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ABSTRACT: The m agnitude of fluxes in the carbon cycle of subtropical and tropical m arine habitats 
is determ ined by the supply of inorganic nutrients. These habitats have low sea-surface concentra­
tions of nitrate (N 03~) and chlorophyll (dubbed LNLC regions), sustain relatively low rates of organic 
m atter production and export, and represent global ocean minima in carbon sequestration potential. 
The low N 0 3~ resupply should select for nitrogen (N2)-fixing bacteria, term ed diazotrophs, provided 
all other growth-lim iting nutrients are available. Several recent field efforts have been aim ed at 
enhancing N2 fixation in LNLC regions through m esoscale fertilization w ith iron and phosphorus (or 
both) and w e hypothesize herein that controlled upwelling of nutrient-enriched deep w ater may also 
be effective. Based on a quantitative assessm ent of the vertical distribution of N 0 3_, phosphate 
(P043~) and dissolved inorganic carbon (DIC) at Station ALOHA (22° 45' N, 158° W), we hypothesize 
that the process of controlled upwelling of low N 0 3~:P043~ seaw ater may lead to enhanced N2 fixa­
tion, organic m atter production and net carbon sequestration. Furtherm ore, based  on a long-term  
(20 yr) data  set from Station ALOHA, we predict that the upwelling of w ater from a depth  of 300 to 
350 m during summer m onths will trigger a 2-stage phytoplankton bloom. The first stage will be char­
acterized by a N o n su p p o r te d  Redfield ratio (e.g. C106:N16:P by atoms) diatom bloom. Following 
quantitative N 0 3~ removal, the residual P 0 43~ from the low N:P (< 16:1 ) upw elled nutrient pulse will 
stimulate a N2-fixing bacterial bloom, leading to net sequestration of carbon. However, any strategic 
benefit of controlled upwelling for enhancing the long-term  carbon sequestration will depend  on the 
spatial and tem poral uncoupling of organic m atter production and rem ineralization, w hich is ulti­
mately controlled by the microbial response to these perturbations.
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N2 FIXATION IN OCEANIC HABITATS

Nearly 80 % of the surface w aters of the global ocean 
are considered nitrate (N 03~) -depleted (<1 pM N 0 3~). 
These regions, located betw een 30° N and 30° S in 
every ocean basin, are characterized by low N 0 3~ 
delivery, low standing stocks of particulate m atter 
(including living organisms) and low rates of new  and 
export production (Longhurst 1998). A strong vertical 
stratification insulates the upper layers of these vast 
seascapes from the large pool of N 0 3~ in deeper 
waters; e.g. in the North Pacific subtropical gyre 
(NPSG) a maximum concentration of approximately 
42 pM N 0 3~ is observed at 1000 m depth, w hereas

N 0 3~ concentrations in the upper 100 m are generally 
<5 nM (Fig. 1). Chronic N 0 3~ limitation in the upper 
layer of the w ater column, w here light is available to 
support photosynthesis, should select for m icroorgan­
isms that are able to utilize the fairly large, but as yet 
poorly characterized, pool of dissolved organic nitro­
gen (DON, ~5 pM) or the unlim ited supply of dissolved 
N2 (>400 pM) as a source of cellular N; the latter p ro­
cess is term ed N2 fixation and the microorganisms 
responsible for it are term ed diazotrophs.

N2-based new  production requires an ample supply 
of energy, iron (Fe) and phosphorus (P). In marine 
ecosystems, the prim ary source of energy appears to be 
light; i.e. most m arine diazotrophs are also phototrophs
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Fig. 1. (a) N orth  Pacific O cean  w ith  sea  surface distributions of chlorophyll (mg 
r r r 3) derived  from  th e  AQUA MODIS sa te llite-b ased  sensor system  (4 km  reso lu ­
tion). Superim posed  on ocean  color, in  w hite  contour lines, is th e  m ea n  an n u al su r­
face n itra te  concen tra tion  (mmol N 0 3~ m g  r r r 3) b a se d  on th e  W orld O cean  A tlas 
O cean  C lim ate Laboratory/N O D C  (h ttp ://w w w .nodc.noaa.gov /O C 5/). A reas of 
h ig h  N 0 3~ (and p resu m ab ly  N 0 3~ flux) co rrespond  to reg ions th a t are  en riched  in 
chlorophyll as a  re su lt of p hy top lank ton  grow th. R ed circle ind icates th e  approxi­
m ate  location of Station  ALOHA 2 2 °4 5 'N , 158° W, a typical low -nitrate, low- 
chlorophyll (LNLC) hab ita t, (b) M ean  concentrations of N O y  versus w a te r d ep th  
for sam ples collected  a t S tation ALOHA during  1989-2006 p lo tted  on  b o th  linear 
an d  logarithm ic (log10) scales to show  details of th e  profile. Inset (left-hand plot) 
show s th e  N O y  concen tra tion  profile to 1000 m. C om pared  to th e  low  (<5nM ) su r­
face w a te r concentrations of N 0 3, dissolved o rganic n itro g en  (DON) an d  dissolved 
N 2  a re  in  am ple  supply  b u t no t read ily  available (see box in  r ig h t-h an d  plot)

