaosn u
and truly delivered iort oOSAGE eanmk dli @QH AF EX egx merpit rhesn |

4
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under silicate | imited conditions (Tabl e n3d,uckidg se.x |
by any method (Table 5) (Peloquin leitkealy. ,t 02 Oblel ;a shMao
pipbankton dominated community, which | ed to rapio
flux. I n contrast to the ot her aOlF experiments, E
cc ear evidence of carbon export stimuyuSmetealc dly atrtal
During EIFEX, the initi*8Bh iexpohe dGdpper Q80O i maobedtHF

mg CdnfTabl ecigg.amBda) (Smetacek et al ., 2012). Thi s
iron addition. Bet ween day 28 and 32 a massi?®d® inc
was observed in the ferutei Irieznead nepat ch,n swhinlte itnh & hien
Fig. 8a). The profilirergotumuanosmi SOvme tagre wionl i himeg ll

in exported POC below 200 miaflteeddilyo@esa At hed efas
aggregates of di at@©hma estpeeccdaredss, t dinahpahetpadc udfar 1 6000 n
sinking ratecomp@armddto the initial conditions (Sr

poduction were not found in any of the other aOlF e
on this component of the biological pump needs to
Smet acek et abhl, , ?2@023)Martin et

-2.4Su3dbarcti c (Noirnmeh8 PEH&E)g:ef i C

iDespite the formamidoredf pahymaps¢ iawn & tlo,m otihl eor oem wdausr i nnof
export flux during the observation period (Tabl e &
During SERIES, awtlil SNe&#@ Sc o mp rseehrd nessi viree atsiumee ment s o f
decl ine -otfi mhleatiegd nbl oo m, POC fluxes estimated by
temporal variations (Boyd et taHe ,r 90WI4t; s A mgna&is t ed
of the decrease in the mixed |driefttriR@PlC wad BOB8sEhu
mai nly governed by bacterial reminarlal,i 2a0¢0ti4qgal T.a, u dl2al

d Wehave taltlel sd uasbsoiuste ef fecti veness of carbon seques
and experi nentaistbihadcat enconcentrations, diatom, bl o
anexperi mende sdcurigbtetdoifams t 2 Over view of pt &weicdauonaQ
Signi ficartvirmnasulOtl & iexiZmr pBogreidAtos dlj scggdd tchx pdx t |
measur ement methods can be optimal to exaot®gctran
3. XpBrt fl ux meafsud mIme na7a geot Ha chsy. (36, page 18

[§Section 2.6 starts as tahipmlomt Isii 31 ¢cngturlroddgivcet pdr yd opardr f:
entire Section 2), but pbent édl betf hhovéor Whaae anBce
di ver se o0 utecxopreersi?mewhtisc hmay have mi ssefd sannkexnpgo rpta ret

5
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forhat reasons? The issue of ecosystembuespertee Yy es

any discussi on.

dWe havet mopfaidragitlaeph i toohheht® oduct droafre p2Pa®vaphi ew ¢
previous aOIlFie®erlfmpwtdSeect i Summanby of the signif
aOl F exp(efrriome nltisbe ol ] i pad@dadmaly @magevel t o fvwhhaet qaurees t w

conclude froomutdhemeashdchersx@eri ments may? hamehanti s s
reasdms addiptliemrs e e fodf[Ha R@s ponse

[JAfter all this extensive review of ptroe vwiossisdebOeeEFt 5
Wh a't conclusions can be dmuawmrfsrdhmveal Ireafi etwleal dat &

dThank you .f oWeawewmihead  SummM@arsy of the significant r
(from | i%Hteo 1,i npebpled ,Idpawet Her e v nSeelcetdPiabent 2 Over vi ew |

aOl F experiments

1jsection 3.1 is slightly better, as Hotweavterl, e & shte es
again madgtallygai ng of resul tvgh aftr owro up rde vbi eo ureo reex ples 4 |
attempted to syntdhesuseibhe bhstgkbtpubhdcati ons ab
at trypandefneadi nltheg Ibangve enarsitaldii es .

dThankWegolmavel rneovwibsdesd S&etitoonnt 8. 2 Consideri fgoenmnvi
i3k plBge | inel)2Ve, hpayge g |ssidhdfee eddf leicmastl evant gases
(i . e - ONCHdi met hyl sul fi de, and hal ogeprbddcedl byi be
activities and/ or photochemi cadndieecarceta soen si nb edios seo le
i ncrease itnhladoando itco atchihed changes in the ocean ecosy:
monitoring of t her eplreovdaurctt i goansse so fancd idmameei ¢ aci d i s
of OIF as a geoengineerliyngmadpipfryy atclhhe &aessitrhed amaryb a

and can do so both positively and negatively.

JSection 3.2 implies a discussi on pafr atghrea pihnti esr meott |
matters at all .h Thheessea odbaanguatr ajgdmgot he | egal sit
London Conventiexemppilowciohlyygranssientific experi
t hat IweauM eb cogpeem experi ments i rMfeprtadtisdé en.g poOdd anstol aet ssse)
everyone in the oceanographi condmmdemitt  hkano wse,gi i uti

in the open ocean owidrli fgiecta ta popnr oovfa | t?h iSso nsee ebness t c aol fl

6
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authorsodé ability.

dWe apologize for the confusion. Based on t h&eRevi
have al so mové&dct hReag Ble®ttiiom dfo aOl F: I nternationa
antdaveviSeed itoom 3Bl.8rify the | egal siitmathendpem mad e a
29 pAgeo lineg 24, page 22

ection 4 finally attempts to put fohward hsemaeg
expanded on and made more speadditios mpfl yi comcad ua
the same as formul ati hgr tsipleicg dtiiconguli elvedlisneée.adb.out
applioadaereonals. thiikedwipae,agrlaeh in this section (iAWl
genuineaydusefmbve the field forward. A ldosguliss bn
the relative merdduws wifone accth ,t hoa fdeirftfeidd usldtdy poaft cthr, a ce
l earnt how to do thisthattbavevbeehheohduekpdri mehk
measure car biomndifd curxiemi n et ducae .| i Whtatt owdwl o fr enulclhy he
ofvhat the various measurements contr{éspectal buy 1w
sur fteecddhered sedi ment trapayvoiwthead hi mr ¢ atpowalblaywIf v ut db
counterparts), and,calgmamm,wevhreg &l liyn reéed wad ebe mea
concludes tarbagpi hukbatneed to be monitored using
somewhat: weurglmg one of the | essonsnehsomementv s 0uU!
needed, and that traps mustr dekabomulthel|l expept hau
the sequestratiwinntberhgo®i * hedidepttbesbhg possi bl e can
the aptboposed specific regions, rat her neranmmeunsdti |

iregions with high silicate concentrations and | ow

dThankf oyro comment s. Necthhorumedi Dé edgni ng (foutdome a
26 pa2aye | i ne6Ba, ppagtolrward sofmer pracaiicah cSugegest
O6Wheno) , duratiomof@@ese.of dGHowm laadmdg &)i,on (i .e., 0t
measurements/ protocols (i.e., 6What 06), and side ¢
incldidisocgsffeonhi béexalsofe. g. mi A)ianpuorh i acdad ii toine n djt éefr ivEk
of tracking a fertilized patch, how t Ot meaauxti eni z a

effectiveness of OI F e xtpheer idneesncS s cpktdhamtilhse offut ur e bas

he manuscript ends with the design pnopbsadi hor
experiment that the authors cFeaml ynhope fatooadud
val uabl e to ihavehehmidhnaste cmiigmt. be usef ul i's i f the
explain in showhthg theséegdebédi KIFES will avoid the

7
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i .eex.pl ain the specificoreomenturmaet mods padtch. si ze, m ¢

dThank you for  Tporeflegtthhe BRevhaweBésevbPDaegdggetbbn

Korean | ron Fertilization ExBasedeon pmnevheu$Soat he
i ®ection 5. 1BrBarckfgir@luchaBia $ i m@&t o3 41,i npeafQbe?a pede udp t
purpotseJ(FI&pl ememfaascoenti fic artificial Ol F exp

Framework for Scientific Research I nvolving Ocean
was accepted fr(oResloQ/ult®.obnn, L2022 P) utahesif drect i veness o
artificial OlF in terms of atmospheric carbon- seql
induced carbon export fluxes into i nt)erdnetde rdrhen ate
enwvw onment al conditions that woul d )maoxniinngue ne fi ft @ad t
and qual i taantdi Wiewlmyg Pplosrsti bl e si de effects derived fr

the pwepbage sabme asaddetdncedas/tnoe adri stchues se avelayesr rc oBirsa <

for the site of KIFES based on following threealei"
eddies, and (3) avail eabadmad yt o fehshti lylpibehhpauksti eaxcfe abniooga
iron allowing an increase in productivity and expo

i n thaearbaassritni fi ci a”do@i B aite dt e gdnikatneagmtr mtkeisgmear t |
Baswinl | be more effective for carbon export compar
t he Sout hSeprenciGciecanpl ans for KIFES expréera sniernee me(net. gme
i 8ection 5.2 A plahr dmd@&t p2ZZgé utliune®R®EAVEEBeen modi f

on Section 4 Future: Designing future OIF experi me
veraII introduction to Olgr andantstmapeaere.nt of t he

dWe have modi fied some sentences to define 8&tetcbhn\

1 I ntrdduwathieopBadge | i ned). 15, page

brief ovethekeewxptr emeht ehii sraoyrbiec ailp d & ena taish eat ( d
how the various experiments Ibwpadtthemseseawehr eotthhreat ae
address. This secti otnhecadi fbfeeresnaed pthoyshicghlobaglitabh
experi ment, atntde arhassion hbigcdhd é gcdhhe mi c al res-pgenxpes i mmed
approagiht help to give the reader are mortehei nctuergrre
par anbeyi @rameteh apedoadroughout cDadtdi otnhedh. ehlde wd d
hi ghlighting the key owetxpteandiemd squyeé atcilwurds ngh &Ktl FE
include questiaomopsusnitelodt icrag btoon tgpeepuwdaixctt i atni, o ra,n dt rpd @e
shifts.
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d Good @Baisetd. on t he ReowVv emelrlbse ecrogn@meinztefdns b2 ape ref

Re s p o[@id1eh

detailed discussion of each ofprtehve seex pgeuleBsm ei not nss
failed to reach consensus, amdewlsatandéeegs foowhedd
i sdbmesed di scussion,rédéalr e¢é«taanipll ealgoutihghowtoar bon f |
expetismemnag&ke tdhese measurements (but failed to
hampered by size and/or duration, andeadcls o maat ¢a s «
met hodol ogi cal probl enmsi twhi tthh eseetdhionregnuten,t rpar posb,l eimsss une

net community produecttci.onn from O2: Ar rati os,

d Thankf goupointi ng oWet htalvies adledfeidc itehechyydi sSlc@ s pir e w i
experiments have faanidl emhitcoh reexgpcehr icnmoenmnstesn swesr e may b e
t 8ectidummBarsy of the significahtdéimbgsupage fIDmt)aOliFr
and Sekutiwme:4 Designing (frudmhe, apghddeleiXnmped).\Whmadepmageee s
be done to move ouwas mdadsStean Piomeg @fndr waddmmdans wer ed
export f1l ux, possible gsfidem2fpdtte,| amd 22 isbpagpei ¢
refer se@Wepohave al sDe ctBidfhtpeod tndw ux me &g uwnindneepild g ene t
to I'ine8B6, dilogwe scdar bon fl uxes need to be measur ed,
measur emehesyumtaieads ariel at ionAg stbe aegpaec hh ehiEirh Reesponse

1A section that reaches specific concofusfiotnsr @ nax pn

dThank vyou fR)IreassueggreSEhronResponse

LS pecpirfoipcosal for KIFES and descri ptBiraamsdfi et e Sit o g

authors have some preli mi neaddyi eas tiimmetthriys irmeaggiessn 2 o

dPl ease re[braﬁslﬁespcbmseproposalptﬁ@m WIfFFEBReamadgdes ¢ 0

Bransficeld Strait

- For stabhet 6ddBe ganhsdmpesl odn Settr aa lt. (2009) showed

km in diameter) was centered at ~620AStaond cadA)
released during the period 1989 2005, and 40 d
Drifter Experi ment: Links(Fbg.l sBbaths and Ecos)
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Revi ewer # 2
-Gener al Comment s:

The question of why the outcomes of previous exp
i mprove on past experience is only superficially
i mproves on previous experiments? and why?

dGood .Wei nrhevweiSee tbi.Rlanc k g FBruanrds f | £ 6 d d &wsosri en bsep éwch af ti caarl
the hypothesis and how the KIFE®SFpajdee tp2bigmp i 6 nes !
pagBARsbeape reflldBr Response

In the same |Iine of thought, the knowledge gaine
the context of geoengeneeffagtahdcpatdntal abl penmgan
exgpl e, one would bpohendiptestovead tevthymnegat heenaf i
systems in the Southern Ocean as these systems a

bi ogeochemi stry.
dThank oyrousuggesti on. We haiteheaddreadwbs®odngeaslad dedygear

compared to nat airfad c tlaeomf eixlpewd :ment s
-Sect Fahude: Designing (fudomép@e p2@déE&oekpgei Madnt s

AiThe OleFxperi ments have also produced much -shd sglhleeFr ¢ ¢
experiments (Morris and Charetne@lexpefilBmentsr dbemnm
potenti al negaad vfeori mplakk t esx pe roipmesnt s, even at l ar g
t he®@leF results da@lnfotasua rgaencteeneg itrheaetr i ng approach i
associated with carbon sedu-angt rasst iao np raendi ced madbhl Fet oa
experi ments adlgbhfpar ifmeomt & hien t he modmIl &f i sranceasuapp
sl ow process and its iron saglurcdhe siudshasasde dwathtts
whera®®bBB is intended to bé¢ eegpn sodinc ,adwiitth omas iByain
nol F it is difficult to accurately identifapl Frbhes!:
is ngua ative and qualitative information about 1iro
resublsgExpferi ments in the S®)(eng. i nBOleREE & md DICF e
nOlexkperi ment(s .ieneltdkmr@@Dean and Pl ateau compared St
suggesting that it might bet edinf fniecgualttaOvtde difyf eescttiusd ya

naturally fertibized systems in the SO.

Specific Comment s:
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In order to simplify comparison, | would recommen
first (Eq. Pac, Subarctic Pac. SO, North Atlantic)
dThank youermhmendatuiWenpresefbyedeghefdwbegigdBblt or-i al
Sout her-®iuxreatni ¢ -Morrtt th Atalcasr ti iacn)da tt hvemi dly tddadiya btl ceosk
15( pa¢hes2),Fi gu(rpea 8la nMi gsbr7é p a6 @65 L

Table 2: The adltihmirtsa tdied @ $iusdIns ocorfré watddan gd | ni omi et xapt o rc
a result that might not support the iron hypothesi
|l ast | ong enough to see the terminal phase of the
dWe have trhreempubts that eniigrhdn nlo¥ipi et pahssiddm nitsie add e

48We have atdidems |[fiomi texperi ment design in Alimitatdi

Page 13;22:i thyy ddD t he aut hors focus only on N2O
are mandi snsoufeescdu st oon (t hose include export, pl ankt

production of other greenhouse gazes, reaction of

dThank you for poirPtIier‘agseouteEbhisRedsepfoin(Bieency.

Page 16526l Mfehee JaUt hors would strengthen their ca
March is the ideal period (i.e the |l ate growth sea:
and potenti al Sobeésgtméd sppanrdiechd pr Ababl yheinked to the
dWeagree. PP in the SO, a repr-esmntati oe -BNLKEI €erigs 0
iron and/ or silicate) and Ilight availability (Mit ¢
usually occursudmumreirng it.lhee ,edrrloyn | at e December to e
flux from the subsurface waters to the surface wat
sol ar radiation (FMoboe 8agdDpAb/H otpd ra naké iCoan)) ygd lwiedniit hip kei tds

availability (Mitchel!l et al .whidlfe9dr, Yebnhhaey al . e. ]
and early FRabrumnr yf)itbemaMad yh | i rdi It ieaa aded ea bti ¢ 1t y. I n
experiments in the SO that have been conducted bet
and/ or silicate availability rather than | ighitn ava
et al ., 2011) . I n aduadaoangpltahrek tgorna z(iin.ge .p,r ecsospuer peo d
major | imiting factor in diatom production @dQoalheg

| at e sawmmMdmerat UBembr(uary) t(LeMaQu@dr ® et al ., 2016) . Tt
factors (i.e., micro/ macro nutrient availabi lwety,

hawve di f hed most appr opa@laR ee xtp emiinnge nftofrt oivasrtdad tat ie n
13
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Deceimberrl vy JidMre pray agdphuia: Designing (ffrud mdfe paady e
23 to | ine 11, page 24

Page 173: | $inmisl dr 1y, the planning of the | ength
robust manner and take into account the | ongevity
was |l eft) aotd timatid udewt het momous observation tech
d Thank you f orh acvosndniefiHbed | We g @ g r aFpuht uirne : Designing
experi(memBfL pAPSOFSX experi memave Idardghedti ncrease i n
to natural fluxes due (28 ithewddPvern enhe exeremi mamnit om
HoweveEYyFEXEKXxperi ment period: 39 days), ywoipc¢hlandkitaodnf
from onset dmowehd mixipgotritord ,| ux e sp atoanp afrledx € © arud sti lie
fluxes occurraddb®afweesdrn idraoyn 2a8ddi ti on. Fur tiihredyc &d]
bl oom t(hie. el.o,ngedva ytsy) .ofT h>4rOef or e, experi ment period

previous OIF experiments.

