
Vol. 364: 28 9 -2 9 4 , 2008
doi: 10.3354/meps07550

MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser Published July 29

Contribution to the Them e Section ‘Implications o f large-scale iron fertilization of the oceans' OPEN
ACCESS

Export is not enough: nutrient cycling and carbon 
sequestration

Anand Gnanadesikan1*, Irina Marinov2

'G eophysical Fluid Dynam ics Laboratory, N ational O ceanic and Atm ospheric Adm inistration, 201 Forrestal Rd., Princeton,
N ew  Jersey 08540, USA

2W oods H ole  O ceanographic Institution, 266 W oods H ole  Rd., W oods H ole , M assachusetts 02543, USA

ABSTRACT: T he ques tion  of w h e th e r  ocean  iron  fertilization (OIF) can  y ield  verifiab le carbon  
sequestra tion  is often  cast in  te rm s of w h e th e r  fertilization  resu lts  in  e n h a n ce d  partic le  export. H ow ­
ever, m odel stud ies show  th a t ocean ic ca rbon  sto rage is only w eak ly  re la te d  to g lobal partic le  
export — d ep e n d in g  in stead  on an  inc rease  in  th e  ca rbon  associa ted  w ith  th e  pool of rem inera lized  
nu trien ts. T he m ag n itu d e  of such  an  inc rease  d ep e n d s  on circulation, stoichiom etric ratios an d  gas 
exchange . W e a rg u e  th a t th is pu ts  serious ch a llen g es befo re  efforts to p roperly  c red it OIF th a t m ust 
be  ta k e n  into account at the  d es ign  stage.
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ROLE OF NUTRIENTS IN THE CARBON CYCLE

O ne of the  m ost puzz ling  facts in  ocean  b io g eo ch em ­
istry is th a t only abou t half th e  inven to ry  of d issolved 
n itra te  an d  p h o sp h a te  is d irectly  associa ted  w ith  c a r­
bon. This can  easily  b e  seen  by  considering  th e  in v e n ­
tories of p h o sp h a te  an d  oxygen  in  th e  d ee p  ocean. The 
ratio  of p h o sp h a te  rem ineralization  to oxygen  u tiliza­
tion is a round  1:170 for the  d ee p  ocean, b u t th e  av e r­
age  a p p a re n t oxygen  u tiliza tion  is only of o rder 
170 pM . T hus only abou t 1 pM  of th e  p h o sp h a te  in  the 
d ee p  ocean  is associa ted  w ith  rem inera lized  carbon. 
S ince th e  concen tra tion  of p h o sp h a te  in  th e  d eep  
ocean  is 2.2 pM , th e n  approx im ate ly  half of it is not 
associa ted  w ith  carbon. This biologically unu tilized  
p h o sp h a te  reach es  the  d ee p  as a  resu lt of surface 
w ate rs  th a t subduct w ith  h ig h  n u trien t con ten t an d  is 
know n as p refo rm ed  p hospha te , or P O |ref.

B ecause th e  m icronu trien t Fe is u sed  for bo th  ch lo ro ­
phyll syn thesis an d  n itra te  reduction , bo th  of w hich  are 
vital for p lan k to n  g row th  (cf. Boyd 2002), m uch  a t te n ­
tion has b e e n  focused on  iron  lim itation  as a  m e c h a ­
nism  to exp la in  th e  rela tively  h ig h  oceanic co n c en tra ­
tions of PC>4 ref. T he prom ise of ocean  iron  fertilization 
(OIF) is th a t shifting nu trien ts  from  the  biologically 
unu tilized  (or p reform ed) pool to the  biologically  u ti­

lized  (or rem ineralized) pool allow s the  ocean  to hold  
m ore carbon. This ca rbon  will b e  ta k e n  out of the  
a tm osphere . A schem atic  illustration  of how  th is m ight 
w ork  is g iven  in  Fig. la , w h ich  show s how  in c reased  
productiv ity  an d  export leads to a reduc tion  in  n u tr i­
en ts sub d u c tin g  to dep th .