(Karl et al. 2002). Fe is an obligate co-factor for the e n ­
zyme nitrogenase and it has been estim ated that d ia ­
zotrophs may require an order of m agnitude more Fe 
for grow th than  eukaryotic phytoplankton growing on 
ammonium as a source of nitrogen (Kustka et al. 2003). 
Although phosphate (P 043~) is considered to be the p re ­

ferred P substrate for the grow th of 
m arine microorganisms (including d ia ­
zotrophs), selected P-containing or­
ganic compounds can also be used. In 
this study, we will use m easured P 0 43~ 
concentrations as a lower limit on 
bioavailable P, acknow ledging that the 
true concentrations may be at least 
twice as high (Björkman & Karl 2003). If 
solar energy, Fe and P all w ere present 
in excess, phototrophic diazotrophs 
would have a competitive grow th ad ­
vantage in low N 0 3~ habitats w orld­
wide. As diazotrophs grow, their m etab­
olism decouples the N and P cycles by 
providing new  N in the absence of deep 
mixing and, over time, their net growth 
would remove all bioavailable P from 
the ecosystem as long as Fe and all 
other required  nutrients are in sufficient 
supply. Any P rem aining is term ed 
residual P (r-P). Therefore, based on the 
constraints im posed by the C:P stoi­
chiometry in the production of organic 
matter, the concentration of r-P in a 
given habitat can be used as a m easure 
of the potential for C 0 2 sequestration by 
N2 fixation.

The pathways for Fe and P resupply to 
the surface ocean are governed by dis­
tinct environm ental forcings (Karl 
2002). W hereas both Fe and P are deliv­
ered  from deep w ater to the surface by 
diffusion and turbulent mixing in the 
upper thermocline, Fe is also supplied 
from atmospheric deposition of dust. 
Furtherm ore, some dust sources (e.g. 
selected Saharan desert soils) contain 
both Fe and P (Ridame & Guieu 2002). 
Because the atm osphere-to-ocean Fe 
flux is approximately an order of m agni­
tude larger in the northern hem isphere 
than in the southern hem isphere and is 
larger in the North Atlantic than in the 
North Pacific (Duce & Tindale 1991, 
Jickells et al. 2005), N 0 3~-stressed envi­
ronm ents in the South Pacific gyre tend 
to have much higher r-P (>150 nM; 
M outin et al. 2008) than either the 

NPSG (10-100 nM; Karl et al. 2001) or the North A t­
lantic subtropical gyre (<1 nM; Wu et al. 2000). Conse­
quently, rates of N2-based new  and export production 
can vary geographically and may have regionally d is­
tinct environm ental controls. Dissolved Fe concentra­
tions in the NPSG exhibit 'nutrient-like' profiles with
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minimum concentrations (0.2 to 0.4 nM) in near-surface 
waters, increasing to values of 0.7 to 1.0 nM at approxi­
mately 1000 m (Johnson et al. 1997, Wu et al. 2001). In 
addition, and as a result of the atm ospheric deposition 
of Fe-containing dust, near-surface w aters have e le ­
v a ted — but m uch more tim e-variable — Fe concentra­
tions relative to those found in the lower portion of the 
euphotic zone (Boyle et al. 2005). N evertheless, quan ti­
fying bioavailability of Fe in m arine ecosystems is 
difficult due, in part, to the presence of colloidal Fe- 
binding organic ligands (Wu et al. 2001) of unknow n 
availability to microorganisms.

Superim posed on this complex netw ork of Fe sources 
and sinks, r-P concentrations w ithin the euphotic zone 
of the NPSG also display significant intra-seasonal as 
well as decadal-scale variability (Karl 2007a), em pha­
sizing the tem poral context of nutrient control of micro­
bial dynamics. Ultimately, the concentration of r-P in 
low N 0 3~ seascapes will depend  on the extent of N2- 
based new  production, which, in turn, constrains car­
bon export and sequestration, and is controlled by both 
the availability of energy (e.g. solar radiation and upper 
w ater column stratification) and the resupply of Fe.

In theory, there are at least 2 experim ental m anipu­
lations that could be em ployed to stimulate the growth 
of m arine diazotrophs in well-stratified low -N 03~, low- 
chlorophyll (LNLC) subtropical pelagic habitats and 
promote the sequestration of C 0 2: (1) fertilization of 
the surface ocean w ith Fe, P 0 43~ or both, depending 
upon the am bient concentrations and in situ fluxes of 
both elem ents relative to cell needs and (2) controlled 
upwelling of Fe-enriched deep w aters that have a low 
N 0 3~:PC>43~ molar ratio (< 16:1 ) and, therefore, a re la ­
tive excess of P. Successful application of either nutri­
ent perturbation for the purpose of net C 0 2 sequestra­
tion would be site- and depth-specific, and perhaps 
seasonally dependent. While the theory of N2-based 
C 0 2 sequestration appears sound, field application 
might not be as straightforward and the outcomes are 
difficult to predict given our current understanding of 
microbial biogeochem ical processes and ecosystem 
function in LNLC habitats. For this reason, nutrient 
m anipulations should be treated  as hypotheses that are 
am enable to direct field experim entation and quantifi­
cation.

OCEAN Fe/P FERTILIZATION

In w ell-illum inated and stratified N 0 3~-depleted 
oceanic regions that contain r-P, the addition of Fe 
should enhance the grow th of diazotrophs and promote 
N2-based carbon export and sequestration. Target 
regions for these studies include Fe-depleted, denitrified 
w ater m asses (e.g. eastern  tropical North Pacific)