Page 17;21:ineaml3ot sure | wunderstand the point
dWehavemoved this paragr@fprhomnldipgdsg @3 Ht papieEcd o oanp &
refer R8sponse

Tabl—é’hb:description in the |l egend does not seem t
i n the hceoandd enmgt;r aFtei o nns =a fAifetre redBay d dif.t.ilt@ caddi ti on f
Ol F experdiemesnttbo rwhat ? Duration of Fee xgpedii tment ? adirec
addi t6iPemrd o0d6 shoul d.-be OWertatilo@dHNbE€ELB8Rrdcoul d be
used acronym.

dWe apologize for 1t é&vissleedgnefnuds i¢d nilideWwep)dite ehave al so
annotati ofdMNL& LSk f,h apdég e

Tabllen 2t:od itmittlag i on6 s houlQ@lbjbeec téilviensi taantd onnasnde (qfl uf
aligned. This can | ead to confusion.

d Wer evi s ed atbH(eeanR& @ B 4

TabIe 36 Cheagregneds:. of chemi cal parameter sé@ ogpsah auelsd b

14



10

15

20

25

30

chemical parameters during the OIF experimentso.

d We r ev(ilsiénde sipaly e

able 4 | eged®Respepbacef wbtill|l ogi cal parameters t
bet ween initial conditionNoared tbandiRBi olwag atk s md
mul tiplyindyd)PPwi(tmly @i xmecdd | ayer depth (m)

d Weapol ogi ze f oMaxtihneu nt oinnff uTsaibolne. 4 | egend i ndicates
prewemybnf usi on, we have repl halelde athand@iChamd ewi tolf dA
parameters from i nciotnicaelnttroataifotnesr b(ymaXli Fmuem )Py i wvn@ 1t
estimated by mul Edpl windg BPxédgl E€ylemri tdapt hva(l m)e.sd
parameters and the values after faemteidl iaZ dteGradhdr Not
4 | e(gleihrdepa)ge 50

Table 5: Data and methods are not aligned in the

to estimate fluxes during the experiments.
dThank you fWer ecmomvmerdtesst hog@lt i mmmb (e adgpeHo we v elre f twe
met lcaod umn because export fluxes estimates c@ﬁp@md |

di scuasbsogutmort fl ux measurement met hods

Tablleeg@nd: replace with "Initi&i2ald) aaddmaeai mesmper@Db
outside the fertilized patch of Ol F experiments.
fertilization."

dWe r ev(ilsiéne siptaly e

Table 5: Export values for the SERIES out patch ¢
ipatch values?

dBoyd et al. (0004 ) upsatticcahgdfidlr t hkas wer éd'aRlaym@ @nm 12
C twlormdaywilbh depl oy menWe odfe fdirniefdt iinngi ttir&BpReé £ S oaestx pf Ir
export f | ulxuerst BN eExbp g r.i3@eaemac pofrltaxr dwyme3dasur ed iemr pat
whi |l e -patextpledn aywa3neasured in theThlhanmre fpaanteatihnignxvpatr e
on daly2 3 nfgd)C was di f f erpeanttc hf reoxnp oorutt sfildue¥dn day 3
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@Figure 5: the photograph in panel e should be in
dWe changed the phot ogFiagplr é a92@@lmptfeee t o panel c i

Figures 6 & 7: For comparison purposes it woul d
rat her t hsaeng utelnec et iimme whi ch atclee d&sp avreil he mtss maog dke ple
vertical Iines) each regions (i.e. Eq Pac/ Sub. Pac

dPl ease re@br Response
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Abstract. Since the start of the industrial revolution, human activities have caused a rapid increase in atmospheric CO

concentrations, which have, in turn, haal impact on climate leading to global warming and ocean acidification. Various

approaches have been proposed to reduce atmospherico@€entrations. The 'Martin (or Iron) Hypothesis' suggests that

ocean iron fertilization (OIF) could be an effectivethwal for stimulating oceanic carbon sequestration through the biological

pump in ironlimited, highnutrient, lowchlorophyll regions. To test the Martin hypothesis, 13 artificial OIF (aOIF)

experiments have been performed since 1990 in the Southern Ges@n experiments), in the subarctic Pacific (three

experiments), in the equatorial Pacific (two experiments), and in the subtropical Atlantic (one experiment). These aOIF field

experiments have demonstrated that primary production can be significahfligcend by the artificial addition of iron.

However, the effectiveness of export produciion . e . |, the export of carbon from sur

revealed by the aOIF experiments was unexpectedly low compared to that achieveddiyphgtoplankton blooms, except

in the Southern Ocean European Iron Fertilization Experiment. These results, including possible side effects (e.gn changes i

climaterelevant gas emissions and an increase in toxic phytoplankton species) have bedmdairaist those who support

and oppose aOlF experimentation, but many questions remain. In the context of increasing global and political concerns

associated with climate change, it is valuable to examine the validity and usefulness of the aOIF exp&éomemisa X i mi z €

the eff eaQlfewxgpreassnenft s under international OIF regulatio
sever al conditions. (iln) tExep ereinmhesnrt 0 faraen ceadrddyu csdtreradu csti ul ri ec
l evels are high (e.qg., in the case of the Southern Oces
observations are madé deybspngwat mhi mumttimpb®& i ron isntj etchtriece
times, with b idmtyesr,valo dfer¥1i0 ikt ai pad ch2 ofM3ddn kemt r a
patch is traced using both physical (e.qag., a drFimf triartg oh
where Fm is the maximum chlorophyll fluorescence yield

fluorescence yield) tracers. (4) A-cwoé¢wtmnaidielyo viewny amat s
empkdy at two depths (one within the mixed | ayer and a
under water video protfol estiamat et raaccumi stseolmet ehe car bon
marine/ ocean eictosryesd.emsnalredimoaq-rtel ee vparnd d ufatsiebdin medf.hgell, i sial
hal ogenated volatile organic compounds) and an increase
domoic acid). Ftihers@ehtificyaOIF experimental desighwuidelines for a future Korean Iron Fertilization

Experiment in the Southern Ocean.

Keywords:

Ocean Iron Fertilization; Hghu t r i e n tC hal nodr olpohwy | | regions; Bi ol ogi cal
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1 I ntroducti on

Since the start of the industri al revol uti on, human a

(CHO from ~28b0dppinr{ pterevol ution) to ~400 ppm (present
|l ed tad ovlacbmi ng and ocean acidification (I PCC, 2013) (Fi

more unpredictable, the scientific consensus is thdat th
in a timelfywyrmamee sake of all I|ife on Earth (I PCC, 1990,
t hat have been proposed to relievelresolve the problem
Vaughan and LerRt0d/d,, 2@uLh;,g leRC@Jl ., 2014; Ming et al ., 20
of at mosyblyertihe @@ hancemewmpgt sokfe b(iiod wlgu cdiang CdOcean fertild
storage of atthmoosupghhe railhdeyC@ ngi neered processes, and (2) c
injection into the atmosphere to augment cloud formatio
attractive methods aemomnime drhef rrtoiploishattiapmebdbachhe Jbryawdo
nutrient addition (e.g., iron, nitrogen, or phosphorus ¢
export to the deep ocealnoirc sledpummamt(SACE aCRG,e D2d2CEk:)n. bi

The ocean biological pump is frequently depicted as a
phytoplankton during photosynthesis in surfacEFiwat edas) if(
and Hoffert, 1985; De La Rocha, 2007). Although theg effe
of magtoients (i.e., nitrate, phosphat e, andnewl pcatedt
(Sarmiento and Gruber, 200&ut rieoh 4ot sst asnulamuter § e tsiu
phytoplankton growth (Fig. 3b) (Martin and Fitzwater, 1

Paific (NP), eqguatori al Pacific (EP), annudt r S oeunt-thheler ond oCpcheyal

(HNLC) regions (Figs. 4a and b)), phyt omluammk teanrt sc d mmaatt i«
for phohesi s due to a |l ack of iron. As a conseqguence, p
despite the high availability of macronutrients (in par

Anal yses of t r appteidc /aAnmt dbrudthil e si den Aor es( hla&® ppem)e ad werd

Last Glaci al Maxi mum (LGM; ~20,000i ryeewagtsr ia@lo)t iwmess mu<h8(
1982; Barnola et al . r 1%87:l aBdt i2t5 eyte aals.,, sle¥®EI)al Owe ot
| ower ed at ploesvehlerdiucr ihdy the LGM (Broecker, 1982; Mc EIl r oy
1998; Sigman and Boyl e, 200D )as Das smha ji mrp unt ast warreel giernemnm ad d

Martin (1990) hypothesized that dur-i nipi tt datei driGMandcrthheanr
enhanced the biological pump ign. HNL)C rSeignicoen sMa rptairntdisc uhlygr

there has been an enormous interest in ocean iron fert
100, 000: 1, Ander son and Mor el , 198N irespoaded {Thhesef o
i nvestigative focus has centered on the artificial addi

and subsequent export via the biological pump (ACE CRC,

To test Marti médg uhmvapotOh d&Esi(snOItFwoand 13 artificial OIF

in the subtropical North Atlantic (NA), EP, subarctic N
Strong et al . | 20Pp9) ThéEsg. ONB ernpdeMbiméerts demonstrated,
significantly increased after iron addition (de Baar et
usef ul geoengineeringhapgdroonagch uhl,PEGdh,e 2oG?R) ,criin i cal iS¢
organic carbon produced by aOlF in the surface wdteearms I
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(~1, 000 yvyvears) storage . (RAi gi gBcraftbampiexpoet a&ahs, ob8es8yv

near the Kerguelen Plateau and Crozet | slaiFée S peEBI mEnt 8t
shown unexpectedly | ow cardgtoaams x(pba tBaaro mptareaeld. ;t 02 &S ;url
SO European lron Fertilization Experi ment, EI FEX (Smet a

potential si@epreddwecttisorf eamd i dNvé Faophmeain anhdh¥pepxne, 199

debated amongst those who support and oppose OlIF exper
Lawrence, 2002; Buesseler and Boyd, 22®B2) Smetacek and

I n the context of-polnicerceoarsd nmigc )g lcoobnacle r(nsso caisasloci at ed wi t h

to examine the vadOiFexpegr iamentuaeifohn@assaodli mate cahaonge n

of this paper is to: (1 pOlerxpweird enean ttsh ocroonudguhc t oevde rowieerw tohfe

rel ated i mportant unanswer ed guestions, i ncluding car |

inteonat | aw; (3) suggest fuwre aGiH edpermantsitoomaxmize the effdctivenessi & the g n

technigue and begin to answer open questionsand ( 4) introduce design guidel i nt¢

Exper i meSwotutihne rtnheOcean (KIFES) project.

2 Past: OvervaOkEw xpopkBr pmewi sus

A t ot aDIFeoXfpelr3i ments have been conducted in the follow
main HNLC (i .eM), reigi oase *wbOin the EP, three in the su
and b) . One expteerdi nmenn tt hwea ss ucbot nrdoupci-ncuat|r i NeAn-t hkiannodvonbp btyd | b g LaN

ni tr agMe <k gi oaDIF expérimeneh a v e been conduct ed wi t h various/

i nvestigate the biogeochrmérttad tre spromisfeisciod!| oicre@am a&dadii tr

aOlF experimentation begins in Section 2.1, with a pres

main hypotheses (Tabl e 2) . rTihoeu su ne xgqpueer iomeemtns carned i d @ soenrsi K

and theftrawoinhg@gre described in SectialdiFexp@rimeatbi ageoq

Section 2.4, and finally thetsiaméfsecmmarifzediingsSécDimo.]

2.1 Objectives/ hwu@ibeheesreismeordt previ ous

2.1.1 Equatori al Paci fic

I ni tially, Martinds hypot hesi s was suppeermntrad hmentt hé
experiments ( Hwds0o n Barnadh dMo r1e919,1 ; Sunda et al ., 1991; Di T
the extrapolation of these results based on the | ower t

strongly critlieiurdedastiitmapessimd grazing forcingnasgsdt aoc

iron fertilizatioacesxspgpetiemehesgsehtatberwhal eed. Under t he

increase phytoplvabkt by prdédeving iron | imitations on p

Enri chment Ex pler,i meanst c(olnrdouncBExed over 10 days in October

warm temperatures wpktdnagsowthr Gpabl eh¥taptiaFig. 4a) (

However, the magnitude of t hle wbaiso gneootc haesmil caarlg er eassp cerxspe

Three hypotheses were adveanclksetwedxp(d) nt ihé ep ovemukibriiledasnpty
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(e. g. . zZinc, cadmi umuutandcnmaneamese)sidri crmacer)o | i mi tation

iron in the surface -pal wirnudateu rteo, aann du n(s3t)a btlhee weaxtterre mel y
To test the threallFexmetrh eneeld,, wlarspecéenndduct ed in May 1995
|l roRExesearch cruise investiodtéd7thaysamepaoeadiog aol
about the biogeochemical, physiological, and ecological

2.1.2 Southern Ocean

The SO plays an i mportawatepnl foirmathbtermaddabhaesandedp
associated with artificial iron addition (Martin, 21)9.90;
I t nioswvnk as the | argest HNLC region in the World Ocean an
regions, the effect o f Ol F on carbon sequestration 1is

extrapol at Ee@2n roefs utlhtes Itroont he SO was not deemed appropri
conditions (Coale et al., 1996) and, t bGRFexfp®emre metnhi g Flbr a:

With the hypontdhelsiigshtt haavtaiilracbni la t y may act as key facto

structur e, and grazing in the SO, the Southern Ocean | r
firstaldliFtftx per i ment npdrhfeorSf®ed t ook pl ace in FebPrar i @d998:
(Boyd et al., 2000).

The foll owi nagOlReexapre,r ianesnéeécdmd t he SO, Ei senEx (6Ei seno

November within aamr AQurameriti ceddy ciumptohe Atl antic sector

have a relatively high iron supplke, mehitcli dies Bawppernt ead .
1997 Smet acek et daels.i,gn2e0d0 2t)o. tEeisste ntEhxe whaysp ot hesi s t hat c

in ocean _environments, mi ght have | ed to a dramati<€ i nc

limiting conditions for phytoplankton gr owt h.

l mddition to iron availability, the supply of silica;
SO. Sirleigoatréng di at emsg.edwlpihoyhth opde@ankamage have an i mport :
respofmen b+25% of the annual PP in the SO (Tr®guer et al
northward gradient, in particular, on either si de#®) of nth
t he-Asairbct i ¢ waters north of the PF (¢sMp1AB8)theadsbiugh efl
Therefore, to address the potential for iron and seélica

conductged]) adnuurairny February 2002 in two dist-nocthr-8lOBeH:

south £%0pedXthe PF (Table 1) (Coal e et al . | 2004 ; Hi s ¢
hypot hesi zed tphradcyv icdoendd istu fofnisc itehnatt si | i cate and iron woul
iron alone would not |l ead to a diatom bloom (Coale et a

Two vears | ater, the Surface OtEeaan GaosweH x Al gn® G @ e B £ G BB)
conduct ed idAwprriidg 2Mar4c KAIhG ad &y s )c iwm tseulbs , which are HNLC a

(HNLCLSIi) . The aim was to determine the response of phy
4cQOQLaw et al ., 2011) . SAGE was designed with the assump!
addition could be -sdecat eecx celda nbeyeese adafa nacleidpesatabs d(i ened .hyy | CQ u |l f
(Harvey 2e0tl10gl .Law et al ., 2011).

These early aOlF experiments demonstrated clear incr e
production (i.e., exported carbon from the surfBhace wWaOE

21



10

15

20

25

30

35

Boyd et al . 2007) . Therefore, to determine if aOlF coul

March 2004 in a cyclonic eddy core near the PF (Fig. 5)

W& a much | onger experi ment (39 days) compared to earl.

To trace thetfmtibeabtdaphiytopl ankton bl-Gemmamdi derpf e€m
experiment (LOKMAFEXnN dbolHadmdi ) widvkarocdn 2WDt9e d 4du rdiaryg ) J, a re
eddy (Smetacek and Nagvi, 2010; Martin et al., 2013).