It is com m on in d iscussions abou t OIF for an  eq u iv a ­
lence to b e  m ade b e tw e e n  in c re ase d  n u trien t u tiliza­
tion an d  in c reased  p artic le  export. O ne of the  po in ts of 
this p ap e r is to re ite ra te  th a t such  a connection  n ee d  
not hold. To ta k e  an  obvious exam ple , if w a te r is flow ­
ing  th ro u g h  a reg ion  w h ere  20%  of the  n u trien ts  are 
stripped  out, a  faste r flow  of w a te r  th ro u g h  th e  reg ion  
will le ad  to a la rg e r export, ev e n  th o u g h  th e  fraction  of 
n u trien t u tilized  rem ains constan t. A sub tler exam ple  
is show n in Fig. lb , w h e re  iron  fertilization  causes 
nu trien ts  to b e  consum ed  locally at po in t A, so tha t 
few er nu trien ts  a re  ad v ected  (on tim e scales of y ears to 
cen turies) dow nstream  to po in t B. This can  resu lt in  a 
d ec rease  in  export, not only at point B, b u t also g lo b ­
ally (M arinov e t al. 2006). But since the  av e rag e  g lobal 
concen tra tion  of p refo rm ed  nu trien ts  into th e  d ee p  
ocean  drops, so does atm ospheric  ca rbon  dioxide. A 
final case (Fig. le) is one in  w hich  nu trien ts  a re  co n ­
sum ed  befo re  subduction . By concen tra ting  production  
n e a r  th e  upw elling , fertilization  m ay th e n  p roduce

’Email: anan d .g n an ad esik an @ n o aa .g o v © In ter-R esearch  2008 • w w w .in t-res.com

mailto:anand.gnanadesikan@noaa.gov
http://www.int-res.com


290 M ar Ecol P rog  Ser 364: 28 9 -2 9 4 , 2008

Effect

Export increases as  
more nutrients are 
consumed, preformed 
nutrient concentrations, 
and thus atmospheric 
pC 02 levels drop

Global export can 
actually drop as 
downstream production 
drops, but preformed 
nutrient concentrations, 
and thus atmospheric 
pCO? levels drop

Export increases as  
cycle time of nutrients 
increases, but preformed 
nutrient concentrations 
stay the same, and thus 
no effect on atmospheric 
pC 02 levels

Fig. 1. Po ten tia l d ecoup ling  of nu trien ts  an d  p a rtic le  export. For each  row, th e  
u p p e r d iag ram  show s th e  surface  n u trien t concentra tion , th e  low er d iag ram  th e  
euphotic  zone a n d  d eep  ocean  flow (thin arrow s) an d  organic m atte r fluxes (strip- 
p led  arrow s), (a) N u trien ts u p w e lled  a t Point A a re  m inim ally consum ed b y  th e  
tim e th e  w a te r is dow nw elled  a t Point B. U nder fertilization  (righ t-hand  colum n), 
en h an c ed  p roductiv ity  is ab le  to tak e  u p  this n u trien t, red u c in g  p re fo rm ed  n u tri­
en t concen tra tions a n d  th is cau sin g  atm ospheric  p C 0 2 to drop. This is th e  classic 
fertilization  scenario, (b) R em ote im pact scenario  in  w h ich  fertilization  d ecreases 
p re fo rm ed  n u trien t concen tra tions locally at Point A, p re v en tin g  th em  from  m ov­
in g  to a  reg io n  (Point B) w h e re  th ey  can  recycle  rapidly. T he resu lt is to cause  a 
red u ctio n  in  g lobal export, g lobal p re fo rm ed  n u trien t concen tra tions an d  a tm os­
pheric  p C 0 2 (as in  som e cases in  M arinov et al. 2006). (c) Local trap p in g  scenario  
in  w h ich  p re fo rm ed  n u trien t is 0 at Point B. Fertilization  w ill likely  trap  th e  n u tri­
en t close to Point A, d ec reas in g  th e  tim e it tak es to  cycle an d  th u s likely  in c re a s­
in g  p roduction , b u t as p re fo rm ed  n u trie n t concen tra tions do no t change , n e ith e r 

does a tm ospheric  p C 0 2 (Aum ont & Bopp 2006)

Scenario Unperturbed case Fertilization case
(at location A)

Surf. Nut. Cone.

a) Classic _  
fertilization ^ ß  Euphotic / \  

zone

Deep
ocean

b) Remote
impact .

f t?
c) Local

A B

'n u trien t trap p in g ' (Najjar e t al. 1992), in c reasin g  the 
concen tra tion  of upw elling  nu trien ts  an d  so resu lting  
in  a n e t inc rease  in  production , b u t w ithou t signifi­
can tly  ch an g in g  p refo rm ed  nu trien ts  an d  atm ospheric  
C 0 2  (as n o ted  in  A um ont & Bopp 2006).