or oceanic gyres far rem oved from continental dust 
sources (e.g. South Pacific subtropical gyre). A lterna­
tively, the addition of P 0 43~ to Fe-containing, P-depleted 
w aters also should stimulate N2 fixation. Regions with 
these characteristics include oligotrophic w aters dow n­
wind from continental dust sources (e.g. eastern  M edi­
terranean  Sea, North Atlantic subtropical gyre, South 
China Sea) or areas im pacted by hydrotherm al inputs of 
Fe from shallow underw ater volcanoes. Furtherm ore, it 
is im portant to em phasize that P 0 43~ fertilization of Fe- 
sufficient regions may require much larger nutrient 
loads than Fe fertilization of P-sufficient habitats because 
of the relatively high P:Fe molar stoichiometry of living 
organism s (P:Fe > IO2; Ho et al. 2003). The addition of 
P 0 43~ for the purpose of enhancing N2-based carbon ex­
port and sequestration would, therefore, impose a signif­
icant logistical constraint and greater expense compared 
to Fe fertilization. However, even in seascapes that con­
tain m easurable r-P, the impact of Fe fertilization would 
be enhanced  if additional P 0 43~ was added sim ultane­
ously due to the possibility of Fe and P 0 43~ co-limitation 
of N2 fixation (Sahudo-Wilhelmy et al. 2001, Mills et al. 
2004). Consequently, the autotrophic biomass response 
and concomitant C 0 2 sequestration potential will ulti­
m ately scale on the total P, i.e. the sum of the r-P plus 
added P 0 43~ concentrations.

To date, there have been  2 open ocean field trials 
designed to assess the Fe/P fertilization effects on 
microbial assem blages and elem ental fluxes: (1) P 0 43~ 
addition to an Fe-sufficient portion of the eastern  
M editerranean Sea (CYCLOPS project; Thingstad et 
al. 2005) and (2) Fe and F e /P 0 43~ additions to a region 
in the Northeast Atlantic O cean (FeeP project; Rees et 
al. 2007).

Cycling of phosphorus in the Mediterranean 
(CYCLOPS) project

Following the addition of P 0 43~ to increase the r-P 
concentration by nearly 2 orders of m agnitude (to 
110 nM) in an approxim ately 16 km2 patch w ithin an 
ultraoligotrophic warm -core eddy, there was a 40% 
decrease (rather than a predicted 40-fold increase) of 
chlorophyll during the first 6 d, relative to an unfertil­
ized control station (Thingstad et al. 2005). However, 
while parallel on-deck incubations am ended with 
P 0 43~ did not display significant changes, those 
am ended with P 0 43~ plus ammonium yielded a > 9-fold 
increase in chlorophyll (Zohary et al. 2005), suggesting 
N and P co-limitation in selected non-diazotrophic 
phytoplankton taxa. Furtherm ore, in situ  N2 fixation 
was enhanced by only 48%  following P 0 43~ addition 
and was unaffected by Fe addition (Rees et al. 2006), 
indicating that P, rather than Fe, was the prim ary limit­
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ing factor for N2 fixation. These unexpected  and still 
unexplained results from the CYCLOPS project 
require further elaboration and perhaps the develop­
m ent of a new  trophic model (Thingstad et al. 2005). 
Additional considerations include the competition b e ­
tw een phytoplankton and heterotrophic bacteria and 
the coupling to higher trophic levels, as well as the 
potential role of other essential trace m etals and 
organic compounds (e.g. vitamins) in establishing the 
carrying capacity of the pelagic ecosystem.

FeeP project

questration in the open sea. Upwelling of deep w aters 
could be im plem ented using a passive, w ave-pow ered 
pump (Isaacs et al. 1976) or via conventional mechanical 
pumping. Critics of this procedure for the purpose of C 0 2 
sequestration (e.g. Shepherd et al. 2007) w ere quick to 
point out that, along with the production-supporting n u ­
trients (e.g. NC>3~, P 0 43c Fe), deep waters also contain el­
evated concentrations of dissolved inorganic carbon 
(DIC, also referred to as total C 0 2) derived from the long­
term decomposition of sinking particulate matter (Fig. 2). 
Consequently, most natural upwelling regions are net 
sources of C 0 2 to the atmosphere (Takahashi et al. 1997).

During FeeP, 2 experim ental patches, 
each approximately 25 km2, were created 
and studied over a 3 w k period. The first 
patch contained only P 0 43~ while the sec­
ond was seeded with Fe at first, followed 
by a pulse of P 0 43~ after 24 h. The exper­
imental concentrations w ere -200 nM 
P 0 43~ and 3 nM Fe:200 nM P 0 43~in Patch 
1 and Patch 2, respectively, com pared to 
background concentrations of approxi­
mately 10 nM P 0 43~ and 0.3 nM Fe (Rees 
et al. 2007). W hereas total primary pro­
duction showed only small deviations 
from the unam ended control site, rates of 
P 0 43~ uptake and N2 fixation in the 2 ex­
perim ental treatm ents increased 6-fold 
and 4.5-fold, respectively (suggesting 
that only a small fraction of the photo- 
autotrophic assemblage, probably com­
posed of diazotrophs, responded initially 
to the nutrient enrichments); the dom i­
nant diazotroph in this habitat was a uni­
cellular cyanobacterium  (Rees et al. 
2007). Particulate m atter export to the 
deep sea was not m easured during either 
the CYCLOPS or FeeP, so the potential 
impact on C 0 2 sequestration from these 
fertilization experim ents and the e n ­
hanced N2 fixation they triggered is 
currently unknown.