2.1.3 Subarctic North Pacific

By t htee RtOur vy, the subarctic NP wasexmhmer oméryt HINA L metgi

(Table 1) (de Baar et al ., 2005 ; Boyd et al ., 2007) . T
deposition (i.e., hi gh dust deposition dwndd het wels.t,, DWUG:
Tsuda, 2005) , which is different from the other two HNL

the phytoplankton biomass/community and dusstyseemsDyham
Study( SEIEDSvas conducted in July August 2001 (13 days) i
2004, the experi meft) was aldenwesdt ddhe( SEBEMRS | ocation @and s

Subarctic Ecosystem Response to Ilron Enrichment Study (

Al aska (representing the eastern subarctic gyre ecosyst

the wegsherotic (Boyd et al., 2004, 2005). The SEEDS exp
vertical carbearelfelviexnt agmd olriomdautceg i on sti mul ated by art.i
main objSeEcEEERSvendf SERIES was to determine the most signi
forcing) controlling the iron induced phytoplankton .bl o

2.1.4 Subtrobpaoal cNorth A

Unli ke HNLC regions, PP in LNLC regfiionesrs whi-Eihmatned ob

phosphate and iron (Mills et al ., 20040 i miTtoa tiinoviensd 8 igtR P
phospmétieran addition experi ment (FeeP) was conducted b
subtropical NA during April May 2004 (21 days) (Rees et
2.2 Environment al conditions prior to iron addition

The initial environment (~1 7 days before i ron addit

experiments described above were conducted under a wi de

the similarenhces Bndtde$éeenvironments according to the
(Steinberg et al., 1998; Coale et al., 1998; Bakker et
Boyd et al ., T20d5; 7P?78KW&daTsanda et al ., 2007; Cisewski et
(Fig. 6, Tables 3 and 4).

2.2.1 Equatorial Paci fic

The fiaOfFexpwoi menlt sand rPP2omdnxiEixch were both conddctad
di fferent sedso®st opbzr.,. MaYVODOoOEREEawever, the initial sur f ac
with warm temperatures (mean N SD = 24.1 N 1.2AC; 8D r e,

radiation val ue’s(,~5%iIn.d7 sthhad.llownodi xed | ayer depths ( MLDs
22
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al . | 1996; Coale et al ., 1998; Steinberg et al ., 1998;

The initial surface blhiioglormhtmi emt s c(©éMdeé tpihomipthnaa trte == (
eM, and silicM)eandd4l bwadlclhbdcephyhti on® (TaRl s 03 0&n dng 4
phytopl ankdgmdn cnm2in2 .ty n e cnhcohoudicicohuso r g c omacsusd o mi nant ( Mar f
Coale et al -Barl&99 6et Calv.endlex¥99) . I nitial surface nutrien
ocean basin aOlF sites (Table 3 edrddckieamcyb6ed) . el ni tFivd IFmy

maxi mum chl orophyl | fluorescence yvield and Fv is the di

yield), which is widely used to deteomipkhytbpl daflgtena goc

ratio ranges from 0.2 to 0.65 where conditions arend ess
Table 4), suggesting severe iron | imites:iAinkedgmedta@mlif.e,l d
experi ments, the initiapCOuhbhacébepartieabrgdedsssgsia@agoto@C
syst(ewasmmni nkhof and Thoning, 1993; Steinberg et al., 199
2005; Takeda and Tsuda, 2005; Smetacek et al., 2005; Woi
i nipCiQalal ues wer ecabmd. ¥hiNcB3wBre much higher thaat mhoee
the subarcticeaNm) (8TAbDeN316(Steinberg et al ., 1998) .

2.2.2 Southern Ocean

The initial physical aoadmditi othe SOr (SIONREG], EEEEEaERAE
LOHAFEX) were very different from those found in the EP;
temperature (SST) was much | owe-N/,84wh7i chh 3wedr eA @&)o n(druicgt.e d6
of longitude, on either side of the P, atnhder & .Vv6elrCqd iChiasSteil

et al ., 2004) . SAGE a0iFe xtplee i memnt Ise i mndd, htd hdef® etfhba kel, e hh)d
(11.5AC) (Harvey et al., 2010).
The regi onsO0Ilkesxepde rfiomme nttlse wer e sel ected following prel

subject to HNLC conditi oneV,) iamlelo rceam hcyolrnlacteen t o caff d eortnri( atilia dmmg
concentrati onsM r(ashAgGEH) cftrop BPOFeH( Fi g . 6e and Table 3). Am
experiment sites, the SO had the eM)glwdst ei nihtei &IP tiatdr & th
eM) . I nitial nitrate and phosphate concentrations #@abt aoOl
the south of & O0MM6amd tphaa Bep EPPAeabnd . bower val uesNt &MP2he
and phosiKh@aM¥:( Tladl e 3, Fi gs. 4 b and 6e). The SO present

al | aOl F experiments, witM aAGie st hrea nngoisntg nwoi r didhl €yrS rd&E st  ~s
in the most southernmost (Table 3, Figs. -Micmiathalt i6dn . o fw
silicate to di-&toBAGEcomand SOHAXEX werSei arlelgicoomsducwietdnh i
concentraticehls(Fegs. thana’d56f) (Coale et al., 2004, Ha

2014) .pCOwasi bhbwest in tehatem)SOr dB3GisapmiNi SAGEROM of SNOF & XTabl e
3) .

As in the EP, initial SO Fv/Fm values were below ~0.3
to iron additioan,cdmdentarlatciholnosr orpehrydd.d Tfhreo mma~x0h. ha5m o tBdOy Oc
concentrations were found at Ed FyELXQ p Iwehn keeho) nw a(e2nOoh 02ndi Oh » t 6
di at oms, while the minimum chlorop-Nyl Iwhe¢ohcevatsr adtoino msa t

phytopl ankmoncd@mWni2t0y, such as prymnesiophytes, pelagoy
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2.2.3 Subarctic North Pacific

The sub @a0OlEexipce rNPment sl iard , SEERIEDPS) were performed in
N 4MP and | owaccohd coermotprhaytlilon® (dabl §s032amd m, Figs. 6e a

aOl F experiment s, these subarctic experi mentM) h(aTd brmuec h3
Fi g. 6 f) and shallktbwemnghMISBENDISFS FE®Bec )ccondduct ed i n al mos
season in the western basin-1T68da mY was,sR&OI ®Be tmh e h M

Unl i ke the |l atitudinal gr adiee n$Gs, steheenr ei nwetrhee | aoOhlgFA teuxd

and biogeochemical properties in the subarctic NP exper
SO were lower in the wdstaadn8r d Qortr(aB EtEHeS & ans tSEErEMD Sr e gi o
(Fig. 6d). I nitial nutrient concentr adMi camsd veerlea ceM)eh IBi

compared to t hbM emdtsiétM)idéaTaatbe :4 4130, Fi dlsh.e rdeb wca sa mad s6oe af )l o
in chl-arophgkhtrations, with reldti WelBymini GEEDE| § e sagnidm
low in the east® (CEER§ES6h)P. 4B elfgoimeo nt hiencif tibsritsat p | SaENEKDISo n' s

pennat ePsiéewdomsic hida, twerrgei ddudmi nant , whereas2tiwer areas!| :¢

occupi edanbdy -pphiywcboo pl ank3Symec hscaonddc chuaspt ophytes (dsedaalet, a.
Sato et al . | 2009) . | ni 80IRelXx pFev /i Fme nrt ast iwees ei K 0t. Be, s unbda rccatt i

649) .

2.2.4 Subtropical North Atl antic

One exception to the focus on HNWHhC csh uwlays sd dredu omaesd tih

a typically LNLC region (Figs. 4 a anidmibt,atTiacon eosf 3i raonnd &r

FeeP was conducted under mu c heMlL owédro sPhedMl e aaln dn uitrroine:n t< 0(.

chlor-apphy0DI® omgnditions than any of the other experi men:

2.3 1lron addition and tracing methods

2.3.1 lron addition

Il ron(l 1) and sul fate aer osmd,s tahes afbl gk OB D 0 o mMme n a

of combined iron that enters the ocean environment Vi a

source during gl acial periods (Zhuang et asul, fdO9O@mmdrh u

inexpensive agricultural fertilizer that i s rel aaliFvely

experiments have been condsucltfealt dydire®d @elaveé ch gi © o ancmeadsichi iaé c

of a moving ship (Fig. 5), to ensure mixing with surfac

I n general , background dissolved i ron ¢ oRecnernitcrhameinotn sb

i ncubation experimentrs pesifmg mecdeam wWaetc&kr i mgwdaitmwmdi cat e

rates in responsi@ ndM ( FohzwdtembFexsearbif melnlt9s) 6per flonr med i

iron concentrations within nth,e dvelpDe nhdaivneg roann gtehde bseittwee e(nMa

1996 ; Boyd et al ., 2000 ; Bowi e et al ., 2001 ; Tsuda et F
Tsuda et al . |, 2007 ; Har vey teitn aelt. ,al2.0,1 02,0 1S3me.t alcfe ki _nejte catle.
the mixed |l ayer within 24 hours by convective mixing (M
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the background iron concentarna&tdi s i th@ tah e otl-fueneé felslt & enéhlt wa
area | MLD) (Watson et al ., 1991). To minimize unaObBrtair

experiments havemalnlvoil ven imnglcoted tovil aetnesr st oi it htehes ugstfudy ar ec:

overi2<daayl period (Coale et al., 1998). The patchesgze Fei
lron(l 1) additi o eafg.1840HKAJF)E Xt;ioolnd Gn0h (K2rh P 0&dd& g) , and by
had spread to a?(Mawilmumt~ZA300Q0 KRM04; Boyd et al., 2007;

During the experi ments, di ssol ved .i0Or gdn 0c mrMc g ntarbd tei dln e
background concentrations within days. The fast degreas
di spersed and/or rapidly incorporatedn iwatromepra rwaitcelress .( ATC

For exampl e, t he fiflst sah@Ilwre de x thearti mehret dilsrsmd Ewx d i ron co

0.25 nM ~2 days after iron addition in tthhee cleenvteelr roefqg t
phytoplankton growth (Gordon et al ., 1998). As-la ISE&EDISt
1, and FeeP (Martin et al., 1994; Tsuda et ad.mul2DIOBI; e F
additions at the patch center, to continuously drive t he
included: (2 additioRs) LBHBKERKX GCBBVY&Set SEEDS 200801Zsud
Martin et al., 2023)Ei ¢8nBAxdiCP@b@Xrtl madnEx 1996: Gervai s
Nishioka et al ., 2005); -S3ndSAGIE a(dBdoiytdi oents )a|S Ql REH,O0 ;S Q0oeaX
Harvey et al., 2010) (Table 1).

2.3.2 Traernhpglired patch

To tracketthiel i red patch, aOl F experiments have used a
All the aOlF experi menktfcuexkbcep@iSEsédBXd h@Whelcladaedirianc eert al
de Baar et ad . wh?2@b65) s hhhded SHRturally found in oceanic

mi Xi ng anddi Aluecbhnhomrocesses i nto het soccerant oexnivciirtoynnme it

characteristics, and | ow detecti ogni sl icnointt i huawsley md n i,

chromatography with an electron capture dEsealtby ocypbkyer

injection is necessary because background | eyellid (alreew geet
al . | 1998 Law et al ., 2006 ; Martin et al . ,amd 1133 t; e rhaolwed
there were three injections (Harvey et al ., 2010)f.i cAil alhc

SEis a useful techdAdieque |fizredf glaltcviniersg icraadlrl iyorhiigh ¢ egell

injection may negativel y eivmpa Sthatl se di stseold p-eab dmk cleawind le

techniqgues have been widely used to estimate iamdulradtpiogr

various ocean egbveiirnogn naenn tistip pveitdhe hSH t meac ec ot ded héasmoaptive

(Fine, 2011) . Continuous sampling systemspCOQmeasdrichfobo
flowescence, have also been usedf earst ialni zadd egatad h evse  (MEeaarn\s
al . | 2005; Tsuda et al ., 2007; Harvey et al . 2 0 1r0e; a sSeme t
(wthin 24 hours) in response to an initial iron additio
suggesting that it is an easy and convenient tracer for

I n additdomnftsungfediewist e gAurirpaye fGero sReaolphi ¢ Oceanogr aj

Positioni(nG)PSS$y ssteenns or s have been successfully used to t
bi ogeochemical tracers (Coaleteal al . 20008098MaBbobyd aeandala

to deviate from the | ocation of fertilized patchesetunde
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al . | 1998) . NASA airbor neolocre atnadtge lalpiht s beednar e mpdaepéedan

effects of i ron addition on surface chlorophyl!/l i fert
Westberry et al., 2013).

2.4 Biogeochemical responses

Bi ogeocheméesaltoraspohscial iron addition, measuring Vv
chl or-aphRPP] nuvtarriieanbtlse,s ,.CGand carbon export fluxes),i have

5 andi&)i.gsThe mepoemnutl drst arae&s ithey have been used as a basi

we address the biogeochemical response in each of the o

2.4.1 Equatori al Paci fic

The l-toakEd 2 experiments, which were conducted in sirt
guite different bi ogeidchpci Eab.-I1 gplodmeswdémM&@Rs mal B i ncr
chlor-apbghtentration, and PP, butpC®womrdemtirfatciacnnts c(hManrgtei:

the other -2hafnodyund rdorneEmat i ¢ changes in biogeochemical r e

(Coale etfThael extIr®me)l.y different results from the two ex

i njectiolns nNd rextErxa -2a:d d2i taidodni;t ilornoanlExi nj ecti ons) a-hd dO0ff
days: -2l:r ol/BE xd a'y

The Fv/Fm ratios prov-ildeddfad,r olhw/xFrdertapildl M ni daroemmé&Esxe d
addition and reached a maXTaru(nB a0l er0 . a6mMd ohhi st cheec ks,e c200n6 ;d

the elleodEFEd/ Fm ratios promptly disappeared, indicating
supply), inZrEwablEm tabn&gx were maintained for eight day
additi onaHmdmtosn emeg ilikely to be a determining factor ir
et al ., 1994; Behrendfeld et al., 1996).

During-1l,r carmEyxr ophgkhtrations imdrdea sreeda cshii onmgiffaiOcnaénksti | nyg
m3in the first four days following,isaoanfadai tinco efadladgt <
with a maxi Mafmtef dawg7m( Table 4 and Fig. 7c) (Cioxadtei cent

following iron mtdelgrnatoend PRPMPe( fdremmmht he surface to the cri

i n tHeritrion zed piantcehersat efcheP Rl ewalhues i ncr eased hsei driofniEcxe
2 PP (voR@r & osRP i1i-hPiBrecrpasitithar Vo@d S piteye hi gh’edt of ~H800t Mm@ @Ol
di scussed here (Table 4 and Fig. 7e).

The inkRPedsridmRg warsgnbBx t ur na wdaccvwpi3®gomih® e @l Oh ¥ [BOQlp: e+
=-73atm) and dissol ved BlnCor=gpddithlbd]Cega DMen ((TalbG)e B8 Samdnbegg

al ., 1998). As the bloom devgNQeNdD,dd: NsQh g=ndi . fO)ceawnat s noi bt srear
(Table 3 and Fig. 7b) and silicate ccMcénteati bhsi al sag
over eight days (Coale et almacmind 36 enBegydn Z2@02). iF7lkd
evidence that phytoplankton growth in surface waters is

Al though no phytoplankton comruniatfvt eah dirgpe Mmaddle d e oavm
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shift f-pobmtappaokton dominaplyt emimanuint dry d @miananti eéd 6c o mmi
domi nated blooms (Behrenfeld eBaraes ,etl9a9l6.;, Clo%d %) <e&i@iadt.
fold over eight days early i n-ftohed e xnpcerreiapsieen tfoopric atmhpea opei do

al ., 2000). Thheohplamkd ® s ., 20D a@h 000 copepods, also incr e
imreasing the grazing effect (~50%) (Coale et al., 1996)
to suppress the diatom bl o@meawe(rT oshdgeiotd )dea yest eaal ri. Inyd GiOnS 6t )!
ditaam bl oom began to decline after day ~8 of the experim

of both the elevated grazing pressure and the onset of
Bareasl .eet 1999; Boyd, 2002).