R ecent w ork  by  M arinov e t al. (2008a) suggests a 
m ore p roductive  w ay  to th ink  abou t th e  oceanic carbon  
sto rage associa ted  w ith  biology (OCSbio). D isregard ing  
for the  p rese n t th e  sm aller calcium  ca rb o n ate  pum p,

O C S bio = P Ö ^ R C:P + O C S ^ eq (1)

w h ere  P O f “ 1111 is th e  g lobally  av e rag ed  rem ineralized  
p h o sp h a te  in  th e  ocean, an d  RC;P is th e  C:P ratio  and  
can  b e  w ritten  as

p Q r e m i n  =  p Q t o t  _  p Q p r e f  ^

w h ere  PO “  is th e  to tal p h o sp h a te  co n ­
te n t an d  P 0 4 ref is th e  globally  av e rag ed  
PO 4 rê , i.e. th a t associa ted  w ith  su b ­
ductin g  w aters. T he biological oceanic 
ca rbon  sto rage th e n  consists of a term  
p roportional to rem in era lized  p h o s­
p h a te  an d  a te rm  associa ted  w ith  d ise ­
quilib rium  (O C Sb|o0q), resu lting  from 
th e  fact th a t ocean  w ate r d ep le te d  in 
ca rbon  by  biological p roduction  (or 
en rich ed  by upw elling  of ca rbon  rich 
d ee p  w aters) m ay not h av e  tim e to 
com e into equ ilib rium  w ith  th e  atm os­
p h e re  before it is subducted . W e focus 
on  p h o sp h a te  ra th e r th a n  n itra te  for 2  

reasons, th e  first b e in g  th a t its longer 
res id en ce  tim e an d  lack  of n itrifica­
tion /den itrifica tion  feedbacks m akes it 
m ore likely to b e  the  u ltim ate  lim iting 
n u trien t (Tyrrell 1999, M oore & D oney 
2007), an d  the  second b e in g  th a t C:P 
ratios ap p e a r  to b e  m uch m ore variab le  
th a n  C:N ratios.

This basic  p ic tu re  can  b e  u sed  to a n a ­
lyze w hy  d iffe ren t ocean  m odels p ro ­
d u ce  d iffe ren t atm ospheric  p C 0 2  

(p C 0 2tm). M arinov et al. (2008a,b) 
exam ine a ra n g e  of d iagnostic  ocean  
m odels u sing  a sim ple rep rese n ta tio n  
of biological cycling  in  w hich  nu trien t 
concen tra tions n ea r  the  surface are 
res to re d  e ith e r to the  o bserved  value  to 
m im ic th e  na tu ra l ca rbon  cycle or to 0  

to mim ic th e  m axim um  possib le effects 
of OIF. This m ust b e  u n derstood  as an  
u p p e r  limit, as bo th  la rge-sca le  (1 0 0 s of 
km) n a tu ra l fertilization  pa tch es associ­
a te d  w ith  topog raph ic  fea tu re s  (cf. Pol­

la rd  e t al. 2007) an d  m esoscale (10s of km) purposefu l 
experim en ts (Boyd e t al. 2007) only show  draw dow ns 
b e tw e en  30 an d  75%  of the  in itial n u trien t inventory. 
In th ese  m odels, RC;P is set to a constan t v a lue  of 117 for 
all tim e an d  space. By using  a  set of m odels in  w hich  
the  w inds an d  diffusion coefficients differ, w e are  ab le 
to exam ine the  ex ten t to w hich  th e  response  of p C 0 2tm 
to n u trien t d raw dow n  d ep e n d s  on  the  g lobal o v e rtu rn ­
ing  circulation.

O ne resu lt th a t has  em erg ed  from  th ese  m odels is 
th a t ch a n g es  in  circu lation  can  ch an g e  p C 0 2tm by 
ch an g in g  PO^ref (M arinov e t al. 2008a). This can  be 
seen  in  Fig. 2a, w h ich  show s resu lts from  the  contro l 
set of the  m odel, w h ere  surface n u trien ts  a re  resto red  
to o bse rved  values. As the  p refo rm ed  nu trien ts
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Fig. 2. Results from  a  n u m b er of m odels in  w h ich  nu trien ts  a re  re s to red  to 0 over som e area , illu stra ting  th e  im p ortance  of p re ­
fo rm ed  n u trien ts  in  u n d e rs tan d in g  th e  carb o n  cycle. Runs a re  m ad e  w ith  coarse-resolution , 4° m odels follow ing G n an ad esik an  et 
al. (2004) a n d  M arinov et al. (2006, 2008a,b), w ith  d ifferen t horizon tal an d  vertica l m ix ing  coefficients an d  w in d  stresses, (a) A tm os­
pheric  p C 0 2 v ersus g lobally  av era g ed  p re fo rm ed  n u trien t concen tra tion  for 6 d ifferen t m odels. C ontrol ru n s  a re  show n  by  (+), runs 
in  w h ich  S o u th ern  O cean  nu trien ts  a re  re s to red  to w ards 0 b y  (o). (b) Sam e as (a), b u t w ith  p a rtic le  export a t 85 m  as th e  in d e p e n ­
den t variab le . N ote th e  slope is strongly  d e p en d e n t on th e  in tensity  of vertica l exchange, (c) 3 sim ulations w ith  th e  P2A m odel 
(M arinov et al. 2006), in  w h ich  nu trien ts  a re  re s to red  to 0 g lobally  (o), over th e  S ou thern  O cean  (*) an d  over low  la titu d es (x). Solid 
lines show  atm ospheric  p C 0 2 ch ange , d a sh ed  lines th e  ch an g e  in  p re fo rm ed  p h o sp h a te . N ote th e  b u lk  of th e  d ifference  in  atm os­
pheric  p C 0 2 b e tw e e n  ru n s can  b e  ex p la in ed  in  term s of th e  co rrespond ing  d ifference in  p re fo rm ed  p h o sp h a te , (d) A bsolute 
ch an g e  in  p C 0 2 p lo tted  ag a in st p re fo rm ed  p h o sp h a te  for th e  ru n s in  Fig. le ,  at 1, 51, 101, 151, 201 an d  251 yr, as w ell as at eq u ilib ­
rium . N ote  th e  va lues s ta rt close to th e  theo re tica l slope an d  m ove rig h tw ard  over tim e as th e  ro le  of chem ical b u fferin g  increases