CONTROLLED UPWELLING

Lovelock & Rapley (2007) recently sug­
gested that the purposeful delivery of 
deep-w ater nutrients to the euphotic 
zone (i.e. artificial or controlled u p ­
welling) might enhance prim ary and ex ­
port production and thereby constitute 
an effective m echanism  for C 0 2 se-
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Fig. 2. V ertical p rofiles (a -c )  of d isso lved  in o rg an ic  carb o n  (DIC) a n d  d isso lved  
n itra te  a n d  p h o sp h a te  (N O y  a n d  P 0 43y respec tive ly ) a n d  d isso lved  organ ic  n i ­
tro g e n  a n d  p h o sp h o ru s  (DON a n d  DOP, respec tive ly ) co n cen tra tio n s for th e  u p ­
p e r  400 m  at S ta tion  ALOHA, (d -f)  N 0 3 ~:P043~ (N:P) m olar ra tio s a n d  excess 
DIC a n d  excess P in  th e  u p p e r  400 m  at S ta tion  A LOHA. E xcess DIC a n d  P 0 43~ 
w e re  ca lcu la ted  as d e sc rib ed  in  T ab le  1, a n d  re p re se n t th e  DIC a n d  P co n ce n tra ­
tions th a t w o u ld  re m a in  if th e  N O y  from  eac h  re fe re n c e  d e p th  w e re  assim ila ted  
in to  o rg an ic  m atte r  w ith  a  R edfie ld  s to ich iom etry  (C 1 0 6 :N 1 6 :P4). All v a lu es show n  
a re  b a se d  on  th e  lo n g -te rm  c lim atology (1989-2006) for th is lo w -n itra te , low- 
ch lorophyll (LNLC) sta tio n  (da ta  av ailab le  at h ttp ://h a h a n a .so e s t.h a w a ii .e d u )
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However, since the ratio of D IC:N 03c P 0 43_ (C:N:P) in 
deep-sea waters is variable, the ecological consequences 
of a controlled upwelling experim ent is predicted to be 
site- and depth-specific and, for some regions, seasonally 
dependent due to local variations in solar irradiance, sur­
face mixed layer depth  and tem perature.

Based on our current understanding of marine 
microbial biogeochemistry, if deep w aters are intro­
duced to the surface ocean, a phytoplankton bloom 
(i.e. enhancem ent in the grow th rate of one or more 
species leading to an increase in biomass; Richardson 
1997) will result, following the stratification of the 
upper w ater column. It is well know n that a sudden 
pulse of inorganic nutrients into the euphotic zone 
selects for rapidly growing, mostly eukaryotic phyto­

plankton (especially diatoms). Although the back­
ground microbial loop continues to be active, it is over­
printed by larger phytoplankton species that can 
respond quickly to the introduction of allochthonous 
nutrients and have few predators, at least initially, 
allowing accum ulation and subsequent sedim entation 
out of the euphotic zone (Karl 1999, Cullen et al. 2002). 
The nature of the upwelling nutrient supply, for exam ­
ple w hether it is continuous or pulsed, can also influ­
ence the dynam ical behavior and trophic structure of 
the resultant community (Wiegert & Penas-Lado 1995) 
and ultimately affect the C:N:P stoichiometry of the 
organic m atter that is exported from the system. For 
any controlled upw elling experim ent, the nutrient sup­
ply rate is a key design criterion.
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Fig. 3. H ypothesized  ecosystem  p rocesses follow ing a  contro lled  nu trien t upw elling  event: (left) u n a m e n d ed  control region, w ith  low  
b ack g ro u n d  n u trien t fluxes from  below  th e  euphotic  zone, a  rem ineralization  (R)-intensive p icophy top lank ton-based  (Pico) m icrobial 
loop (ML) an d  low  ra tes of particu la te  m atte r (PM) export m ostly rem inera lized  b a ck  to inorganic  n u trien ts (dissolved inorganic  
carbon  [DIC], N 0 3~ an d  P 0 43~) in  th e  u p p e r m esopelag ic  zone  (plot at th e  bottom  depicts th e  h y p o thesized  tim e-d ep en d en t changes 
in  N 0 3- a n d  resid u a l P [r-P]); (center) S tage I of th e  inorganic  n u trien t (DIC, N 0 3”, P 0 43~) su p p o rted  p h y to p lank ton  bloom  of diatom s 
(~Cio6 :Ni6 cPi) th a t exports additional PM  p artly  b y  th e  com bination  of agg reg a tio n /sin k in g  of in tac t cells a n d  coupled  h ig h er trophic 
level (HTL) p ro cesses— b a se d  on th e  PM  com position an d  sink ing  ra tes, a  la rg e r portion  p en e tra te s  d eep er into th e  w a te r colum n 
facilitating long-te rm  C 0 2  seq uestra tion  (plot at th e  bottom  depicts th e  excess P [Ex-P] th a t rem ains after all th e  N 0 3" in  th e  upw elled  
w ater has b e e n  assim ilated); (right) total P (T-P Ex-P + r-P) supports th e  S tage II N 2-b ased  bloom  of d iazotrophs (~C3 3 1 :N 5 0 :Pi) that 
assim ilate N 2  an d  C 0 2  an d  en h an ce  th e  po ten tial for C 0 2  seq uestra tion  as described  in  section  'C ontro lled  upw elling ' an d  in T able 1
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Based on field observations and experim ents con­
ducted at Station ALOHA (22°45'N , 158° W) over the 
past 2 decades (e.g. Karl 1999) and recent results 
of shipboard experim ents that simulate upwelling 
(McAndrew et al. 2007), we hypothesize that controlled 
upwelling of Fe-replete deep w ater containing excess P 
(low N 0 3~:P043~) into the surface layers of the NPSG (a 
LNLC ecosystem) will lead to a 2-staged phytoplankton 
bloom (Fig. 3). Stage I is characterized by an immediate 
(hours to a few days) bloom of rapidly growing phyto­
plankton (typically diatoms; M cAndrew et al. 2007) that 
assimilate DIC, N 0 3~ and P 0 43~, and trigger the export 
of particulate organic m atter w ith a predictable stoi­
chiometry of C106:N16:P1 (so-called Redfield ratio), leav­
ing excess P (and possibly excess DIC, depending on 
the D IC:P043~ ratio and concentration of N 0 3~ in the 
upw elled waters) in its wake. The excess P 0 43~ supple­
m ents the r-P, if any, already present in the surface 
waters, leading to a N2-fixing cyanobacterial bloom, as 
described above. This Stage II bloom imports new  N 
through the process of N2 fixation, resulting in an e n ­
hanced sequestration of C 0 2 over and above the DIC 
that was initially introduced to the euphotic zone by the 
upwelling event, depending upon the D IC:P043~ ratio 
of the upw elled w ater and the C:P ratio of the exported 
organic m atter (Fig. 3). The production of excess 
bioavailable N in the form of ammonium and dissolved 
organic nitrogen, a feature that is characteristic of dia- 
zotroph grow th in general (Capone et al. 1994, Mulhol- 
land et al. 2004), will ensure the efficient scavenging of 
total P and lead to efficient carbon export, provided 
adequate light and Fe are both available. In situ  obser­
vations of summer blooms dom inated by diazotrophs 
in LCLN regions lend support to this hypothesis (Karl 
et al. 1992, Uz 2007, Dore et al. 2008).