To determine whether the biological pump (i .e., exXpo.

particulate organic carbon (POC) can be esti mat ddc eusiianqg

radi otr a@8d3fthhothiaileh = 24.1 days) and the stabl ¢ UWpr bon
sedi mentr atnrsamps,someters, and underwater video pradf.i,| €r09 1
Boyd et al., 2004; Buesseler et al., 2004; Coal eMa&ttih. ,
et al ., ?XF0183pdi®meclide has a strondg3faf friemiotwealtf @érm qichret m
indicative of the export of POC associated w2t hwasuthacd
aOl F experiment in which the POC f2PFTfuhx dweafsi ceisetnicnya tferd5( Bnih
was measurdceéritn Itilvee di rpadtcihmi loatesd i evap@r i rmmoducti on i n t
Nnd*fFh measurements were made in the unfertilized patch

udertaken to demonstrate deep carbon export (Bidigare e

2.4.2 Southern Ocean

As i n theld&EPeXxXpeorniEment s, there were initial rapid in

addition, indicating maabhl pyhiyit mptedkbygni gpowbkaivhabil it
ranged from OGnd (LOHAEXEX) to 0.6 (FObREE4anddSBFgX 7a).
to reach the maximum Fv/Fm ratio muah 1d waverdy t(lhea2ngdany $l)r a

and Abr aham, 2001 ; Gervais et al . | 2002:; Coal e et 331l .,
The sl ower response time in thet$®%@ comgplered etmp etrlad ukE R smi
the deeper MLDs (~60 m vs. ~30 m) (Figs. 6c and d), whi

2001; Boyd, 2002).

The aOlF experi ment-fsolidh itrhcer eShOg-&r keccoom cdeetdi #2oipons ¢ o mp a
(<0.73%mg amd maxi mum val desObARBX)e Nnadd(2SCRHEX merme obt ain

artificial i ron additions (Table 4 and Fig. 7c). Sat &l | i
di stributiomr ofonclhoraphwyinls in responsde pat cihre@en cfoamptair
surrounding waters (Boyd et al ., 2000 ; Coal e et al ., 2

changes im chelsourladaphnil/IEriomoS8O&e&i t i onvivewe nde Wdvd ecenll i Seebnsno
(SeaWi FS) and MODerate resolution-2 ncahdiomgoipthpveidtsr o Mdatee c h
i mage on day 24 aftedN showeadddi phghophanhhkhéeé oBOBEéXom di st
1d ol d higher condentthraant itohnes s(ulr.r0o uligd inmigi wat-a rism @e d p mygd |
of SFesXxuggested a somewhat br3padwit bl oomc @mif roa tdin conyse r & |
surround(i+n®. 1%meFeg. 7d) (Westberry et al., 2013).
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Following artificiadPH rroann geendr ifcrhomme n3t6 Oi nfdSt@GeB FRIX, o(_ T~alb3l 5e
4 and Fig. 7e) . In SON/REBe PPsaemEx ecaand &Rt Xhwroaitsil o/n
experiments (Boyd et al ., 2000 Gal | et al . | 2001 a; Ger
LOHAFEX there was a signifiddft (EhEEXaseaiys PR fespmdbe
decreasing trends$2&8f (ErFHAY d@& {(S8AG&)ious influences, s

later al dilution with surrounding waters (e.aqg., SAGE) ,
LOHREX) (Boyd, 2002 ; Gervais et al ., 2002 ; Buesseler et
al ., 2012; Martin et al., 2013).

Using both micpestopesanaed!| hgghd chr omatographky omi gn

ommunity affected by iron addition have also beeneinves:s
ized phytoplankton (Boyd et al ., 2007) . During SOl REE
i-amnd -phpwbopl ankteaurk a(rey.od .e,s painado p r ypnmnyet soipd pahnyktt eosn) (tio emi,cr
001a; Gervais etS alnd, EAFEX), . dimntdse Xver e already the 1
CoaleO@4; aHof f®ann et al ., 2006). The contribution of |

f the phytoplankton bloom was attributed to these spe

i adomi nated phgmmophiatnmikeé ®n ( <5% of tot al phytopl ankt on
OHAFEX, which were 4odmitetded owmnnder onisl (Hareey et al .,
013; Ebersbach et aN .wasPWddd®d WwWhdéedmoulghhw SOiFleiXcat e condi't
emarkably making up ~44% of the total phytoplankton co

N 2 |0 ™ N [T |0 |0

-

the temporary relief of s i loif c d thfee ditirimlinit 2¢ d owatt dar D uwiht h as

relatively higher silicate concentrations (Coale et al

Il r-madiated increases in PP resulted pC@®tkar csugmaduti ctam:
experimen{exicepthé oBOSAGE) ( TeNDfrean3g e dBiéBiso(me7 iy .-@n &t e X T |
(e.qg., EgpgCOn Bxn)gead @artoom (e. g. ,-7¢e8OMREE) gt o L OHAFE-X) hadl tah
somewhatgN@r(-8 aMee appCdd (-3 6atem) t hd MpOQE-L FBEIX agqp@ O:-30attm) bot h r e
s
c

uggested that diatoms were abundamfiiobs$édeve dvSdleiprg i &
ompar ed -i ®M)E IwaEsX a s sadedrease m dilitoatiort (ihe., the adjustment of frustule thickness toward

thinner frustules) of the dominant diatom species fegilariopsissp.) (Twiningetal., 2004). n  E| FE X, the rat
si |l i ci f i edrhatbssthric amtarcticee .tgo. ,t ot al diatom biomass increased
to thegbil a(rig.eeg. , more demand for silicate) (Hof f mann et a

were totally differamptrimemttshose Pa@iicd MAMESOFf +& ban) eas
anabl C EeM)X25(Table 3, Figs. 7b and f). These contrasting
vertical and horizont#dttphyzedapamcki offy i heowaher § r owi t |

(Currie et al., 2011; Law et al., 2011).

SOI REE was the first aOlF experiment in the SO to est
used a comproefhemmestihvoed ss usiutcen as ftttimddile p &i'dghmenht mafesa der i
higll ume pump sampling, and a beam transmissometer (No
carbon export was obssteirnvuelddtaidnd erfFeBspeom&ie) t (cCharoent t e and B
and Waite, 2001; Trull and Ar mand, 2001; Waite and Nodd

est i mat?é&'dc fdredrmci enciyn wahbee pibrsoenr v ed patch as the experi me
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no cl ear di f f earnedn ccepsé sbcedtewceaernb oinn _ f | ux e's (Bues-Sel si grt fiad
enhanced POC fluxes bel aw cthhme nmi xwed éFPhyerd safetdearf i iormsn ( Bn

2005) . Howewdrsol ute magnitude of these flux i ndmiepwselsy,

SOFeNX used w@mloyi Ffreg robotic La&aguampgpican wiéahbdmr amsmli ssen

downward carbon flux without employing chemical tracers
after vtheaflBi shoipr e¢Coal e, ePO0OaHowe26BAri twhed di éuxnecsllu cfaa d® n
well and truly delivered into intermediate/ deep depths.
silicate |l imited conditions (Table 3, -ifmidduscexporandy6fmhn)
Table 5) (Peloguin et al., 2011; Martin etplalnk,t o2n0 1d30)mi

ommuni ty, which | ed to rapid recycling in tthree matxtear | a

(

c

experi ments, EI FEX, which was conducted within the core
artificial iron adSdettiaocne k( Jeatc gaule.t, €2t0 1a2l).., [PulrOit8reqd #HF FOENX ,
in the upper 100 m of the?dfeTFTdblleée zRdampatEihg. waa) ~G3Me tma

remained constant for about 24 days after i ron adudxi ti o1

maxi mum of @99 wvamgoBsmrved in the fertilized patch,

nfertilized patch (Table 5 and Firgeso8ali omheopeobhigkiuwg

f aggregates of diGhtaoent oscpeerci setsd, i e hnd eppadr & iocfulla,r0O 060 m, wi t

(
u
showhngnarease in exported POC bel 6wmdu@®Cdm bd fotmars sd esya nk4 .
0
(

500 mcdompared to the initial conditions (Smetacek et a

in any of the other aOl F experiments and, t her ef orad, t h

pump bheebe resolved in future OIF experiments (Boyd et

2.4.3 Subarctic North Pacific

The observed increase in the Fv/Fm ratiscsuigmesespoihae
in iron |l imitation may have assisted-1fRhy twhplcan kateorne gcroonw
western basin, showed continuous increases in tihgsFafFeg
the first iron addition (Tsuda et al ., 2003; Tsudaeet a
Fv/Fm ratio rapidly increased and reached a maxi mulm ,val
2005) . However, the Fv/Fm ratio returned toward the ini
background |l evels (<0.2 nM) after about day 10 (Tsuda e

I ncreasepshyalnlcohtenbrations were detected in the subar
the fifth day (Tsuda et al ., 2003; Boyd et al ., 2004; S
1, where theyum evaaclhieed o&f( 2BAXGi8nvmmge mhe in%)ti(dbhblval deant 6
augmentation was the [ argest among al l the aOhFiexpenrmi

observed d«r iwvag DHEBEDNI ¢ oattthrei bpuatr t i cul ar range of seawat
conducive to dila3tAbOn garso wteh |( ia.se.t,o &8 he shall ower MLD (~1
water residence time famd the (Naddirtii enalal i rTos2uon@usn;eg Jeatk 6adl a.
During SERIE&S,cochtenbpatyibns increased substadavenl ly @a
and the second highest meohsewbhgdiniboer d£(dBuddy dFaedtl. Farley,pe200
on the 18th day there -awvasas as idloiwnatug nc d mc sdhtl(r@@agigichnest | daelc.r
Al t hough? SEaESDS onducted undetro sSHiEHS ef eni tiboalSecondint 20 2
increase ian (cih.leo.r,oprayxdilmum v3(kieg.off7hdilsss mahdrer3 imgrmase
29
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result of extensive dapemddnograpienwedt e DS s19)r e(hTaaw | SeE E4AD) S

et al ., 2007). A si minltergrsapreeda d® Pw afswhls d éanri inmcor cbeapsdefidt ebry v7a r

in the subarctic NP a4 F0 e ge10i000@ Oftids C @ammEiee)f.r om 300

Changes in the composition of phytoplankton groups
SEEBS there was a shiftPdewdomicteas)d ciwa itthd manisodout lda ditags € & r o f
growing neri€haettbatpms$!) 8ebguds et al ., 2005). The shift
during t-heeSBEEDBment was an i mportant conitmrd baugd r i nor e
phytt@ankton biomass yet recorded. During SBERhESHhHhoatnbde c \pd

haptophytes to diatoms, aadcohmee mi mhttisdon SERa¥ESIThl waopa
abundance ( BoWdadwevera,l .du2r2i0magp )SSEEHNA du ceadtdiiatooom bl oom wa
pipopbytoplankton (e. g., phytofl agell ates) (67% of the tof

due to the heavy ogmsaz(iTrac | per e4s)s urTes uadm citatal ., 2007) .

I n the subarctic NP experi merttrd . endi ghNitéarkasSa fDil.Ce ca @ @ ¢
pCQOin response to artificial iron additi-bn wkrireh obaswr tvk
increases -ancohtenbpatwyi bnspCQo4-1 3@t g dDanGBeEM) af Jadbil e 3 and
These chanoest ulrendgN®@ ¢15 .M\ d(&Fri gaagst2bf)eMandTabl e 3) (Tsuda

second |l argest inareasneenhrbbéeoohwasophyglelr vpGdO(-BBatSm)R,| E S
DI C3&M) , ni8tadMit e a(nd-18iNb)i cvadree (record@d. tberinngr8EEDSonNnce
remar kabl gM ftrooghl 21f87.edr day 5; however, there was no signi

woul d have been fexpricintdewaeads dai astiognm abll coom ( Tsuda et al .,

Despite the formanhidoredf phymapd iawnd& tlio,motihl eoroem wdausr innog | Sak

flux during the observationnpeetodl|l (TaBD655)Af(dsmalda et a

SEERS which all owedseemnimps eheasunvemdrntme of t he -sdea wrull capt mece

bl oom, POC fluxes estimated by thd Hdempbranly wveapatiantsl

Ar amaki et al ., 20009) . However, the results suggested
subsequentl y daaddtitriansgd @dryd tP@C fl ux | osses$aweremmaendali z
mesozooplankton grazing (Boyd et al ., 2004; Tsuda et al

2.4.4 Subtropical North Atl antic

Not much aibpukndwmr biogeochemical responses to OIF in

thatplpamlot on abundances increased after iron and phosph

the biogeochemiaadi triecsmpoins eFea®P ihdwme been reported.

2.5 Summary of the significant results from aOlF experi

To test the hypotheshses $hiatat éeltggyed tiviolal aélimp siprhernt @éa g

PP and enhancing, i n _turn, the carbon export flux to thi

regions: the EP, SO, and subarctic NP. The one exckptio

NA. The initial environment al conditions associated wit

Ol F sites over 1 7 days before iron addition to allow t
30
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surwyseconfirmed that al | si tes, excepimFee® HNLCheosdbt
| evel s of i ron &W. 4 nndM,c-br ietdrodmlgel e~ 1iOni t i al Fv/ Fm rati os
phyt otpolnangkr owt h whesmseedr-k| pSSEERSEId EI FEX, prior to the

phytoplankton (e.g., di at om) community accounted for h ¢

enhancement oaddtcteixopno.r tl nprt he -catnhde r-p hepxbpeprliameRry tosa,c h{ patnogia ¢, u s

haptophytes) initially dominated; they are associ agred w
than export produtwveon (®MB8ha€bslaenédtSal ., 1998 Landry
al ., 2002; Coale et Taluda 2004; .BoyYydosdt; &Hoff madmds5.et al .
2010; Martin et al., 2013).

| renol fiasesl Wed in acidified seawater have been common
highly bioavailable and inexpensive. The mixture is gen

amount of adtdeerdmiineodn swoa st od er-ieracrh @o rn @a mtert a tdii a5 ol avte dl ea st
the MLD 1 patch area). Toi2a®li0e ke twhiss .apa Hiieadied ERxHERISteo fi
experi ments iMs)edi rimotnl bahdgd ¢ 0o (2 ei nforce the ifcemrdddaeaedseidr @

physical AR®@Q eors oftirheeerk &GP Sdr i fting buoys) swedéousebdemloa

bi ogeochemical par amaetieg-s umasared tvaasr ihahbdl eEs®,/ Fwmer e used t o

a comparison of bef ompd=pamrdywefitear agnegt ckirtji past {cubkar, it
Fv/Fm ratios prompt®l yoi ®chbé&agdldof 08m «n0the two days fo
i r-onmitation on phytoplanktoh egxmevitihmerlthe whiibah cwas dd&n
conditions ideal for ciadtl@ow dildwt f ~108MmME) @dmaddwicteld ¢ he

parameters.

The aOlF experiments have generally |l ed to changes i1

phyt opl ankglowywt d wl am lctr @n . Tahrilsy edf dteicde avMalse paag tdicautloms bec
Il ro2EXx SOl REE, E ils e IBE3E.e XSIEEEDXS, and SERVIESpI| avn ktho Mmiaamount
tot al phytopl ankt oM. cTohmemusnhh itfyto minoa SeOdFdyiXadbppmeuanris be r el at

availability of silicetéen(ialé. thieniexipal idmielinad fed s Wwd ¢ iosns
>4-f%1 d increas&scomcemt oatoipdhiryd |l and ac cledu nitnecdr efaosre >(6B50% do
Gervais et al ., 2002 ; Coale et al. | 2004 ; Smet adekuett @ |
removal by the elevated diatom abundadmAeE tamae dxOtHArtE Xq f
initial |l evesM3 , 0pi s op mwtdd mlaghmwk t2on domi nated communities
the |l ack of available silicate. These resul tosvesrugtgoe sat dti
domi nated community after iron addition is needed.heA nec¢
availability of silicate. Silicatedamiomat é d dniloshtoierxcptw icit riec
in the eahlcoornocpehnytirlati on were not observed in all -lexgredin

SEEERS had high initeM)I, swhiicchatwe rlee veed nisd W ci~vde-d o mi sdeb de v m

but the bl oom was suppressed due to high grazing pressurt

grazing rates as wel|l as the initial si |l i catle meanthd mtorms!
after artificial i ron enrichment.

I n some expedi mSEBREDPDJAGHD,nExxnd LOHAFEX) t here was | itt
while in o02,heSGl REE . ,onkEits e IBESE,.e XSIEFED)S, and SERIoHS®)r ietahseer e nw
within the mixed |l-dyoei hawiedhbma®smisve Hboiwaitvem, even in thi
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di ffered from experi mdntantdo SeOx R&EEI méretr.e lwasSEEDS | &s i nc 1

been reported that changes in in the POC concentrations

et al . 2005) , whereas these two experiments were condu

acxhpeer i ment was too short to detect downward carbon exp

e
flux within the mixed | avyer (30 m), but there was n o
heterotrrmniphiwadvaeltevated after iron addition rapidly rel
I n SBFeeXe export fl um dveapst he,n hbaenlceevd tahhe 1MWOD (45 m) . Howe

iron additioncwepmpapéeddtamaatur al val ues-S whsi sl possink

(~4 weeks) (Table 2). EIFEX was the only aOlF experi ment
3,000 m). This &@ggtheddtux fwarsmaltuieorn owi th fast sinking ra
entire cycleifecéfi atedp veinodpumeendt rpobnyt opl ankton bl oom durii
which strongly s uegxgpeesrtismetnhtaatl ad usruaftfiiocni einst a prerequi site

(i . e.., carbon export). | t should also be noted t hmdg t he

were in the sameedampaée cihnaisde utt lsé dfeer twihliich -immdind e dhaP®C af

the MLD to the intermediate/ deep depths (Smetacek et al

to deep waters folaltowiemgtanm hirrer easaiitn oPR oami e@ ant eeade £ Danm

(2) | ow bacteri al respiration and grazing pressure rat e

enabling both i mmeds at@ iaman da&d aiyteidom etspomeseobser ved.