d ec rease  (im plying th a t rem inera lized  nu trien ts  
increase) b ecau se  of low er v ertical m ixing, so does 
p C 0 2tm. W hen nu trien ts  a re  res to red  to 0 in  th e  S ou th ­
e rn  O cean  (Fig. 2a, O-m arks) th e  p refo rm ed  nu trien ts  
d ec rease  significantly  an d  so does p C 0 2 m. T he dash- 
do tted  line in  Fig. 2a show s the  ex ponen tia l re la tio n ­
ship b e tw e en  th e  two, deriv ed  by M arinov e t al. 
(2008b) u n d e r the  lim it of infinitely  fast gas  exchange .

H ow  w ould  w e ex p ect p C 0 2 m to respon d  to 
ch an g es in  p refo rm ed  phospha te?  D ecreasing  PO^10* 
by 1 pm ol kg -1 corresponds to an  in c rease  in  rem in e r­
alized  ca rbon  of abou t 1940 Gt C, g iven  an  ocean  vo l­
um e of 1.345 xlO 18 m 3. If all of this ca rbon  cam e out of 
th e  a tm osphere , it w ou ld  d raw  dow n atm ospheric  C 0 2 
by -900  ppm v. H ow ever, th e  actual resp o n se  in 
th e  m odels is abou t 20%  of this, b e tw e en  150 and

200 ppm v pm oP 1 PO^101 d e p e n d in g  on the  m odel 
em ployed. N ote th a t som e of the  m odels on  th e  left of 
Fig. 2b show  a g lobal d ec rease  in  p roduction  ev en  
th o u g h  p C 0 2tm drops, ju s t as su g g e sted  in  Fig. lb .

This sm alle r-th an -ex p ec ted  resp o n se  is d u e  to ch e m ­
ical buffering . S uppose the  c ircu lation  ch an g es so as to 
inc rease  p refo rm ed  nu trien ts. M uch  of th e  carbon  
p u sh e d  out of th e  ocean  by such  a ch an g e  w ill e v e n tu ­
ally (over cen turies) e n d  up  in  th e  ocean  as it reacts  
w ith  ionic c a rb o n a te — ju st as m ost an th ropogen ic  c a r­
bon  ad d e d  to th e  a tm osphere  today  w ill even tua lly  e n d  
up  in  the  ocean. C onversely, m uch  of the  carbon  th a t is 
initially  rem oved  from  the  a tm osphere  by fertilization  
will even tua lly  re tu rn  to th e  atm osphere .

W ithin this p ic tu re, OIF could  in c rease  poj1“111 (Eq. 1) 
in  3 w ays: (1) Increasing  po^61“111 (or d ec reas in g  PO^ref)
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by increasing  pho tosyn thetic  u p ta k e  an d  th e  su b se ­
q u en t rem ineralization  of o rgan ic  m atter. N utrien ts 
w h ich  w ould  have  g one  into the  d ee p  ocean  as u n u ti­
lized /p re fo rm ed  a re  now  in the  rem in era lized  pool 
instead . (2) Increasing  RC:p, i.e. m ak ing  n u trien t u p ta k e  
m ore efficient at seq u este rin g  carbon. T here  is e x te n ­
sive ev idence  th a t the  C:P ratio  in  p lan k to n  m ay vary, 
in  la rg e  p a rt d u e  to varia tions in  the  N:P ratio  (Letelier 
& Karl 1996, K lausm eier e t al. 2004). (3) Increasing  
O C S ^ eq by m ak in g  it h a rd e r  for rem inera lized  carbon  
to escap e  from  th e  ocean . This w ill occur if fertilization 
red is tribu tes  rem in era lized  ca rbon  such th a t m ore of it 
com es to th e  su rface  in  reg ions w h ere  it does not have 
tim e to equ ilib ra te  w ith  the  atm osphere .