The efficacy of C sequestration by N2-based new  pro­
duction is enhanced by grow th in P-limited environ­
ments. Diazotrophic growth is characterized by variable 
C:P stoichiometry in both the laboratory and the field, 
with C:P ratios ranging from 100 to 1000, w ith signifi­
cantly reduced P cell quota under conditions of P stress 
(Karl et al. 1992, White et al. 2006). Even non-diazo- 
trophic phytoplankton exhibit a P-sparing effect and 
synthesize new  cell m aterials w ith elevated C:P w hen P 
becomes limiting (Bertilsson et al. 2003, Van Mooy et al. 
2006). Consequently, this altered, C-enriched stoichio­
metry enhances the P-specific C 0 2 sequestration poten­
tial of the Stage II N2-based bloom. Characterizing and 
understanding the processes governing the plasticity of 
elem ental coupling (stoichiometry) in the biologically 
m ediated production, rem ineralization and export of 
organic matter in these oligotrophic environments is crit­
ical if we are to assess potential C 0 2 sequestration by 
these ecosystems. From a biogeochem ical perspective, 
there is nothing as fundam ental as the elem ental

stoichiometry defined by biological systems through 
the coupling, storage and transport of nutrients.

N2 FIXATION CASE STUDY: STATION ALOHA

The key to net C 0 2 sequestration by controlled u p ­
welling is the selection of an appropriate source w ater 
(geographic location and depth). Station ALOHA is the 
deep-w ater benchm ark site of the Hawaii Ocean Time- 
series (HOT) program, w here systematic observations 
of microbial biogeochem istry have been  m ade since 
October 1988 (Karl & Lukas 1996). It is a typical LNLC, 
m oderate r-P (30 to 50 nM) habitat w ith non-limiting 
total dissolved Fe concentrations (0.2 to 0.8 nM; Boyle 
et al. 2005). Assuming that a significant portion of the 
Fe is bioavailable, the w ell-illum inated surface w aters 
of Station ALOHA should be a favorable habitat for the 
proliferation of N2-fixing microorganisms. This predic­
tion has been confirmed by direct m easurem ents, 
including: (1) the abundances of the putative d ia ­
zotrophs, (2) quantitative estim ation of n ifH  gene 
abundances and expression, (3) 15N2 tracer assim ila­
tion experim ents, (4) N isotopic abundance of sus­
pended  and exported particulate matter, and (5) C:N:P 
stoichiometries of dissolved and particulate m atter 
pools (Karl et al. 1992, Letelier & Karl 1996, Karl et al. 
1997, Church et al. 2005a,b). An intriguing observation 
from this ongoing 20 yr program  is the reduction in r-P 
in the upper 60 m of Station ALOHA from a depth-in te­
grated  inventory of approxim ately 5 mmol P n r 2 in 
1989 to <2 mmol P n r 2 in 2005 (Fig. 4). Within this 
long-term  trend  we also observe strong sub-seasonal 
variability in 0 to 60 m depth-in tegrated  P w ith the 
lowest values observed following summer blooms of 
diazotrophs (White et al. 2007). Between 1989 and 
2005 the total pool of particulate phosphorus (PP) has 
also decreased significantly, and the C:P and N:P ratios 
of the suspended particulate m atter have system ati­
cally increased to values well in excess of the Redfield 
ratios that w ere observed 20 yr ago (Fig. 4). This long­
term, decadal process can be view ed as a 'slow motion' 
bloom of N2-fixing microorganisms controlled by some 
process other than P availability, possibly grazing, viral 
lysis, the bioavailability of Fe, or increased w ater col­
um n stratification (Karl 2007b). Top-down control by 
grazing or viral lysis is very likely in rem ineralization­
intensive habitats like Station ALOHA. Bottom-up bio­
mass control by Fe, or any other growth-lim iting sub­
strate, could occur independently  or in conjunction 
with top-down control.