3 Present: Unans weerxepdo ratOI1fF ugxu,e sptoisosnisb|l e si de effects, an
OlF has been proposed as a potential techHrivede fadr ar a

| ow cost (Buesseler and Boyd, 2003) , but there is stildl

shown that substanti al increases in phytoplankton bi oma:

i ne tcdhr awdown of DI C and macronutrients (de Baar et al .,

However, the impactyfommhédenatt morsaomefrer tof t@G@ inter medi
O0bi @ladgipumpd is not yet fully understood or quantified
measurement technigues, and other unknown factors (sSmet ¢
needs imienadcttemr ough dwart etkrgaocnkti nfgl vaxnnd t her e has been no
measurement techniqgues are the most effective. 1 n the me
side eff ecttos iirno nr easdpdointsieon ( Fuhr man and Capone, 1991). T
gases QDeamd, N awrence, 2002 ; Liss et al., 2005; Law, 2
column (Sar mi endrmd atnax iOx ral BlsDEOuid d a)s mbS idlevgr. ., et al . | 201
Alt hough they are accidental, these side effects could
1991) . Core unans wenrceedr ng ingys ttihocen sdirfefneariemtcocarbon export
techniqgues (Boyd et al . | 2002) , the possible side effec¢
framework that is in @l &ceptoapionsctwwhahy sSmpuudeneoasl! y
our understanding of aOl F about its potenti al ri sks ani
experimentiseiholmi emwdi, ng scelcltd winn gd icsarues sewse & thieo nfs : (1) whi
tracking and gquantifying carbon export flux, (2) whs,ch ¢
and (3) what are the inteamatdéamatheaylbe eixppreornenent ati on
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3.1 Export fl ux measur ement met hods

A traditional, direct method for estimating POC expor
particles (Suess, 1980). Sedimendetptapgsfaredagset al ypad
dried mass, POC, particulate inorganic carbon (Pl C), p @
€y &Wh. A basic assumption for the use of a sediment
from the gravitational sinking of organic matter produc

t he -dweefliktnoeldl ecti on/ conservationackusaoki ngspastidalest,o:t

hydrodynamic flow across the trap (i.e., siB0O&ngfatdhect dDt
collected) pf amktamoée. gop copepods, amphipods, and euj
Knauer, 1989:; Buesseler et al . 1991; Buesseler et al
di ssolution duringrtargep peeploadymd taralmers et al ., 1983; K
The application of sediment traps for the deter minmation
(surfacemtdep-tlh)0 Ovdhrerreen tosc eaarne cgener ally faster and zoopl
These issues suggesmay haacioctug ead ierhe/ntd ettreaprs nel wrme bon expor

Even when used at the same deptthr f-aterteshdeirteido ndarli fst-e dnigmet

moored trap,-ocamnangtecemat g?Faefl oxésat eocoamplaumnd I &s evht est i ma

et al ., 1991)-bafhd?*Watdadf icoilumny met hadd( tplae ts cml| at edias
sensitive than sedi ment traps to the issues menti oned
esti mat eset(,Baulle9s9s8e)l.erFor these reasons, tsr ahdaivtei oonfatle ns ebdeier

using E€¥fFéd defalkci ency measured-vwsdiume dPumos statmp | kst t(IC® ad

Buesseler et al ., 2006) as a reference.

Several OIlIF experiments h?dfvhe duestendc yb dtoh essehddiomaeerdt Ptlr€a pes
flux. SOIREE reported distinct differenc’dd ian-mRO@bpOIhuoe:
dayilBl of the é&Xfphe r(i~mefmtmgammi 1d0eOpt h ( Bhuersestetleeran®000; No ¢
2001). While there w®BhHmcemne POCr dbluxeshamgeé nignt he 13 da
8b), the traps suggested a 27% increase ?dyel Tahbkecblrste
di scovered that this increase was caused by sampling bi:a
1°PHhased POC -hldieptsh ddBsmeday e$ t i maitdé,d btuot bheh £4r2d3p inbgh itp
141 ndlam-mM@depth dv4r Batyi m@&s | ower (Table 5) (Aono et
di screpancy between the two mampddsHgmiodhtPOlfe i nd wsanadieby

Waite, 2001; Aono et al., 2005).

To resolve the potenti al biases in traditional sedinm
(NBST) was developed (Valdes and Price, 200 ®ugVia lpdeed i an
experiments conducted in June and-s®OriebelStal897snatet hBu
showed that an NBST system could reduce the inva#®iesn/ i n
2%Fh fluxes were compammabbesedtéswiamatres. LOHAFEX has be

has measured particle export using PELAGRA (Particle EX|
on t he NB(SMarstyisnt een al . | 2013) . However, the PELAGRA sed
and 450 m) did noti nddeutceeadt ciarrdmno nf eerxtpiolritz aetvieonn t hough- PP d

column?*Blasmedasureameinmated the BOGEthHh| o ?éd% wbB@&Oas mt he P
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sedi ment traps estimated the fl2dk dtt 20h®murh darhdke H9NHQG ed ttd

and wattemn?*hseamdasur enleinmist ehdaveebial ity to fully scan th
therefore, are of 1imitednduedd POdet ear mihrei wattelre cfod tuemn
To resolve the full column more effectiwveglgphli OHAFEN:

sinking particleend fpamtitbkbkessr-hac®iti® wnwittoh ~30.0D0m vert.i
et a | .MartinZt0al., Q1B . Thr ough mpmar taincalley sSiszieeefdU P r a bairoti iachlsepswetd
c

|l assified into fecal pel |l et s, aggregates, and |live zo

ndicated the maxi mundepmparmm’(lcyoe 3fvil ulk @at gmadbal mnftHease
I nterestingly, |l arge particlesm(andadn 1dedpd chpl asrukgtgers)t | mar &

high grazing pressure, which might exgbadiumni*bmsimatr gedyi
200 M /m 4 ELAGRA sediment trap) POC flux estimates (i . e
e
p

t al., 2013). To continuously monitor vertical changes

rovidingahi gkesvéuvution (~24 data poimdscedérfimex eddwmntdo

t hough, unl i ke UVPs, transmi ssometers do not allow cl ac

met hod,-NSOFpXi mdusutanbon fl ux explorers eqguipped with

the currents. Three autonomous carbon flux-paxglhdr ems wa

as a o6control 6 oUtusxi ceex ptlhoeg epast ccho.ul @a rckoont ifnuousl y monito

initial depl oymentN twhiocbhs earlvlieo wieedp | HQedeitXd | ziemi wad eirrs t( IBe

indicating a high carmrbonféexpadt i frlomx aldamng i afmt e

The combination of multiple approaches is essential t
addition and its fate. NBST systems (e.qg.., t hd fPELUAGERIA
POC flux in the-mupeernr hwat especsa40y when acobmmah’bmdedy
Particle profiling systems (e.qg.., Roberéhemisasnprhetrerpran
guantei tasntdi vqual i tative information about sinking particl
column -mm>Be®tOW) . They are therefore useful for indirectl
expl or eaxsc ealrleemtn alternative, allowing the continuous o6&k
3.2 Considering environment al side effects

The purpose of OIF isylteoveaeleduy esttihmuladtmorsg htelme cs €@u e s

artificial i ron additions i n the HNLC regions, mi ti ga
experimentation, scientists have gdebbht O Ft hsuwumi asempdo:¢
relevant gases and ocean ecosystem changes. Therefore,

to evaluate whether the aOlF experi meretss) .are effective

To investigate-retha@vasmg igmscleimnatse ons produced by bi

reactions before and afters ixXNonDMS,diandnisal ddcen aptreodd uvca li

(HVOCs) werreed ntewarsi n g aOl F experi ments (Liss et al ., 20

consequences negating the desired effects of-reDeEFapkpghn

CHhas a ~20 ti mesemtrieaaltyetriiawae @@arsg bPedetn c onsi dered t o be

mo s t ofhf drhmedHin the ocean is used as an eneJgbeyf ogcuImreea cf
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the sea surface (SMetldécalmsandelNaa@gVi , -N2O@@per iDOnernitn g niehaes

di ssolsvedi €At ed concentrations were slightly elevated,
ppmv outside fertilizedi mat at@ds(cBdine) edlglerheaest saugge s2t0e0d4 )t
of 4€ki ssions would offRdetofolhye «$2%u(+t4 nTHgc@rPpPon sequest
addi tisgmalduCli on from aOl F eax pseerriinoeunst spriosblneont. | i kel y t o
On the ot:erashaamdr,elNati vely Il ong |lifetime in the at mo
about 300 ti me(skFogrrsetaetrerett haaln. ,.CQ®007). The oceap i(Nealirsea
et al ., 2003)s MmMaieminhy cpMNoduced by bacteri g prrenrdiurcdri alni aA:
additions are expected and, in the Il ong run, cofhBanbetf e
2006) . During the SOIREE experi meOnts,atalrsitg minf iid80tthmgdi nexyrc
the fertiliNPed % at @als CbOnpas ed t o oNit.s7i%)e, twhaes faesrstoiel bi azteedd
phytoplankton biomass (Law ®Ondaltiumgt i 2008duri MgaSEReé BSn @
at 75300 m, which were coincident with the accumulation of

reminerfadli zawiwg increased POC |l evelsbéB8eddmedelal est i2da®

that poed epnrtoidaulctN on at ti mescales | onger than six weeks
from the baacltiezraitailonr eonfii naedrd i 11 20% a(l L acva rabnodn Lfii nxga,t i 200n0 1b)y. 6T
theO Nof f de8@%odudhgested by a modeling $§3%Wdyudde nt eachdb yGral
model ing study itniweesnteisgsa troirhn gl ®thrad ae $f®e cOl F ( Os c hl iOe svaest ¢

not found after i ron addition in EIFEX, where significa
was found (Walter ethe aéxpl 2i0OHt5i; 0o afvga 2OWBY ladbtOemnrc eb @If o W
mi ght be the | imited bacteri al remineralizat-mondegtué to

seafl oor (Walter et al .vi2W9d53tudBiased mon ¢bhrserswd tisaof)

of addph ipornoadlucN i on after i ron additions. H oQv epvrea d u chteicoan

woul d not only i mpact the tfdlso i peniesisvelfy a®©d ikt eixlpetr & m

are required to reach a conclusi on.

Unl i.Kee Mi ssi ons, which have the potenti al to offset t

aerosols that caunsmeg clooud ifobaurtmattioonr he homeostasis of th
t o increamiess i ®M s (Charl son et al ., 1987) . DMS i s pr
di methyl sulfoniopropionate onDMpdhnyot oMi en&roapll@nligt on hampa

controlling oceanic DMS production (Dacey and Wakeham,
DMS in response to iron addition twhe HR asmud e30,dubDMS gp rad
but in the subarctic NP, it remained constant or decrea
term increases in DM$fprood@cthi dadm i4n 21 mMME x SBiI REEE X f ¢ D mo
nM), anedN SOFE&gX nM in the fertilized patch and 1.6 nM out
2004; Wingenter et al ., 2004 ; Liss et al.qogn22d0lder Wesdhgwa
fold increase after iron addition in SOIREE (Turner et
phytoplankton species were haptophytes, and DMS graduct
hamwpthgyte species (i.e., Prymnesi opfholck aeenh d isad rhe rett  aafl . DM

observed-Ni.n ESOFaeanat es deri ved Ky DiMSe peaxtdruacpgdloat irerms ud ft sSQ

~2% of théheS@Qowvere of a week would enhance DMS product:.

temperature over the SO (Wingenter et al . | 2007) . I nter
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i ron additionksariont itch eNBve&KED i meunt s , despite increases |
Tsuda, 2005; Nagao et al . 2009) . Further mor e, i n1Q@.h®e e:
nNM on day 1 to a matdDmumuofdédr2asbMdohoda®d. 03 nM by ¢t he

in bacteri al abundance (Tabl e 4) (Levasseauwmrduete dalD.MS 2 G

because OIlIF itself i sBamscetd tome tohrel yr essaud rtcse odf pDMS.i ous a

sensitive in the EP and SO, but was |l ess sensitivesin t

and modeling studies f ormiemaech hree pircord uacrtd orne cawnidr edde gtr ca dahe

fertilization and in the natur al environment .

HVOCs, suwyClh, :BGH Cthd &He wel | known for their ability

and marine bounpodarey ladver 199dl)aq and were also measured

2004 ; Liss et al ., 2005) . However, nNo consistent resul
SOFeNX the i mpact of iwaen caodigpilt icefd eadmp né®@@s EHi ons r emai
CHBr concentrations increasing by 14% (6.5 pptv in the

CHI concentrations decreapaetdchyal®d %6 (4. Pppptouisi ertheéei

2004) . | n slc ocnotnrcaesntt,r aGHf mn sd idnuariemags eEd s€eh Ex (Liss et al .,
suggests that, as for DMS, tfawnrdt hheart ugtad d yc vicd i mege ddd HtVAO Cf:

fertilization.

Secondl vy, the effectiveness of aOl F may al so be off se

as a decrease in dissolved DAYygkevahs. afiheé nde e esmnghoasnicteido

bi omass may cause decreased oxygen concentrati onawatiemr s

oxygen depletion has not been r eporgt esdt ufdriocens asQigFy eesxtp etrhia

may devel otperani taenrd Iloanrgge scal e OIF (Sar miento and Orr, 1

suggest that -Ok¥Fgenatdedesoweiti ons, witdiotuitonsh,e eawere!l Wi

change scenarios (Oschlies et al . | 2010; Kell er et al .,

is unlikely to be a primary concern.

The changes in phytoplankton ictanemu nditsyc ucsosnepdo siin i ®erc ta

unintended consequences; for exampl e, they could | ead t
t al . |, 2010; Trick et al ., 21 0F0| BBEkRe B ODF&SKE amar i SnieRn

enerated | arge bl ooms dominatedPbgtngdnriathdeadB @d m mest ball

t al . |, PG Er@nd.d z&ocempiecabi es have the capacity tbopdeduicmenh

omi nant (Gervais et al . | 2002; Mar chet ti et al . | 2008

-

acdud on had been stored for a long tim® khefdof®utrhedeansl
ilver et al ., 20210). Trick et al. (200Ul ddrhgawa deanmrtad
adreestni mati on in DA production. This implies that acc!
iron addition might no2, baen &dS&OF @il nee n tHso wieovuerd dihsec d 1
oducti die, oevenmnniafl tOA might have degraded (Silver et a
(e Ppesndd zaohmndanc écelllish U R2b@aBEx “t.ed lilsn 19SHe X ol l ect ed wit
were suittabtlleedeo odhedreg2 san d uS 0 MegiXglhr ocneH xP s & bnd d dzés ncthE@d® dlfo 6
celll] sréspectively) combined with ‘modesatetDAedydt s odl cE

e
d
e
affect marine ecosystems. However, no DA Pwaestndfdoadsnadhe dae r i
d
p
(
t

o O |\n

(=]
—
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as 45 o DAolmBExd 220 nnESBA X . e., toxin levels high enoug

coast al waters. Therefore, it is necessary to quantif

phyt opl ankt onge amuwnbeesr s( iofe.c elllasr) using a net t ow. Thi s,

better understood in the natur al environment before the

Whet her Ol F is a viabl eurmdarbodhelb ®@tmo v@Boyyd ratt ealy. ,i s2 &0
The product-irehewantc!| ga#sé e MsSu c hanads HWOCSs , which is influ
sinking participdutedadatbfiobmeawsa®Wipaohéi pubdutyi ompoft BAt

can directly and indirectly modify the effectivenievs. of
Therefore, monitoring -rodl etvhaent p rgoadsuecsttienmt hadd A edtifdemet Vi avl eunae
geoengineering approach is essential. This represents

environment al conseguences of OIF remain | amgeltiycoame®so0
experiments conducted so far, as wel | as our poor unde
conditions (ChiJohalsmnetanaVNi KaiZBOnED 0)0.2tThaelr.ef o201,2 consi de
evidence for the necessity to keep warming at or below

the effectiveness of OIF asthlr meamst i@erqgueaentuicfiingatait ono s @

3.3 Regoul aatdloFn. I nternational | aw of the sea as it appli

To prevent pollution of the sea from human activities
by Dumping of Wastes and Other Mattien (98RAdohnCba96éntcor
London Convention adopted the Protocol to the London Co

on the dumping of wastes and ot her ma totceera nt haantd / moay i cna wes

marine environment. However, the London Convention & Prc
environment -eafgfaeé aitsd dfhef esritdiel i zati on actegi {eeg. , | Gr2eo:
[http://www. gr de manala iCt ti prworsé W g mc |pirnoonsestecemdmel g Alddec ®@ ntne k mi a |
as a cl i mastter antietgiygaatnndonas a means to gain carbon credit
Freestone and Rayfuse, 2008) . Meanwhi | e, assessments of
patches @25 F3i0g0 IkGra )t i dnee atnal texpense of comparing fertildi
As discussed eamrdaeexpemhiementssmalhdve | eft many unanswer

effectiveness and the peterDi02l Bmeascskes enf a@PdFBOLdwr &0 ¢

potenti al ri sks and benefits, the -dcdILP sacaea@&mtfidritci IgirDatf

t hat ocean fertilizationemsurieithats dPeclvapermratidorsarwd n
LC/ LP.