In th e  follow ing sections w e consider som e of the 
com plications associa ted  w ith  each  of th ese  3 m e c h a ­
nism s. Before do ing  so w e no te th a t the  p refo rm ed  
nu trien t con ten t is essen tia lly  in d e p en d e n t of the 
d ep th  of rem ineralization , so long  as one considers an 
equ ilib rium  situation. If phosphorus is associa ted  w ith  
carbon  an d  iron  it does not m a tte r substan tia lly  
w h e th e r  it is rem inera lized  at 200 m  or 2000 m, in 
e ith e r case  it acts to se q u este r  carbon. Thus, Sarm iento  
& O rr (1991) found  th a t the  response  to a p e rp e tu a l fe r­
tilization in  th e  S ou thern  O cean  w as essen tially  in d e ­
p e n d e n t of the  d ep th  of rem ineralization  an d  G na- 
n ad e s ik a n  e t al. (2003) found  a sim ilar resu lt for 
add ition  of a 'su p ern u trien t ' th a t p erm an en tly  in ­
c re ase d  P O fmul. If the  ch an g es a re  transien t, how ever, 
rem ineralization  d e p th  m ay b e  im portan t, as it d e te r ­
m ines th e  tim e over w hich  th e  ch an g es persist.

CHANGING REMINERALIZED PHOSPHATE AND  
RESULTING COMPLICATIONS

O ne sim ple m eans of es tim ating  the  po ten tia l effects 
of OIF on  the  ca rbon  cycle is to assum e th a t it w ill lead  
to a d raw dow n  of surface nu trien ts  an d  to th e n  see  how  
such ch an g es p ro p ag a te  th ro u g h  th e  system . This w as 
th e  ap p ro ach  ta k e n  by S arm iento  & T oggw eiler (1984) 
in  a box m odel study  of fertilization  an d  in  stud ies 
m ade  u sing  g en e ra l circu lation  m odels by  S arm iento  & 
O rr (1991), A rcher e t al. (2000), G n an a d esik an  et al. 
(2003) an d  M arinov e t al. (2006, 2008a,b), am ong  o th ­
ers. W hile n eg lec tin g  ecosystem  effects an d  feedbacks 
th ro u g h  th e  n itro g en  cycle, such  an  ap p ro ach  does 
prov ide a  useful m eans of assessing  th e  po ten tia l 
tim escales involved in  ca rbon  cycle ch an g es resu lting  
from  fertilization an d  the  m ag n itu d e  of such changes.

W e p rese n t resu lts  from  3 such sim ulations in  our 
s ta n d a rd  (so-called P2A) ocean  m odel, w h ich  c o rre ­
sponds to n u trien t d raw dow n  in th e  tropics only, south  
of 30° S only, an d  globally  (Fig. 2c,d). T h ink ing  abou t 
th e  evolu tion  of th ese  runs in  te rm s of ch a n g es  in  p re ­

form ed nu trien ts  yields som e clear insigh ts into the ir 
behavior. For exam ple , th e  m uch  low er effect of d ra w ­
ing  dow n nu trien ts  in  the  tropics on p C 0 2tm is d u e  to 
the  m uch  sm aller effect on  g lobally  av e rag ed  p re ­
form ed nu trien t. T he bu lk  of th e  atm ospheric  C 0 2 
d raw dow n  com es from  fertilizing  the  S ou thern  O cean  
(as no ted  by M arinov e t al. 2006), w h ere  th e  effect on 
p refo rm ed  n u trien ts  is largest. W hen p refo rm ed  n u tr i­
en t ch an g es a re  p lo tted  aga in st atm ospheric  C 0 2 
changes, how ever (Fig. 2d), th e  p ic tu re  is m uch  m ore 
sim ilar across th e  sim ulations. Initially, th e  bu lk  of the  
ca rbon  d ioxide com es out of the  a tm osphere  an d  so the  
d raw d ow n is m ore like th e  idealized  900 ppm v p m o F 1 
popref -p^is con tinues for 50 to 100 yr. H ow ever, over 
tim e (centuries), chem ical buffering  becom es im por­
tan t an d  th e  final equ ilib rium  slope lies w ith in  the  
ran g e  of slopes seen  in  F ig . la .  If one looks at the  ratio 
b e tw e en  th e  ch an g e  in  PO^ref an d  the  ch a n g e  in 
p C 0 2tm (not shown), th e  3 sim ulations co llapse to 
w ith in  abou t 20 % of ea ch  other. _____