Based on our current understanding of this oligo­
trophic habitat, we predict that the addition of Fe to 
w aters surrounding Station ALOHA may trigger a 
diazotroph bloom; if both Fe and P are added, the
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Fig. 4. S ta tion  ALOHA p hosp h o ru s pool dynam ics. Show n is th e  17 yr tim e-series 
of PO 4 3- in te g ra te d  over th e  u p p e r 60 m  of th e  w a te r colum n, p a rticu la te  p h o s­
p h orus (PP) in te g ra te d  over th e  u p p e r  75 m  of th e  w a te r colum n, an d  th e  av erage  
(0-75  m) C:P an d  N:P ratios of th e  p a rticu la te  m atte r pools (PC:PP a n d  PN:PP, 
respectively). Solid lines re p re se n t th e  best-fit lin ea r reg re ss io n  analyses for each  
d a ta  se t a n d  th e  d ash ed  line  in  th e  PC:PP an d  PN:PP plots is th e  g lobal av erage  
sto ichiom etry  (C 1 0 6 :N 1 6 :P1) for m arine  p a rticu la te  m atter. T he d ec reas in g  concen­
trations of SRP a n d  PP, an d  in creas in g  PC:PP a n d  PN:PP ratios a re  all p red ic ted  
from  th e  hypo th esized  en h an cem en t of N 2  fixation at S ta tion  ALOHA over th e  

p as t 2 d ecad es (Karl 2007a)

probability of a N2-based bloom is even greater. How­
ever, it is obvious from the field observations at Station 
ALOHA that this seascape is not in biogeochemical 
steady state, but rather, supports a dynamic and time- 
variable ecosystem.

An im portant characteristic of the vertical nutrient 
structure at Station ALOHA is the low N 0 3~:P043~ ratio 
in the upper 200 m of the w ater column (Fig. 2). Conse­
quently, as deep w aters are introduced into the near 
surface, w hether by natural eddy-diffusion processes or 
by controlled upwelling, N 0 3~ will be rapidly assimi­

lated by phytoplankton along with 
DIC and P 0 43~ in relative proportions 
that approxim ate the Redfield ratio of 
C106:N 16:Plr the stoichiometry of aver­
age marine particulate m atter (Stage I 
bloom; Figs. 3 & 5). D epending upon the 
depth  of origin of the upw elled w aters 
(controlled by experim ental design) the 
complete assimilation of N 0 3~ will leave 
behind excess P 0 43~ to supplem ent the 
r-P already present in the surface waters 
(Fig. 2, Table 1). Fe is also introduced as 
w ater is upwelled. However, both the 
biological requirem ents for Fe and the 
availability of the Fe upw elled are diffi­
cult to estimate, given the large range of 
Fe requirem ents reported in the litera­
ture (Sunda 1991) and the observation 
at Station ALOHA that a significant 
proportion of 'dissolved' Fe may be 
chelated w ith Fe-binding organic lig­
ands (Wu et al. 2001). Nevertheless, the 
recurrent observation of diazotrophic 
summer blooms at Station ALOHA, fol­
lowed by a significant reduction in r-P 
(White et al. 2007), suggests that Fe 
does not limit N2-fixation at this site; 
most likely, there may be a tem poral os­
cillation betw een Fe and P nutrient lim­
itation, or co-limitation (Grabowski et 
al. in press).

The upw elled w aters at Station 
ALOHA contain excess DIC (relative to 
N 0 3~, assum ing Redfield stoichiometry) 
and variable excess DIC: excess P ratios 
depending on w ater depth  (Fig. 2, 
Table 1). If the partial pressure of C 0 2 in 
the surface w aters is at or above equ i­
librium w ith the atm osphere, the addi­
tion of excess DIC may result in an 
ocean-to-atm osphere transfer of C 0 2. 
However, at Station ALOHA, the sur­
face w aters are nearly always undersat­
u rated  with respect to atm ospheric C 0 2 

(although the extent of undersaturation appears to have 
decreased betw een  1990 and 2000; Dore et al. 2003), so 
the excess DIC in upw elled w aters (up to approxi­
m ately 20 to 30 pM) will be retained unless the surface 
ocean warms. Furthermore, recent laboratory studies of 
N2 fixation as a function of p C 0 2 suggest that Tricho­
desm ium  spp. displays C 0 2 limitation under present- 
day conditions (Hutchins et al. 2007). Consequently, an 
increase in surface p C 0 2 by controlled upwelling may 
even stimulate nitrogen fixation in a well-stratified 
w ater column.
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(black arrow  along  left axis) a n d  N O T  (blue a rro w  a long  w h ite  axis), re la tiv e  to 
b ack g ro u n d  su rface  o cean  concen tra tions (horizontal d a sh e d  lines) will su p p o rt 
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d a sh -d o tted  line  m arks th e  tran s itio n  b e tw e e n  S tage  I an d  S tag e  II of th e  bloom . 
N ote  th a t w h ile  th e  300 m  u p w e lled  w a te r  h a s  excess DIC re la tiv e  to  N O T, th e  
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DIC e v en  in  th e  ab sen ce  of N 2  fixation

Regardless of excess DIC concentration, excess P in 
the upw elled w aters would most likely control the 
dynamics of N2-based new  production and carbon 
export (Figs. 2 & 3, Table 1). Therefore, the key factors 
for determ ining C 0 2 sequestration via N2-fixation in 
subtropical oligotrophic regions based on the long­
term  observations at Station ALOHA are (1) the excess 
DIC:excess P ratio in the upw elled waters, (2) the r-P 
concentration, (3) the saturation state of the surface

ocean with respect to atmospheric C 0 2, 
(4) the stratification of the upper w ater 
column, and (5) the C:P ratio of 
exported organic matter. The relative 
excess of P in upw elled w aters (Fig. 2, 
Table 1) would ensure a significant net 
sequestration of C 0 2 as long as N2- 
based production and rem ineralization 
of the organic m atter are uncoupled in 
time and with depth. Furtherm ore, the 
surface w aters at Station ALOHA 
always contain r-P (although the 
am ount appears to be decreasing over 
the past 2 decades), so the excess P 
delivered via upwelling would supple­
m ent the r-P, further enhancing N2- 
based production and export, espe­
cially following the initial Redfield 
bloom, until either P or Fe becom es lim­
iting for diazotrophic growth.