At the 2008 LC/LP meeting, the -EtBPntitr 2008 parthesra

fertilization. This resol uts owntpirlohds wbdht etdi mec etama tf espadiif

to justify |l eqgitimate scienti fsiccalree ssecairecnht.i fTihce rree sweaasr cam

to per mi.t the devel opment seespmepos dr s melwatr kwd olrd slce & dat

(Resol uitR.oln, 120 08) . I n the meanti me, there was a call t
experiments to assess, accuratied-yPLEci2mM@8).i cl mex®lld,c hL(
Resol uiiPo2 (L€010) , adopting an AAssessment Framewor k fo
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c
2]

ed

t o assheysds e olma sai sc,aswhet her DMy agrnowyodegd comesdn tuere

S ea

rch falling within e lai(@9080d (Fi-pPeDI)fReGPI wilh o

ma n

ds preliminary scientific reseagcd tpramgpdroe mtn/yr eCd

nal e/ purpose to the experiment and a risk analysis

| ec

tion, exposure and effect assessmnmemag ,i sanadl sro srke gcuhiarr

mp o

nent of al | approved (i .e., | egi ti mat e) sci enatli fi c

nt-endedegeiong benefits (ACE CRC, 28dpHed | amercd mére!

teg

ori ze ae€elnFgianse entairnign,e tgheeor e by prohi biting operationa

—

at

meets the permi.t conditions through t he )enVvTihriosn nmeen

at-s

cat @ge (i %bea.s,ed>300n0 pkrnrevi ous aOl F experiments:; exact a

mme

rci alt hGl R#&{lePag . Gwad i Il ron Dumpo) odrfe tdhwer wersttd tyi odarsatin

® O [T | |» v © [ [ |[® |D

gul

ations. Under LC/ LP, commer ci al Ol F eff or tssc a&laen n@ItF

Fut

ur e: Designing future aOlF experiments

Sc

ientific aOlF research has focused on i mproving ou

an

at morsepnioevrailc sGO® at egy both in the future and the pa

r

persi mecndk place more than twenty vyears ago, the | ega
t

nati onal | aws of the sea and carbon offset macrak eet s

experimemgtr ehtaevcde aeconsi der add¢ ey \preodtdeunctiinag aflt cenmo sdpahsei

dingl vy, physical / biogeochemical éempl bgveabeendedsd:

vercome some sdhfdaretrhne alAQlnki teaxtp eornismeonft s (e. g. |, spati al

e
=
cor
0]
e

C

ti vetnersm aodddloamrggerti i zati on (Aumont and Bopp, 20

2009) . For examphmecaltambidelt sghatal i hdbgabed t hat

phodbyi asChueatt mas n1 D0 vears (Joos et al . | 1991; Pen

a nRle iMae re,r 1993) . Recenrte ggll ioshtail c moaded yss t evin t shn dnolrieo g e

reat on_ dr 3%down ia( Aautmoangp heenrdi Bo@®, 2006). These resu

stration resulting from Qlolmtrepmpudes emt oforMlOWY a vmao d d

ion scenarios (Aumont and Bopp, 2006; Denman, 2008

stration saalks aOGhh ¢éhpersimaeémt s ufNMdharerimorand t @lea rets

i ments do not support the potenti al negative | mpac

However, these nOIF results do nobl guamwmamtcéhe etvle:

tiveness associated watbhi mpk-bpoaskegue@esedati onnahndoc

i ments differ from the aOlF experimentsnidnstb& mo o

its iron source igilwdsesdbsurtimae eupwwdlelrisnd oo ft hier snur f

i sodic, -wetim imaesiacddisthiooms (Blain et alcur2a®@@Ty. il

on

sources due to the complexity of the system, nhere

di t

ions and sources (Blain et al .., 2008) . REBnand+ $0OF e

, no increase in DMS emissions was found in nOIlIF expe

udy:

KEOPS) (Belviso et al., 2008), suggtesitinnme cdhisitv e

aOl F by studying the naturally fertilized syssem$ein

udi

es to obtain a better understanding of natur#ahepro
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groundwork for evaluating the petceadtei al®l Fefdsecai geonengygi
ant hropogenic climate change. |t is therefore of par amo

effeesbBvand capacity of aOlF as &dumeahseyobhomeduciahgoatmo

(i .e., Owhered) , timing (i .e.., d6whend), and duratiomg (i
met hparsd met er s measurements/protocols (i.e., édwhaté), an
This will build on the results of previous aOlF exper.i
uncert aipmrtoivede amchfidence in our ability to reproduce r

Where: The first consideration for a successful aol
phytoplankton communities plays a maj otronm oslpee ciine si nccarne assi
aggregates or by forming resting spores (Tr ®qgquer et a
concentration is the crucial factor inducingedkipatrdmfbluc
response to iron addition, aOlF experiments should be c
subarctic NP eapegerj mfBEEDPSand the soS8tbxpér PEBonfFitdel BO)
selecting sites for iron fertilfeatibhzedtpaschl| Ebpommphbe

waters to observe, -i madwuicled arhd nagfefsi iCeormtlley ,eti radnnt @96 ) r

for aOlF experimentation because they tend to naturally
range ME5@mKI5 in di ameter and maliond adiany st haefitre rc hfaorranwatfeiroi ns
2 0 1Faghmoust al., 2015 . Eddy centers, in which fertilization i s |
speeds, with |l ow shear and high vertical coherence, pr c
suacfe to the deep |l ayers, as wel | as minimizing | ateral
appropriate eddy setting in a study area should be a hig
and vNag 2008) .

When: The second consideration for a successful aOlF
PP in ocean environment is generally I imited by mwpelirien
or -ldani t ati on. PP in the SO, a rdepmegearti atni Wbeyt kil le @ ¥ end ic ¢
and/ or silicate) and light availability (Mitchellriatg al
the early summer (i.e., from |l ate December to earlg Jan
the surface waters by the shoaling of MLD, along wirt h tl
to December, phytoplankton growth is mainly 1imitetdt due
et al ., 2000), while after January (i .e. during leate s
to silicate availability. I n previous aOlF experiments i
was mainly limited by iron and/or silicate availadvi ity
2008; Peloguin et al., 2011). 1 n addition, the grazing
a major | imiting factor in diatom production (Coale et
sumer and early autumn (February to March) (Le Qu®r® et
availability, | i ght availability, and grazing pressur e)
experomebart in the SO is likely to be the early summer

How [ ong: The third consideration for a successful
phytoplankton bl ooms hawe Ibastnednafirndminled tboy OAF chays (K

Coal e et al . | 1996 ; Boyd et al ., 2000 ; Tsuda et ah as, 20

39



also been suggested thatt ommower atOhd& fexlpleri enemadss @i tdi me s
2005) . For exampl el, ha@l REH adnd eI EEBSHort observation pert
PP throughout the experi merstegy v@Rkiigo.n PpEa) .ods sdepead tdi rhegp vteh

after the end of SOIREE, ocean col or-asatoalcleintt & aif)ina gne st (hse

iron fertilized patch, which wad «sdmé bl®0 alsmaf drony40 idd
initial iron addition (Fig. 10b) (Abraham et al . i ®2mML0DO0;
may not be sufficient for detadtiiomeg tome PfPulaln dinrdficld@®@H g a n
et al ., 2000; Tsuda et al-S, aP803redal Badripwntralati 260%)
high PP due to the experi mental ndauriaeotni oonf btehien gp hiyntsoupflfainc
SERIES, 2SEEDFEX, and LOHAFEX did fully monitor all phas
EI FEXt hdlodhgest aOlF experi ment, at 39-i diggyd, dweaey telxg oonl
bet ween day 28 and 32 (Table 5 and Fig. 8a) -t(eSme tosbcseek veat

covering the later stage of bloom developmenttdedfifngi Bf

compared #termheOs$lFortBl ai n et al ., 2007 ; Poll ard et al

therefore, be i mportant to detect the full phas-andafcea p

POC exported out of the mixed |l avyer. The observation p

effectiveness estimates. 1t is suggested that the exper]

expiement, which pr dgduwuaued dt bd oloomgeste.i,rarmhme | ongevity of

Ho w: The fourth consideration for a successful alOl F e

di ssolved iron withipr otdlue eump eorhymiopddanlkayer bttt @ om. Firs

should be sacgclidafeegedwhiroh i s | ess expensive and more bic

irsonl fate required i s caolnccuelnattreadt i aocnc corfd itnhge tdo stshoel vteadr gier

Based on bottle incubation expidr inmve natrse, rteacrognenie nidrealn t oo

phyt opl ankt on gr owt h due to the vaepiidod/odkisfefsu sofo na dadnedd

ioavailable iron(lll) (Coale et al., 1996; Coal et wdy al

b

showed that a ferti?mahzrettaparedhasni reonf cabB6ehkimr ati on abc
period of 194 days required( X veand | Chraeid, p2a@th) siTli fi
i rbaertilized patches, hosemal ten matehrapirzdl yeddedt oodi |

Previous aOlF experiments also produced simibardumre gl tSA
which had the small et tdHeer tSiO iezxedc rg anenh ss i awvea s( 3 6v ok rmii Mme s

the SO experiments with a larger fertilized?amat SHIFSiXze
fertilized with % @E@dalhe siHdzrevadoyf , e22®HIk.:m 2010 ; Law et al
Therefore, it would be more appropriate to fertili?%e a |
which would reduce the diluuiamdefChadct WwWOHID)unBamstidl ione
for a patchasdzMLB®f 0o8B8066R MM, it would need ~2,000 kg of
Il ron should be released into tskweg iwakheg @afim @& xpling, ngi Sipi
center, with a reqgular interval of ~1 km throughmelteade
(Watson et al ., 1991) . I n addhiourosn,becaussheqpuaiidd dbtde qidirypeo
response wifehinlfthedi pabch. Previous aOlF experiments h

are needed to maintain the dissolmeglhytrom ankicemtgrad\wtm

patch. For exampl e, in SOIREE it was found that fogh ad

|l evel s of both dissolved and part irceudluacttei oinr oant wihteh i enn dt
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combined with an increaddsamdimgthe gacmmce ( tBroawti ieo re t o feSl,i. r,iotr2 0

was also found that multiple iron(ll)ofint8sidags (nnEpé&

infusions with intesSyYah$l ofweflourodays perSOBéXin the mi

kinetics. The relatively |l ow oxidation rates, welewrekat
possibly, organic complexation (Croot et al , 2008) . B
effectiveness of nOIF experiments compared to @Ol d&dcixtpie
that occurs in the natural environment . Large amoalnlty o
added iron. Therefore, for an experimental dur &t i¥418 o f
days would be required to prevent the iron Il imitation ol
(Nishioka et al ., 2005; Smetacek et al ., 2012) .

What: The fifth consideration for a successful aOlF e

—

he detection of carbon seqguestration (Buesseler and Bc

partiG%l and ARGO equipped drifting buoys, to follow the
system moving along with the currents, but it can be e
(TsumuneO®Y. aTher f0or e, the release of GPS and ARGO equ
iron infusions would provide a visual map showing cthhe t
as eSFwoul dn ad swe lbleermt option for following the fertilize
shown thmeéashree@d@é&Ents based on underway samplingepestdems
vertical and fl aftreomtail | itzedc spatrdh es . Many subsequent aOlF
based on the observation of bi ogeochemical parameters (

pCQ before and aftear ailr.oan 108PHi;t iCom | (eMeertt iad . e 1996 ; Boyo
2004; Tsuda et al ., 2005 ; Smetacek et al ., 2012). dhe F

fertilized patch due rtom iatdgdit apind MDéspochnsanedsur ements

effectiveness of aOlF should be conducted by deploying :
in indoced POC in the hseurcfadd e rlaacyoebro nanlf $brimgs it telo dt, and ( 2

depth of the winieduWMeD tapdetectharboanfl uxes into inter
Nodder et al . 2001 ; Boydi;etCoall e, e20@4:;  Brddslel Aroneot edl
Tsuda et al ., 2007; Smetacek @taraicle2ptdfi MENngi sByst e
floats, such as a transmissomét erinkndgUVYWRrthai emeasoue

tempor al and ver-indatdea@dvPOOGtsobomcks ihowmmugh s-mcdepshveéeod:

months after deployment, once calibaps$ eadn dkobanl guanPnd &ffeést eudx |
met hod (Bishop et al. |, 2004 ; Smetacek et al ., 2012; Ma r
technol ogical advances, enabling a moreiegfef ianide cto mproad it
vertical and tempor al resolution than has been possi bl e

col umn?*blasmat hod to direct flux est i-marnteisc | e&fomebodtihedde swhitsh

and UVP, wi || enable the gquantitative and qualitatdive e
induced carbon export fluxes after artificial iron addi

What concerns: The sicesbfoadtnaiOd&r axpenifmemtai suthe mo
LC/LP parties recentlUR. 2ad(o2p0tiledd) , Rewshoilcuht i iomc llucddes t he AA
Research I nvolving Ocean Fer teiflfiexzdtsi @mmdo .maThine/ocrsaind erco
additions, such asréehevanbdgestéesnanli okbpgmbtee ecosysten

proposing an aOlF experi-melndg v anlth eagsee@i ssBNSSumech md HVOOGE,t el
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contribute to warming or cooling effects, and toxic DA
(Law, 2008; Silver et al ., 2010; Trickbenefailts &@f018PI Fr
However, there is little gquantitative and qualitative i
experiments. Therefore, the future monitewahgabé &abese
effectiveness of an aOlF experiment in the future.

I n summary, to maximize the effectiveness of aOlF exper
conditions. (1) Exmertihmeaatesretdedrye osftomuwatcureed when grazing
are high (e.qg., in the case of SO, at the south of PF d
mi ni mumMOofdays, with multi mlne iorfon 2i, Mj0éc tkigormagd (lierasni it mfrLe
15 days, to ferttloi oébtaimatach-20fnM3Cderkronti aeidopht ch3) s’
physical (e.qg., a drifti gagntdheo ¥V /&md rkaito @g od¢ h @ mieccodl.u nfne.)

de

r i?fdrd met hod are employed at two depths (one within thi

€q

ui pped with UVPtaneésti mas mi acscmetaercsy the carbon expo

ec

osystems are monitored, -riencelvuaditn gpatshdeM S ,recadquc, t HNODC s0)f &t

Design of the Koreant lirmnt Feer3ddtilzeartn odc Exmpe(r KImemS)

1 BackBrromusanfdi el d Basin

of

A scioegneemted aOlF project,, KI' FES (Fi g. 11) , was | aunc

Oceans and Fisheries. Thi s porlogrecRe swaasr clha rigresltyi tnuatnea ¢

co

| l aborators (i . e., Il ncheon National University, Il nha |

Un

i versity) and strengthened HWege-heteirtnatt i OAWI ) ,c oll A satbiotr a

N u

clear Sciences, Massachusetts Institute-WHOITe c hthnoilvoegrys

Ot

ago, Uni versity of California at Il rviyael, MetMaesrtlean dan i

Se

a Research, and Dal housie University). KI FES had foul

co

mplving with the fAAssessment Framewor k f or rSaneemotrikf iwea

ac

cepted from the LC/ LP in 2010. (2) To evaluate the [

s e

guestration (i . e., t o i denitndiuc/egdu amari H oyn sexgmarfti clalnd x e

wa

ters) in the SO. (3) To deter mine the environment al

gu

antitatively and-agyua |-tiemm i pvoesl syi brdoen istiodre sehfofretct s der i ve

(1

A |l ocatri arheneastern Bransfield Basin was considered
) the possibility of di attathebleddmes,(2andt {8)prt dxi mivtay |

dat a. Tmendewd| ap di hé qoomiebsethaom siax e mi ze t he effectivenes:

pal eocl i mate teamodtogKkORRI ewvadehcendfgenassi ve amounts

€s

pecially in the diatomaceous ooze |l ayer, in the easte

we-breserved diatomaceous?2002r KangereiBahk, e20@8: Bak et

rates of fast sinking diatoms, suggesting the exinstdéemnsce

basin. Il n adhdaist iao m,icaihhdssinlthiracasitined Ri gf 4810, which is a fund

a

massive diatom bl oom. Despite the favorable environme:]

( <

~0.43) (Park et al .i,mPm 1v3al uva so fl oOn.e&5 trheaans urheed mAwr i ng
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SOI REE an-8) SOFedgesting an iron | imitation on diatom (g

bi oavailable iron enabling ahdihendase anmpseiduetienhtnc

this basin. Accordingly, w ed oenxi pneactteedd rtehgaito na nwia @l Fhiigrh tsh

Bransfiwbdl Babenmore effective f orr eovdrolbucsn aeOd pFo retx,p eas nem

SO. This hypothesi s, based on sedimentary evidence, wa s
second important factor was the presenoce(&bhhsuaklteaéddi
al . | 2011) , providing coherent struct dvirnedsu ctehda tc amabdoen ietx
(Smetacek et al ., 2012) . For example, Thonkmoinn edi samet g
centered at ~62AS and 54AW and remained for ~30 days usi
drifters released in February 2007 as part of st hpr cAjnd at
Satel llietvel sédhaei ght i magescsalhaveddinags cwittelhl Imeso@ | i fespans
(https://www. aviso.altimetry.fr /). Additional |l yGr esleovnesrkail
et al ., 1986; Helbling et al ., 1995; Figueiras kitstabri cd
datasets provide general oceanographic char acrtmatiisdn ctsel
for designing the experiment, including a preliminary hy
Nevertheless, optimism prevails that alternatoinve sf umdiem
therefore, to provide a basic set of design guidelines,
will occur in the near future.