To a la rg e  ex ten t, then , ch an g es in  P O ^ 6* or P O f1“111 
are  a good  m etric for ev a lu a tin g  th e  effect of OIF on 
p C 0 2tm. This raises a n u m b er of im portan t issues w h en  
considering  the  im pact of local fertilization. T he first is ­
sue is th a t fertilization  m ay not resu lt in  a n e t ch an g e  in 
poreimn jf n u trien ts ta k e n  up  w ould  h av e  b e e n  u sed  
at som e la ter tim e or som e d ifferent location. An exam ple 
of th is can  b e  found  in  the  h igh ly  idealized  resu lts  of 
G n an a d esik an  et al. (2003), w h ich  ex am in ed  the  r e ­
sponse in  a d iagnostic  ocean  m odel to red u c in g  th e  ta r ­
ge t n u trien t concentra tion  in  a reg ion  to zero for a  single 
m onth  over a  sm all patch . B ecause of th e  p a ra m e te riza ­
tion of production  in  term s of a  restoration to som e value, 
the  in c reased  d raw dow n  of nu trien ts  du rin g  a fertiliza­
tion ev en t w as la rge ly  b a lan c ed  by d ec re a se d  p ro d u c ­
tion in  the  follow ing m onths as n u trien ts  reco v ered  to 
the ir p re-fertilization  values. As a result, the  n e t d e ­
crease  in  unu tilized  n u trien ts  w as rela tively  small, w ith  
only 2 to 7 % of the  ne t add itiona l p roduction  d u rin g  the  
fertilization  even t resu ltin g  in  p C 0 2 m draw dow n.

It m ust b e  em phasized , how ever, th a t th is case is an  
ex trem e one. E ssentially  the  assum ption  m ade  in  G n a ­
n ad esik an  e t al. (2003) is th a t once fertilization stops the 
system  will re tu rn  surface n u trien ts  to p re-fertiliza tion  
levels on a short tim e scale, som eth ing  th a t is un likely  
to be true. H ow ever, th e  sim ulation  does h igh ligh t the  
p o ten tia l im portance of post-fertiliza tion  dec lines in 
productivity . Such d ec lines w ere  ob se rv ed  by A um ont 
& Bopp (2006), J in  e t al. (2008), an d  J. L. S arm ien to  et 
al. (unpubl. data), u sing  3 d iffe ren t b iogeochem ical 
m odels in  w h ich  fertilization  w as app lied  for a re la ­
tively short tim e p eriod  (<10 yr), th e n  ab rup tly  stopped. 
T he d rops in  export p roduction  across 100 m  are  not 
nearly  as la rg e  as in  the  idea lized  case, b u t a re  p o te n ­
tially significant nonetheless, accoun ting  for as m uch  as
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o n e-th ird  of th e  in itial production . A um ont & Bopp 
(2006) a ttr ib u ted  th e  ch an g e  to a drop  in  surface n u tr i­
en t con ten t. J. L. S arm ien to  e t al. (unpubl. data) found 
th a t th is d rop  is d u e  to e n h a n ce d  denitrification .

In G n an a d esik an  e t al. (2003), nu trien t d raw dow n 
w as ineffective at seq u este rin g  ca rbon  b ecau se  p ro d u c­
tivity at the  tim e of fertilization  w as essen tially  'b o r­
row ed ' from  productiv ity  at som e tim e in  th e  future. 
T he d isp lacem en t of productiv ity  m ay also h a p p e n  in 
th e  vertical. J in  et al. (2008) found  th a t the  g re a te r  the 
d ep th  at w h ich  fertilization  en h a n ce s  productivity , the 
sm aller th e  effect on  p C 0 2 m. T hey  a rg u e  th a t this o c ­
curs b ecau se  th e re  is less separa tion  b e tw e en  th e  low 
p C 0 2 anom aly resu lting  from  productiv ity  an d  th e  h igh  
p C 0 2 anom aly  resu lting  from  rem ineralization  so th a t 
these  anom alies a re  ab le  to cance l ea ch  o ther out b e ­
fore con tac ting  th e  a tm osphere . H ow ever, G n a n a d e ­
sikan  (2007) no tes th a t J in  e t al. (2008) also found  a d e ­
crease  in  productiv ity  n ea r  th e  surface, com pensa ting  
for the  in c rease  in  export at dep th . This w ou ld  act to 
d ec rease  rem in era lized  nu trien ts, resu ltin g  in  no n e t 
ch an g e  in  biological ca rbon  storage.