Based on well-constrained environ­
m ental observations at Station ALOHA 
(http ://hahana.soest.haw aii.edu), we 
can provide estim ates of the C 0 2 
sequestration potential following con­
trolled upwelling from a variety of ta r­
get depths using reasonable biogeo­
chemical assumptions (Table 1). The 
derived values reported  are C 0 2 se­
questered  n r 3 of upw elled water, p ro­
vided sufficient Fe is available. There 
is an im portant tradeoff in the selection 
of the optimal source w ater betw een 
the N 0 3dP0 43~ and the excess 
DIC:excess P ratios (Table 1). If our 
assumptions and calculations are re a ­
sonable, then the delivery of deeper 
w aters (>300 m) would appear to be 
more efficient at rem oving C 0 2 than 
delivery of w aters from immediately 
below the euphotic zone (e.g. 140 to 
200 m), w here dissolved Fe is at a m in­
imum (Johnson et al. 1997) and the 
excess DIC:excess P ratio is at m axi­
mum. Zonal and meridional transects 
in the region surrounding Station 

ALOHA, as well as long-term  observations at this 
benchm ark confirm that low N 0 3dP0 43~ concentration 
ratios in subeuphotic-zone w ater depths are a charac­
teristic feature of the NPSG (Fig. 6); hence, it is likely 
that the calculations from Station ALOHA might be 
appropriate for the regional gyre scale. However, over 
extended tem poral scales (decades to centuries) of 
continuous upwelling, the export and rem ineraliza­
tion of particulate organic m atter w ith elevated C:P

http://hahana.soest.hawaii.edu
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T able  1. N u trien t b a la n ce  an d  n e t C 0 2  seq u estra tio n  p o ten tia l for p rec is io n  u p w e lled  w a te rs  at S ta tion  ALOHA. DIC: d issolved
in o rg an ic  carbon; r-P: re s id u a l phosp h o ru s

Source Total n u tr ie n t Excess n u trien t co ncen tra tion 8  Total P Total N 2  N e t C
W ater co ncen tra tion  (pM) DIC P DIC:P (excess fixationb se q u e s te re d
(m) DIC n o 3- PO 4 3- (pM) (pM) (moLmol) p lus r-P, 

pM )
(pM) (mmol C m  

u pw elled)

1 0 0 2046 0.06 0.062 2 2 0.058 371 1 0.111 5.6 15.2
1 2 0 2055 0.32 0 . 1 0 1 29 0.081 357 1 0.134 6.7 15.5
140 2070 0.79 0.137 41 0.088 465 1 0.141 7.0 5.8
160 2075 1.26 0.163 43 0.084 512 1 0.137 6 . 8 2.5
180 2082 1.98 0.215 45 0.091 492 1 0.144 7.2 2.9
2 0 0 2091 2.84 0.276 48 0.099 489 1 0.152 7.6 2 . 0

250 2 1 0 0 5.58 0.461 39 0 . 1 1 2 348 1 0.165 8.3 15.7
300 2119 9.99 0.757 29 0.133 217 1 0.186 9.3 32.7
350 2146 14.22 1.044 28 0.155 179 1 0.208 10.4 41.2
400 2173 18.82 1.361 24 0.185 132 1 0.238 11.9 54.5
450 2164 23.35 1.667 -1 5 0.208 -7 1 1 0.261 13.0 1 0 1 . 1

500 2199 28.00 2.033 - 1 1 0.283 -3 7 1 0.336 16.8 1 2 1 . 8

750 2313 40.90 2.985 18 0.429 42 0.482 24.1 141.5
1 0 0 0 2337 41.58 3.006 38 0.407 92 0.460 23.0 114.9

aExcess n u trien t is defined  as concen tra tion  of DIC an d  P 0 43~ at th e  ta rg e t d ep th  th a t w ould  rem a in  in  th e  surface if all th e  u p ­
w elled  N 0 3~ is rem oved  durin g  th e  hypo thesized  S tage I bloom  w ith  Redfield stoichiom etry (C u ^ N ^ T i)  after correcting  for th e  
av erage  n u trien t concentra tion  th a t is o bserved  in  th e  u p p e r 25 m  at Station  ALOHA b e tw ee n  1989 an d  2005 (DIC = 2024 pM ,
r-P = 0.053 pM ). For exam ple, excess DIC at 300 m is : (2119 pM  -  2024 pM ) -  (9.99 x [106 16]) = 29 pM

bTotal N 2  fixed  = to ta l P x (N:P ratio); assum es a  m olar N:P ra tio  of 50 (W hite et al. 2006)
cN et C se q u e s te re d  = to ta l P x (C:P ratio) -  excess DIC for th a t dep th ; assum es a  m olar C:P ra tio  of 331 (W hite et al. 2006)

and N:P ratios may eventually alter the nutrient ratios 
of subeuphotic zone waters, thereby reducing the effi­
cacy of controlled upwelling as a m ethod of net C 0 2 
sequestration (Karl 2002).

The prim ary uncertainties in these first-order calcu­
lations of C 0 2 sequestration potential are: (1) the role 
of dissolved organic N and P (DON and DOP, respec­
tively) in supporting bloom dynamics or, for DOP, as 
a supplem ental reservoir of r-P to further enhance 
N2/C 0 2 fixed, (2) the type of diazotroph community 
that is established during Stage II of the upwelling- 
induced bloom and (3) the C:N:P stoichiometry of the 
organic m atter that is produced and exported. With 
respect to the role of DON/DOP, it is im portant to 
em phasize that these organic nutrient pools are the 
dom inant reservoirs of N and P in surface w aters at 
Station ALOHA (Fig. 2). However, their bioavailability, 
especially for DON, and the N:P ratio of the bioavail­
able fraction are not known or even w ell-constrained 
at present. Nevertheless, it has been  dem onstrated 
that approxim ately 50%  of the total P assimilated in 
the surface w aters at Station ALOHA is derived from 
DOP (Björkman & Karl 2003), so at least a fraction of 
the fairly large DOP pool in surface w aters is also 
expected to support net C 0 2 uptake and a concomitant 
carbon export to the deep sea.