5.2 A plan for the future: Kl FES

The KIFES desi-ywomarenpradjpadetaedliavme mmhe G6EIFEXH& program

conducting an aOlF experiment in the <center o f an edd
environment al survey both outside anéarnsheée enlbBéecanBean
scientific aOlF experiment, and an assessment of the f
objectives, and main tasks of KIFES.

5.2.1 Year one plan

Goal s: (1) Data cokheographwictbondgairdnsoi o/ near t he

eddy devel opment and distribution. (2) Establi shment of

Objective: To understand Bhegphphivcal aetdlebMiaongeasbe nh

an OIF site through an analysis of earlier datasets and

Main tasks: (1) Review databases of physical andr bi og
the eastern Bransfield Basin. (2) Review the eastern B
references. (3) Establish the study aims, hypotheassd ar
onhet results obtained from tasks (1) and (2). (4) Design
the eastern Bransfield Basin. (5) Analyze eddy devled opm
Bams.i (6) Prepare scientific instruments for ocean physi

coll aborative OIF network. (8) Submit KIFES field progr

falls wietmhitn otfheocean fertilization and should be eval ua
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from tasks (1) and (2).

5.2.2 Year two plan

Gal : First preliminary hydrographic survey tnodigr @wWnist

in/ near the eastern Bransfield Basin.

Objectives: (1) To obtain informatwmeasabemeéntos eiambomye :

Bransfield Basin. (2) To provide background information

Main tasks: (1) UARAQNuUNhedertakbraakéeel BVi nvestigati ol
to determine physical and biogeochemical parameters ass
product:®,0onDMS, NHVOCSs, and BAelar baesad ten (R9 fPirreptar e an

the LC/LP assessment -yerameweskl|lbasaeddonan phelfmisary hyd

5.2.3 Year three plan

Goal s (1) Prabhmcnaobyvkeydpaotgsi de/ inside the center o
(2) Approval of KI' FES from LC/ LP.

Objectives: (1) To compare oceanographic conditions i
t he ebBarsaresrfni el d Basin prior to the KIFES experiment. (2)
i s legitimate scientific research from the LC/LP.

Main tasks: (1) USARAONtdred eicde almr ealder fRMVsnieide lidnd Bhaespirn

observations from acoustic Doppler current profilers
bi ogeochemical field investigations both inside and ou
bieoegchemi cal properties outside vs. inside the center o
KI FES. (5) Submit the research results for OEnvironment

approvale KeFES experiment via the 6éDecision Makingdé pro

5.2.4 Year four plan

Goal : Conduction of the KIFES scientific aOlF exper
summerti me (Fig. 11) .
Objective: To ccom@IuFc t exapesrciineenntti fiin the center of an

Bransfield Basin.

Main tasks: (1) UARA®Ntdled eict e almr eadldeyr f RM med iwmdinre@r
observations from ADGPess tandatsattehlel iitneist,i adndenvi ronment al
Execute the KIFES fieday cmanpiao d nwidtulr i nlge aedcdwWv O0structur e

intervals of ~15 days, OwiO hk ge afconl liorwinn gi naj escptiiroanl bsehiinpg t~r
to create a p*dtehgeitzediceboB@@dkimron concentration of ~2
of GPS and ARGO equiipmpedcthreani st d ( BE O Fon, rati o)-sampl oggr
systems, and gliders equipped wi-tmdbdiodeoahom cakxpsrnsbd
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both inside and outside the centtert wo daenp tehdsd y( osnter uvecittuhrie

another below it) al oncgolwinmnkBtlahsemeaasluirermaetnitesn amfd wwaitt eormn o r
with transmissometer and UVP. (6) Mo n ictl 0 mapl @esvsai nbt|l eg assi edse
DA. (7)) Monitor continued responses after KIFES terminat

the effectiveness of carbon sequestrati onr akildF ES va mrd npre

KIFES assessment for the O6Results of Monitoringé stage

5.2.5 Year five plan

Goal: I ntegrated assessment of the KIFES project.

Objective: To evwsaclaulaet es cwiheentthigfra ts madl|lcae xlper amenaf f ect i

effectiveness-influeedi ekxkpoatl grodooti on and determining

Main tasks: (1) Submit the KIFES assremsatmeartalr ejpourtna lf

feedback regarding the KIFES project from international
experi ment al summar®y ) iShdSuwbmintg @af innalaskepotrhte olfC/tLhPe. K|

5.3 Final Remar k

None of the KIFES scienticdrsbdhrmrver edimme) cri eall atiaend etre sa

of KIFES participants all/l lie in the det airltediicnwaéstiirga
the SO and in QGdrrgiarse ear iprog smédtlreod etoo mi ti gate the cl i maf
envisage a future where the KIFES, or similnadr offrdjhectpot

Ol F asenagigneecer i ng sol uti on 4coo nhceelnpt rraetd uocnes .a tAmacsomh @ rniuca t G @

provide fundament al information and guidelinesasfaompfrwtvui
our understanding of SO biogeochemistry. The risks and
international concerns. Finally, we emphasize thadndnte
scientifically complex as KIFES, and that we seek to in
future.

6 _Summary

To test Martinds hypothesi s, a total of 13 s cinegnttihfei ¢

| ast 25 vyears. These aOlnkrexmsersi mdn tPsP hmanwd drir eesmilstwaads diorD |

experiments, the phytoplankt o%i mad ugpiozhdads r g leeanndketdd ntadc @enH is
domi nat dddwever, their effectiveness in enhancing export
the possible environment al negative side eff ercalsevantr ege
and togbono@tA,be fully evaluated due to the widely diff el

experi ment al conditions and sgt t iDiVSs, . alnnd pHaVMrGCisc uilsare s steh

effectivenepgsesoeongiheFrerasnga approach, because these poten

modi fy the carbon reduction benefits resulting from OITF
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mar i ne/ ocean ecosvyasltiedmast.i olnh earnedf osruei ,t atbhiel i t yv of aOl F for

CQOl evels i s a_ _subject of -svd agloa caisd /deerb ad @ mmelrt c ipale sa&@lt

regul ati onrs,c awhei laeOIsHAnbebxhp efroirmesnctiaent i fi ¢ purposes is per mi

future aOlF experiments should be conducted by careful

addi tion, tracking met hotdison ,metaismirregne nan do agxamertiement dloc

regul ati ons. Finally, we envisage a future where the KI

determine whether -e®@Ighk nieserd nmr cmil witngongeo
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Tabl umma rogeandardn fertilizatiofOIF)e x per i ment s ; ti me, |l ocaty ohvalres®airchbvaecskel s @eaoddeespaomad (tc
addition, e.g., the first iron addition beconfeisr nd)c)onciennittriaatli o nrso na fctoenrc einrtorna tai dodni
duration, and regionanutcrhiaemtctamd sltowsc {IHNLCp hylilgh.

Added After iron

. . . . Initial iron — . Pat c h Duration Regional
Experiment Time Location Research vessel iron( )(kg) ~— , .  addition Tracer 2 -
M h teristics
(day) (nM) (M) (km) (days) characteristic
1 IronEx-1 Oct 1993 Equatorial Pacific R VColumbus Iselin 450 (0) 0.06 3.60 Sk 64 10 HNLC
5°S,90°W
2 IronEx-2 May 1995 Equatorial Pacific R VMelville 225 (0) 0.02 2.00 Sk 72 17 HNLC
3.5°S, 104° W 112 (3) 1.00
112 (7) 1.00
3 SOIREE Feb 1999 Southern Ocean R VAstrolab 768 (0) 0.08 3.80 Sk 50 13 HNLC
AustralasiarPacific sector 312 (3) 2.60
61°S, 140°E 312 (5) 2.60
353 (7) 2.50
4 EisenEx Nov 2000 Southern Ocean R VPolarstern 780 (0) 0.06 2.00 Sk 50 23 HNLC
Atlantic sector 780 (7)
5 SOFeXxN Jan Feb2002 Southern Ocean R VRevelle 631 (0) 1.20 Sk 225 40 "HNLCLS:i
Pacific sector R VMelville 631 (4) 1.20
56.23°S, 172°W 450 (29) 1.50
6 SOFeXxS Jan Feb2002 Southern Ocean R VRevelle 315 (0) 0.70 Sk 225 28 HNLC
Pacific sector R VMelville 315 (5) 0.70
66.45°S,171.8°W RV Polar star 315 (8) 0.70
315 (12) 0.70
7 EIFEX Feb Mar 2004 Southern Ocean R VPolarstern 1410 (0) 0.20 1.50 167 39 HNLC
Atlantic sector 1410 (13) 0.34
50°S, 2°E
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To be continued

Added After iron

. . . Initial iron — .. Pat c h Duration Regional
Experiment Time Location Research vessel iron( ) (kg) = , .  addition Tracer 2 I
nM days characteristics
day’ (nM) (M) (km°) (days)
8 SAGE Mar Apr 2004 Southern Ocean R VTangaroa 265 (0) 0.09 3.03 Sk 36 15 "HNLCLSI
Southeast of New Zealanc 265 (6) 1.59
46.5°S 172.5°E 265 (9) 0.55
265 (12 101
9 LOHAFEX Jan Mar 2009 Southern Ocean R VPolarstern 2000 (0) 2.00 Sk 300 40 "HNLCLSI
Atlantic sector 2000 (18)
48°S, 15°W
10 SEEDS1 Jul Aug 2001 Subarctic North Pacific R VKaiyo-Maru 350 (0) 0.05 2.90 Sk 80 13 HNLC
Western basin
48.5°N, 165°E
11 SERIES JulAug 2002 Subarctic North Pacific R VJohn P. Tully 245 (0) <0.10 2.00 Sk 77 25 HNLC
Eastern basin R VEI Puma 245 (6) 0.60
50.14° N, 144.75°W R VKaiyo Maru
12 SEEDS2 Jul Aug 2004 Subarctic North Pacific R VHakuheMaru 332 (0) 0.17 1.38 Sk 64 26 HNLC
Western basin R VKilo-Moana 159 (6)
48°N, 166° E
13 FeeP Apr May 2004 Subtropical North Atlantic RV Charles Darwin 1840 (0) 0.200. < 3.00 Sk 25 21 LNLC
North-east Atlantic R VPoseidon
27.5°N 22.5°W
_ "CROZEX Nov 2004 SouthernmOcean RV Discovery 0.55 ) ) HNLC
Jan 2005  South of subAntarctic Front
44°S,50°E
_ "KEOPS  Jan Feb2005 Southern Ocean RV Marion Dufresne _ 0.09 0.35 _ ~ HNLC
South of Polar Front
50°S, 73°E
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"Hi gh Nutrient Low Chlorophyl l"nabdr béwOS8SFIRBLEneterdl ifok lobre an EXport experimentn CROZEX; KErguelen Ocean and
Plateau compared Study: KEOPS).

S o ur c Klatin atale(1994); Coale et al. (1996); Coale et al. (1998); Boyd et al. (2000); Boyd and Law (2001); Gervais ef)al @082t al. (2003); Boyd et al. (2004); Coale et
al. (2004)Ba k k er e tBowllet.al. (0R5)6 Bapr:et al. (2005);ibhioka et al. (2005l H o f f ma n n e ltaw et bl.. (20062 Bldin6e) aj. (2007); Boyd et al. (2007); Rees et
al. (2007); Tsuda et al. (2007); Pollard et al. (2009); Strong et al. (2009); Harvey et al. (2010); Smetacek et aln(PMER}in et al.(2013).
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Tabl®umM@mar y o 6ceaairoh ferfilizaton @O x per i ments; objectives, significant results, and

B Experiment Objectives Significant resul Limitations
1 IronEx-1 ATotest he hypothesis th:¢ASmallincreases inthe Fv/Fm ratio, chloroptayll ASingle iron addition
wi || increase phyt opl concentration, andrimary production (PP) Alnsufficient experimental periods to obse
relieving the iron_ | i Ansignificantchanges in nutrients ap@O; the full phases of biogeochemical respor
hiaoltrient | ow chl or ¢ concentrations from the onset to termination after iron
additions
AMicro/macronutrient limitations
2 IronEx-2 ATo test three hypotheses that were advanced ADr amati ¢ changes in bi ogANoexportfluxmeasur ement s
explain the weak biogeochemical response support for Martinds hypocean
observed during IronEg ATaxonomic shi-lomt owaed dAnsufficient experimental duration
communi ties
3 SOIREE  ATo test the iron hypothesis in the Southern ADiatom-dominated bloom Alnsufficient experimental duration
Ocean ANo meactlhraamlylee i n carbon e
4 EisenEx  ATo test the hypothesis that atmospheric dust ADiatomdominated bloom ALight limitation by storms
inputs might have led to a dramatic increaseit ANo cl ear di ffer ence-pat ahAnsufficient experimental duration
ocean productivity during the Last Glacial out piad & h
Maximum due to the relief of irehmited
conditions for phytoplankton growth
5 SOFexN ATo address the potential for iron and silicate  ARemarkable increase in diatom biomass AEntrainment of dissolved silicate into the
interactions to regulate the diatom bloom AObservation of | arge exp fertlizedpatch by physical mixing
transmi ssometers ANo direct measurement of export fluxes
with sediment traps
6 SOFeXxS  ATo address the potential for iron and silicate  ASignificantly enhanced export fluxes out of the mixed Alnsufficient experimental duration
interactions to regulate the diatom bloom layer,but similar to those for natural blooms
7 EIFEX ATo confirmthat aOlfe x p e r icanaaredase AObservation of all the p
export production from onset to terminatio

ASignificant carbon export to deeper layers (down to 3,
m) due to the formation of aggregates with rapid sinkir
rates

AThe occurrence of rapidly sinking large aggregates
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To be continued

B Experiment Objective Significant resu Li mitations
8 SAGE ATo determine the resfANo shift -dtoania adiealt ccro mmu rAHigh dilution rate by small patch size
dynamics to iron addi ANo detect i oni nodfucfeedr teixlpiozr
chl orophyl | and | ow ¢
ATo test the assumptic
phytoplankton bl ooms
can be detectedsebay tF
exchangesr olfexdntmag &s
9 LOHAFEX ATo trace t-#ti maltat ®d AObservation of all the p
phytoplankton bl ooms from onset to terminatio
HNLCSi regions ANo shi ft -dtoani a adieadt ccro mmu n

ANo det ectz atnii modiu cfeedr teixlpior
AHi gh grazing pressure an
10 SEEDS1 ATo investigate the rePAA shift from ocegramwicn g i mASingleiron addition
phytoplankton biomass<AThe | argest changes i n bAnsufficient experimental duration
deposition in the sukt aOlF experi ments
ATo investigate changeANodet e c taigeoPOC export flux
composition and verti