CHANGING RC:p AND RESULTING 
COMPLICATIONS

T here  a re  a n u m b er of reasons to believe th a t OIF 
could  cause  ch an g es in  the  ratio of ca rbon  to phosphate. 
H igher C:P ratios have b e e n  found for n itro g en  fixers 
(Letelier & Karl 1996) w hich  can  b e  lim ited by  iron  (Mills 
et al. 2004). H offm an e t al. (2006) found  an  in c rease  in 
th e  C:P ratio  of m icro-, nano-, an d  p icop lank ton  du ring  
th e  E u ro p ean  Iron F ertilization E xperim en t (EIFEX). 
T hey hypo thesize  th a t iron-lim ited  p lan k to n  canno t 
bu ild  n itra te  red u c tase  an d  so will te n d  tow ards low  N:P 
ratios an d  (assum ing constan t C:N ratio), low  C:P.

T he g rea t ad v a n ta g e  of ach iev ing  ca rbon  se q u e s tra ­
tion th ro u g h  ch a n g in g  the  C:P ratio  in  sink ing  organic 
m a tte r is th a t it w ou ld  b e  m uch  easie r bo th  to eva lua te  
th e  im pact an d  to m onitor the  persis ten ce  of th e  effect 
by m easu rin g  nu trien ts  in situ. E xam ination  of Eq. (1) 
show s th a t a 10%  increase  in  RC;P w ou ld  b e  ex p ected  
to have the  sam e effect on  p C 0 2 m as a 10 % in c rease  in 
PC>4emm (0.1 pm ol kg~ \ im plying a d ec rease  of 20 ppm v 
at equilibrium ) an d  far la rg e r varia tions th a n  this are 
seen  in  som e regions.

T here  are, how ever, som e serious com plications 
involved in  considering  th e  effect of ch an g in g  sto ichio­
m etric ratios on  atm ospheric  carbon. T he m ost im por­
tan t is th a t RC;P m ay go dow n as w ell as up  w ith  OIF. 
A rrigo e t al. (1999, 2002) po in t out th a t RC;P associa ted  
w ith  n u trien t d raw dow n  is m uch  la rg e r in  reg ions of 
th e  A ntarctic d om ina ted  by phaeocystis bloom s (RC:p 
of 120 to 154) co m p ared  w ith  reg ions d o m in a ted  by

diatom s (RC:p b e tw e en  62 an d  100). A dditionally, r e ­
cen t w ork  by K lausm eier e t al. (2004) observes th a t the  
N:P ratio  in  p lan k to n  varies from  8 to 42 over a ra n g e  of 
reg im es. T hey a rg u e  th a t in  a reg im e w h ere  th e  p la n k ­
ton a re  seek in g  to acqu ire  resou rces (light an d  n itro ­
gen) they  w ill te n d  to bu ild  cellu lar m ach inery  rich in 
N re la tive  to P an d  th a t they  will have  h ig h  N:P (and 
thus p resu m ab ly  h ig h  C:P) ratios, w hile  rap id ly  g ro w ­
ing  cells req u ire  m ore ribosom al m ateria l w ith  m ore P 
an d  so will h av e  low  N:P (and C:P) ratios.

T he effects of OIF on com m unity structu re  an d  p hy to ­
p lan k to n  physio logy th u s ad d  an  add itiona l level of 
com plication. R eplacing  carbon-rich  phaeocystis 
bloom s w ith  carbon-poor d ia tom  bloom s w ould  (ac­
cord ing  to Eq. [1] an d  assum ing  p o j 1“111 is constant) 
drive ocean  ca rbon  sto rage dow n an d  p C 0 2 m up. S im i­
larly, if p h y top lank ton  have h ig h  C:P ratios b ecau se  
they  are  lim ited  by light, ad d in g  iron  to rem ove light 
lim itation could  red u c e  C:P ratios an d  cause  p C 0 2tm to 
rise. But if the  add ition  of iron  c au sed  an  inc rease  in  the  
ability  to acqu ire  nu trien ts  (say, for exam ple , th ro u g h  
allow ing n itro g en  fixation or shifting th e  popu la tion  to ­
w ard s n itro g en  fixers as d iscussed  by M oore & D oney 
2007) C:P ratios could  increase , causing  p C 0 2tm to fall. 
S uch processes a re  only re p re se n te d  in  cu rren t ocean  
ecosystem  m odels at a ru d im en ta ry  level.