There are at least 3 fundam entally different groups 
of diazotrophs at Station ALOHA: (1) small, free-living 
unicellular cyanobacteria (Crocosphaera-like), (2)

large filamentous and colonial morphologies of the 
cyanobacteria Trichodesmium  spp. and (3) Richelia- 
like cyanobacteria living as ecto- and endosymbionts 
w ith several species of large, aggregate-form ing d ia ­
toms (e.g., Rhizosolenia spp., H em iaulus hauckii). The 
N2 and C 0 2 fixed by each of these groups will have a 
different impact on export, despite the fact that all 
belong to the same diazotroph guild. Finally, the C:P 
ratio of newly synthesized and exported organic m at­
ter is a critical consideration for C 0 2 sequestration. As 
m entioned previously, diazotrophs, as well as many 
eukaryotic phytoplankton, exhibit a P-sparing effect 
(a reduction in P cell quota) under conditions of P limi­
tation, thereby increasing the P-specific sequestration 
of C 0 2.

The best proof of this concept is to 'study nature, not 
books,' as Louis Agassiz advised m any years ago. N2- 
based, high C:P export/efficient C 0 2 sequestration 
Stage II phytoplankton blooms occur at Station 
ALOHA, usually in summer w hen the w ater column is 
well stratified (White et al. 2007, Dore et al. 2008, Fong 
et al. 2008). While the m echanism s that establish and 
sustain the periodic greening of the oligotrophic 
oceanic desert are not yet known, nutrient loading, 
especially of Fe and P 0 43~, either from above (dust 
deposition) or below, is the most likely cause (Dore et 
al. 2008). However, the dynam ical coupling betw een 
nutrient delivery and excess carbon export is not well 
constrained either for Station ALOHA or for any other
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Fig. 6 . C ontour plots of N 0 3“:P 0 43“ for th e  N orth  Pacific O cean: (a) tim e-series of 
N 0 3 “:P 0 43“ ratio  a t Station  ALOHA for 1989-2006; (b) m erid ional section  along 
30°N, W orld O cean  C irculation  E xperim ent (WOCE) line  P02; (c) section  along 
150° W, W OCE line  P16. H aw aii ocean  tim e-series (HOT) d a ta  from  h ttp :/ /h a h a n a . 
soest.haw aii.edu  an d  W OCE d a ta  from  h ttp ://W O C E .nodc.noaa.gov /w diu

marine ecosystem. Recently, Rodier & Le Borgne 
(2008) proposed a similar nutrient-trigger hypothesis 
to explain aperiodic blooms of Trichodesmium  spp. 
in coastal w aters of New Caledonia. In their study, 
Trichodesmium  spp. blooms followed phosphate and 
chlorophyll enrichm ents w ith a 3 to 7 d lag, not unlike 
our hypothesized Stage I/Stage II progression.

FUTURE PROSPECTS

In prom oting natural seascape engineering projects 
to enhance the efficiency for the ocean's biological car­
bon pump, one must always be vigilant of unintended 
consequences (Fuhrman & Capone 1991, Powell 2008). 
For the application of N2 fixation-based methods, po­

tential secondary impacts might include 
the production of nitrous oxide (N20) 
via coupled N2 fixation-nitrification 
(N2 —> NH4+ —z N20 ) and the aerobic 
production of m ethane (CH4) from e n ­
hanced cycling of m ethylphosphonate, 
a likely com ponent of the DOP pool 
(Karl et al. 2008). Either one of these u n ­
in tended consequences, or others not 
yet considered, could negate the impact 
of C 0 2 sequestration because both N20  
and CH4 are potent greenhouse gases. 
Toxin production by both of the proba­
ble bloom-forming algal assemblages, 
diatoms and diazotrophs, is also possi­
ble and may have significant ecological 
consequences. W ell-designed and com ­
prehensive nutrient perturbation exper­
iments that exam ine all aspects of 
microbial metabolism likely to be in ­
fluenced by controlled upwelling, not 
just the in tended consequences, need to 
be conducted before diazotroph m ani­
pulation can be prom oted as a potential 
climate stabilization w edge (Socolow & 
Pacala 2006).

H um an-induced climate change is 
already having m easurable environ­
m ental consequences that need  to be 
addressed by the scientific community. 
Sitting idle or criticizing those who do 
take a position on geo-engineering are 
not good options, in our opinion. The 
global scale and trajectory of climate 
change suggest that it may not be pos­
sible to address the problem  without 
further affecting natural ecosystems. 
For this reason, understanding the 
ecosystem response to hum an-induced 

perturbations at a local scale must be a priority in order 
to develop the bases for risk assessm ent analyses and 
to minimize the impacts of geoengineering im plem en­
tation on a basin-w ide or global scale.

A ck n o w led g m e n ts .  W e th a n k  Philip Boyd for th is opportun ity  
to con tribu te  a  p a p e r  to th is T hem e Section, D avid H utch ins 
a n d  an  anonym ous rev iew er for constructive  criticism , an d  
th e  N a tional Science F ou n d a tio n  a n d  th e  G ordon  a n d  Betty 
M oore F o u n d a tio n  for th e ir  g en ero u s  fund ing .
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