11 SERIES ATo compare the response of phytoplanktonin AObser vati on of al | phase
eastern subarctic with that in the westernsubarc f r om onset to terminati o
ecosystem ANo significant increases in export fluxes below the mi»
ATo investigate the mc layerdepth
controls the beqginni r AHigh bacerial remineralization and mesozooplankton
phytoplankton bl oom i drazingpressure

12 SEEDS2 ATo investigate the mcAObservation of all phase
controls the beginnir from onset to terminatio
phytoplankton bloom iANo shift -dtoania adiealt cm mmur

ANo significant increases in export fluxes
AExt ensive copepod grazint
13 FeeP ATo investigate the irAncreasesinipepohyt opl ankton abu
cod i mitation on PP
So ur c Klatinatral.g1994); Coale et al. (1996); Coale et al. (1998); Bidigare et al. (1999); Boyd et al. (2000); Charettesmhel B2@30); Gervais et al. (2002); Tsuda et28l08);
Boyd et al. (2004); Coale et al. (200B)a k k e r e t Bowllet.al. (20R5)i6 Bapr et al. (2005); Hiscock and Millero (2005); Nishioka et al. (2005); Tsuda et al. (2005); Tsumune et
al. (2005); Boyd et al. (2007); Rees et al. (2007); Tsuidh €2007); Harvey et al. (2010); Law et al. (2011); Smetacek et al. (2P Wartin et al. (2013).
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10

Tablleni3t. i al condi(teiaolnuse sa)n di nc hcahnegnei sc a | p @cean inoe ferdlizatorfa®lEY i n g

€ X eri ments

| ni o Lni | ni . | ni t I ni
Experiment N Q m\'—f PQ g%@ Si gﬁ' pC Q gg'%én DI C %(
(W) (W) (M) (atm o]
1 ronEx1 10. -0.7 0.9 -0.0 3.9 -0.0 471 -13. 204 "%. (
2 ronEx2 10. -4.0 0.8 0.2 5.1 -4.0 538 -73. 20527,
3 SOREE 25. 2.9 1.5 0.2 10. 2.9 349 -(38. (18
32. ¢ 15
. (20.
4 EisenEx 22. -1.0 1.6 0.1 10. O ~36( (15
1 (
= 12.
5 SOFexN 21. -1.4 1.4 0.0 2.5 1.1 367 26. 210 -14.
6 SOFeXS 26. 3.5 1.8 0.2 62. 4.0 365 -36. 217 -21.
7 EIFEX 25. -1.6 1.8A~0.219. -11 360 -30. 213 -13
8 SAGE 7.9 1.3(0.6 0.8 330 8.0 205 25
10 3.9 0.38 0.9
9 LOHAFEX 20. 2.5 1.2 9-0.10.6 '~35 - 12'(
1.3 1.6 —
10 SEEDS1 18. -15. 31. 26. 390 -130 58 .
11 SERIES 10. (8.°f¢1.0 0.5 14. «(13. 350 -85. 203 -37
12 6. 5 16 11. ¢
12 SEEDS2 18. 5.7 36 370 6.0
13 FeeP <0. ~0. ~1. (

"MPQin EIFEX was digitized frobhPRigukt@HAFBX Wanet dicgikt iez e d
Smetacek andogl®gni LORMBAEEX. was di di toif z Sdneft acm kF'idgudrsad 4 6y.e id

i norgani c walribmsn AENES)di cate normalized DI C (normalized
Sources are Martin et al. (1994Bakicdreimtbealg. et2@01) ;( 1RMI
et al. (2002): Bakker et al. (2005) ; Boyd et al. (2005)
(2005); Tsuda et al. (2005); Mardhatti (t00&l).; (T20@&) et W
(2009) ; Harvey et al. (2010) ; Smetacek and Naqvi (R0O10)
et al . (2012): Assmy et al. (20(1230)1;4)Eber sbach et al . (2
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Tablleni4t. i al val ues of bi ol ogi cal parameters and the vialueratiadéher fertilization.

niti f i I ni ti fter
| ¢ Af ¢ Il ni ti Af t er | ni ti AfterM rnt I‘M at ter Het erot Het er ot
Experiment nl ALt ®chlorarCchlorar PP PP €50200pPNMES0200P 5. .16 Bacter
Fv/ F Fv/F R ( 3) ( _2@_1) ( _2@1) bi omas bi omas aibunda aibunda
1mg[m mgdg m mqg n mgdg n R R
(mg % + (mg ¥ (T Sa@l M (T 5a@l
1 lronExl1 ~0. ¢ 0. 6°¢ 0.24 0.65 ‘300 4! ‘805 17
2 IronEx2 0.2 %A£0.5 0.15 o0 4.00 630 12430 3.8 6. 6 9.5
(0 55 (0 55
3 SOIREE 0.2 0. 6E¢E 0.25 2.00 2120 "*2130¢C 2.8 B0, 1 3.7
(0 65 (0 65
4 EisenEx 0.3 0. 5¢€ 0.50 2.50 130 2: 790 4.0
5 SOFexN 0.2 0.5 y~0. 1E i~2.60 Al144 AL1500 4.0
6 SOFeXS 0.2 0. 6°¢C b~0. 3C y~3. 80 Al216 972 4.0
7 EIFEX %490 EE 0 0.70 3.16 ~750 1500
8 SAGE 0.2 0.61 0.63 1.33 540 900
9 LOHAFEX ~0. ¢ 0.5C¢C 0.50 1.25 <960 1560
10 SEEDS1 #A%&% . #A&& . . 0.80 G 21.8 420 1670 % . 8 A7 .5 2.5
(0 20 (0 20
11 SERIES 0.2 0.65¢ 0.35 ~5.00 300 >2000 A7, 3 5.5 12
(0 30
12 SEEDS? 0.2 F~EEH . . 0.80 2.48 390 >1000 M8.09 38
3 (0 20 (0 20
13 FeeP 0.06 0.07

Fv/Fm i8 wanenHkgitized from the AFivdime i h &Efl FEXh wearsf alli djidti zald. HRAVIOIPONG i el FIEJSDISki @i tc
from the Figure X%/ Fins uidrida SaAEMRIIi g P0HBY ; from thWehFogapkylBlceht TaiNd aSneveiral 802 XA 7z
suppl emmémbaey Co(@ad ®OPe)i.malry product-ivivay ¢é®P)mamnedrloynEMul wii tpH yti meg MRiPx € dngl &y er dep
35 PP in -2l rwoansExdi gitized from "tPhPe iFi SUOIEREXE omMaesB @EYidiu a2 @@ ff ARGRmA Itilhe $ S AW eSX W20 @1 a) g |
from the Figure 4Meosfo zCwoplearekit canl . b i(®RmMasAs) .i ndi cates copepod bi onmesoz Vapluamskt on bl iz
mean value averaged for the experi mental period after iron addition.
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Sources are Kolber et alCoaleetlad @365t eB enhbreerngf eeltd aelt. a(11.9 9(81)9;96B)o;yd Bbobydland208®%) (28061]

(2001a) ; Zel dis et al . (2001) ; Boyd (2002) ; Gervai4dg ;etBoayld. et2@02) ;(2DDVbda ate Bla.a
(2005); Tsuda sesteual .et( 2a00.5)(;2 0OLOebV) & Boyd et al. (2007); Tsuda etBadg €t208I7) ;: ( XKudlb
(2011) ; Peloquin et al. (2011) ; Smet ac2e0kl 3e)t. al . (2012); Thiele et al. (2012); an
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Tablelmitial val ues

ofsatfhhee re xfpeartti $dil)ziax ti bbend o bmige eCy pnd o @ i

ng

fer

out side the f er t iocdarzimn ferhiztion (aOIFexmp e aj ma hrhesd sadr e me nMa | meetsh o
brackets correspond to the day of measurement after
. In-patch In-patch Outsidepatch  Outsidepatch
Experiment il (day)  After (day)  Initial (day)  After (day)  2ePth(m) Method
1 IronEx-1
2 IronEx-2 84(0) 600(10) 25 Watercolumn?**Th
3 SOIREE ~87 100 Watercolumn?3“Th
185(11 13) 146(0 2) 78(11 13) 110 Drifting trap
74 (11 13 73(0 2) 38(11 13) 310 Drifting trap
4 EisenEx
5 SOFeXN
6 SOFeXS 36(5) 112(27 48 (6) 49 (26 50 Watercolumn?**Th
19(5) 142 (27 38(6) 56 (26 100 Watercolumn?3“Th
7 EIFEX "~340(0) "~1692(32) “~396(0) "~516(32) 100 Watercolumn®*Th
8 SAGE
9 LOHAFEX "~60(0) ™ ~94(25) *~78(4) " ~97(23) 100 Watercolumn®*Th
10 SEEDS1 234(1 3) 141(12 1 % 148(1 6) 154(10 1 % 40 Drifting trap
100(0 2) 423(9 1 3 50 ANatercolumn®“Th
68 (1 3) 85(121 % 61(1 6) 91(10 1 % 100 Drifting trap
121(0 2) 460(2 9) 200 Watercolumn®*Th
11 SERIES ¥~120(3) 480(24) 192(3) 139(15) 50 Drifting trap
¥~48(3) ¥~192(24) _ 100 Drifting trap
12 SEEDS2 290(1 4 580(19 22 300(1 8) 509(18 31) 40 Drifting trap
316(1 4) 337(19 22 213(1 8) 204(18 31) 100 Drifting trap
13 FeeP
‘Export flux in EIFEX was digitized from“"Exmorstupfpll xmeinn al

was digitized from

JExpblrtux in SERIES was digitized from the

SourcesareBidigareetal. (1999);Ch ar et t e

and [Bodderarsl\Wdite(2001]; Bbyd@tal)(2004);Aono etal.

(2005);Buesseleetal. (2005);Aramaki etal. (2009); Smetaceletal. (2012);andMartin etal. (2013).
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Figure Captions

FigDi dgram showing t hecnmoonnctehntyr aattinoonssp h(eprpnge) Qb |l ue) me a s u

Hawahtit p(: // www. esrl . noaa. gov/gd md/ad c gnp/ntt rhd nyd sl /adnadt as. uhrtfnalc e
anomal ieshtAg)/ (dedi. i)s, s .antadsrae Byro)v / me asd wermpd  at AL OHA st .
(http://hahana.soest.hawaii.pduThetdatradualtsée HOMTe prue $ armte
mont hs and shading indicates the standard deviation for

Fi gScRematic representati-@emgiorfieeasreivreq arhe tph @ sfemo a¢il fi imad ef

FigTh&8.iron hypothesis, as sugagsestcefd tbhye Mairdli g i(cladl9 0pu mp

(b) Effectiveness of t he biological pump foll owing iron
Schematic diagram of the decrease bon btheddptwhwiandt héuwanb
from Lampitt et al. (2008)). OM is organic matter.

FigGldbal annual distribution of Surf@k)e Niat)r «Cthld oa ampde/ r t
Silicate ddnceiithmatdpdayadnilcent rati on distribution was obte
composite from Jul yht2t0p0:2/ /tooc eRaentcrod abrry aZG@ k6 h@s & .n geods /ifdrgoara I
the World OceanhAtpas/ 20@8. dwi adef e/ dgt a/nhac pdmmtwaerd! di Soc
View (Schlitzer, 2017)ocdaheowhi boeeartin fatiizatod (dCGiFH 2 pat e meé hes |
the black triangles indicate the | ocations of two natur
the aOlF experi manmmes adrmrsd d¢tnldleé cRomaitt e nOI F experi ments (

Fi gPh&t ographs of the ir<dntadaeintEdropran [pog BettikzaionrExperimna(BIEEXs a
Surface Ocean Lower At n&epheaGas Fixchwn@8-CHSRAWGEAIL T amdf ¢ m

experiment (LOHAFEX): (a) lron (I 1) sulfate bags. (b)) T
used for mixing lron(ll) sulfate, hydrochl| ®raise:adihed, demr
Tangawiotah t he i ron tanks g bnactehre tlaenfkts aonnd tthhee rSF h't

(https:// www.-ana@e £10s /Azrd xjoerastddsy sage) . (e) OQutlet pipe co

iron into the prop wash during EIFEX (Smetacek, 2015) .

Fig.(a®b. Maxi mum (bar with dotted | ine) ?anddurii migicéaarironi (fl ari
fertilization (aOlF)e x per i ment s . (b) Tot al (bar with do)ttedded nEeRkg)
Maxi mumt(thbarotwied |l ine) and minimum (bar with solid | ine

(d) 1T nitial sea surface temperat®Mye (BSBTILnAC)al ().l i(ag)t i
I nitial skFv/((Fm rlaniiwi @#lonckhor &phyNost e( mghah the numbers i

experiments as given in Fig. 4 and Table 1 and are grou
Southern Ocean, (SObhardtliue Marmrth Pacific (NP) (red bar),
Sources are Kolber et al. (1994); Martin et al . t(eli9m®ber;g
et al . (19980)0;) ;BoByody detanadl .La(w2 O 2001) ; Gal | et al . (20010¢
al . (2003): Coale et al. (2004): Turner et al. (2ROoOdanmnd I
Millero (2005udxn0ékedaTamda et al . (2005); Tsumune et al
Boyd et al. (2007) ; Rees et al . (2007); Tsuda et al;. (2
Smetacek and MNMegwi e(t2010) (2011) ; Hadfield (2011); Law
(2012):; Thiele et al. (2012) ; Martin et al. (2013) ; Ebe

Fig(a)Y.Maxi mum (bar wi(thktardowitteld ddlnied lainmde Jicaak mMoh ferthizatiomt i o s
@IF)experiments. (b) Chan(@p@=i hsN@sictiriait,eri (Gl Res@ Nt LadMBob O k1))
Maxi mum (bar witimidoantedbhirne) t-andohcdntiie)lduddl| @ingpimy k
chlor-apbghtent r3toodafatfyend imr on addition i n tnhoer tS$ho uNBhOFrenx
and on day 29outnh tPhSedkee XIott ed box indicates phytopl an
Changes in primarBP predsPPGRP vmgt?d®) (lPP¥) Changes inpC®arti a
(P Q= pQQlpost PFQlpriera t m) . The dmldorcabes changes in (dpls&G o+ ve

[ DIpy€is [ Pie @M . Note that?dhheofPPa@Iinfg e&x pmer i mentwaasu mbetri ma
mul tiplying3dthewPPh(mhbeCmimxedm|l ayeérafdteeth F5 nmdt.i aThe 3un
the order of aOl F experiments as qgiven in Fig. 4 and Ta

(EP) (yellow bar), Southern Ocea)n ((rSeOd K arl)u,e amd )s u bsturbaap
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http://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
http://data.giss.nasa.gov/gistemp/
http://hahana.soest.hawaii.edu/hot/products/HOT_surface_CO2.txt
http://oceancolor.gsfc.nasa.gov/cgi/l3
https://odv.awi.de/en/data/ocean/world_ocean_atlas_2013
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(green bar). Sources are Kolber et al . (1994) ; Maertt ianl .e f

(1998):; Boyd et al. (2000); Boyd ahnd LK2W012001BoyEHr édw0®
Tsuda et al . (2003) ; Coale et al. (2004) ; Boyd et :al . (
Hi scock and Millero (2005); Smetadse#aeet adl . (PROBYH) ; Twh,
et al. (2007); Tsuda et al. (2007); Kudo et al. (2®0p9);
Berg et al. (2011):; Currie et al); (2Medtlgaceld aavt edal al(2qr
Assmy et al. (2013); Martin et al. (2013); and Ebersbac

Fig(ap.Sfemees of particulate organic ecaorlbuom?{BRE@et fhloux &
m? d?) of themulpaeer 100si de (red bar) and out f£urabean lrohe f e
Fertilization Experiment (EIFEX) modi fi ed from Smetasekies alf. veRBh2aflpm(

) insiidrecl(eseld acnd out si de the fertili%z®@d(ohmdibttleldud]! ai
during the Southern Ocean Il ron Release Experiment (SOIR
Fi gAs9essment f r a meevsoerakr cfho ri_nsvooil evn tnigf iocc eran fertil-LRP.a2, on
2010) .

Fig.(al0-Féemiees of mixeedgrayewm dcdnhmwroap n®pitidonisng mghen Sout h
Rel ease Experiment (&OdtRIEE)PA dirfoiwar il ore) EXx Bairbilmd rStELIEfDSr |

(coral line), Subarctic Ecosystem Response-2tébluvenl Ene
European Iron Fertilization Experiment (EIFEKt eal | i nse}Y r i pbo) i 6ha ddncdhtordppihgnd
day 5 and day 45 duri ng2 SO4dIRIEVE if maogre sS.e ad\b FrSc d e varde Boyd
(2007) ; and Assmy et al . (2013) .

Fi g.Sclhlemati c di agr am iolfi ztatei oKnorExamerlirmrenntFeirnt t he Sout h
experiment target site (eddy structure) and sur vbeoyt tnoem h
profilers, sediment coring systems, and satellite obser
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