INCREASING THE EFFICIENCY OF 
GAS EXCHANGE

G as ex ch an g e  can  p lay  a role in  a ltering  th e  sto rage 
of carbon  in  the  ocean . This can  clearly  b e  seen  in 
Fig. 2a from  th e  d iffe rence b e tw e e n  the  theo re tical 
cu rve w ith  infinitely  fast ex ch an g e  an d  th e  sim ulations 
w ith  norm al gas exchange . U nder infinitely  fast gas e x ­
ch an g e  all th e  po in ts in  Fig. 2a lie on  th e  th e o ­
re tical cu rve (M arinov e t al. 2008b) an d  O C S p1¿eq = 0. 
W ith realistic gas  exchange , how ever, O C S qi¿eq is n o n ­
zero. If rem in era lized  nu trien ts  a re  b ro u g h t to th e  su r­
face, co n v erted  to p refo rm ed  nu trien ts  an d  rap id ly  (i.e. 
on  tim e scales of w eek s  to m onths) re in jec ted  to the  
d ee p  before biology or g as  ex ch an g e  can  act on  them , 
the  conversion  of p o j 1“111 to PO^10* will occur w ithout a 
co rrespond ing  ch an g e  in  carbon. O C S p|0eq w ill b e  >0 
b ecau se  th e re  is no loss of C 0 2 to th e  a tm osphere  an d  
the  biological pum p will b e  m ore efficient at storing  
ca rbon  th a n  n u trien t fields alone w ould  ind icate. This 
will b e  particu larly  th e  case  in  convective reg ions of 
d ee p  w ate r form ation (Toggw eiler e t al. 2003). A lte rn a­
tively, one can  im ag ine a  case w h ere  nu trien ts  are 
b ro u g h t to th e  surface, ad v ected  along  th e  surface an d  
ta k e n  up  by biology ju s t befo re  (w eeks or m onths) they  
are  dow nw elled . In such a case, the  low ered  C 0 2 asso ­
c ia ted  w ith  e n h a n ce d  p roduction  w ould  not h av e  tim e
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to com e to equilib rium  w ith  the  atm osphere , an d  the  b i­
ological pum p w ould  b e  less efficient at sto ring  carbon  
th a n  the  n u trien t fields w ou ld  ind icate  (OCSb5oeq <0).

In all of the  runs w e h av e  d one  so far, th e  first m e c h a ­
nism  is the  m ost im portant an d  O C S qi¿eq > 0 (com pare all 
points w ith  the dash-do tted  line in Fig. 2a). The n e t effect 
of g as  ex ch an g e  on OIF is m ore com plicated . In som e of 
the runs (those associated  w ith  h igher m ixing and  h igher 
p refo rm ed  nutrients), the  d isequilib rium  term  increases 
u n d e r depletion . In o the r ru n s (those associa ted  w ith  
low er m ixing an d  low er p refo rm ed  nutrien ts) th e  d ise ­
qu ilibrium  te rm  d ec reases  u n d e r dep letion . T hese 
changes can  enhance  or com pensate for 10 to 20 % of the 
p C O f “ ch a n g e  associa ted  w ith  ch a n g in g  PO^ref.

CONCLUSIONS

T he ex ten t to w hich  th e  export of o rgan ic  m ateria l 
from  th e  su rface ocean  resu lts  in  oceanic ca rbon  sto r­
age  is not sim ply contro lled  by  th e  m ag n itu d e  of the 
export flux or th e  d ep th  of rem ineralization . Rather, it 
d ep e n d s  on th e  ex ten t to w hich  nu trien ts  in  the  d eep  
ocean  a re  associa ted  w ith  ca rbon  an d  th e  ex ten t to 
w hich  this ca rbon  is ab le  to escap e  from  th e  d eep  
ocean. As a result, local b a lan ces a re  un like ly  to 
describe  th e  g lobal im pact of OIF. Effects rem ote  from  
th e  fertilization  site in  tim e (m onths to cen turies) or 
space (100s to 1000s km) — such as reduc tion  in  p ro ­
ductivity, ch an g es in  stoichiom etric ratios or ch an g es 
in  th e  d isequ ilib rium  of sink ing  w a te r — can  signifi­
can tly  affect th e  im pact of OIF on atm ospheric  carbon  
dioxide. U n derstand ing  th ese  effects an d  construc ting  
m odels th a t accurate ly  re p re se n t th em  is thus a crucial 
p a rt of d es ig n in g  la rge-sca le  OIF projects.

A ck n o w led g e m e n ts . T he au tho rs th a n k  M. W estley, R. Togg- 
w eiler, M. H iscock, P. Boyd a n d  an  anonym ous rev iew er for 
carefu l rev iew s of th is pap er; J. S arm ien to  for u sefu l d iscus­
sions, a n d  R. S la ter for h e lp  in  se ttin g  u p  th e  experim ents.
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