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ABSTRACT: The potential use of ocean iron fertilization (OIF) as a tool for either carbon reduction 
projects like those used to generate carbon credits or offsets, or for larger-scale m itigation to remove 
a significant percentage of C 0 2 from the atm osphere has interested the private sector. Scientists have 
highlighted the additional research that must be com pleted to understand the efficacy and impact of 
OIF at either scale. Carbon m arkets also place requirem ents on the nature of the credits generated  if 
they are to be trusted and valued. The challenge for the future is to find effective ways for the science, 
business and carbon m arket communities to collaborate in ways that adhere to the high standards of 
scientific research. A code of conduct that recognizes the needs for scientific excellence and trans­
parency, carbon m arket quality controls, and regulatory requirem ents like perm itting can facilitate 
collaboration.
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INTRODUCTION

Scientists working in the Joint Global O cean Flux 
Study (JGOFS) and the Surface O cean Lower Atmos­
phere Study (SOLAS) have forged not only a new  
understanding of the way the biology, chemistry and 
physics of the ocean interact to control prim ary p ro ­
ductivity in the ocean, but also new  tools for studying 
biogeochemistry. The ocean iron fertilization (OIF) 
experim ents of the last 15 yr are unique exam ples of 
such a tool, the active m anipulation of the ocean envi­
ronm ent to study biogeochem ical processes. These 
ambitious experim ents, built on 10 successful bottle 
experim ents that dem onstrated the potential of iron to 
stimulate phytoplankton grow th (e.g. Buma et al. 1991, 
Zettler et al. 1996), allowed the community to test 
hypotheses about controls on prim ary productivity in 
the open ocean. Several experim ents also discussed 
their results in the context of hypotheses related  to 
ocean productivity during glacial times (e.g. Coale et 
al. 1996, Boyd & Law 2001), w hen dust fluxes to the 
open ocean w ere g reater than during interglacial peri­
ods (Rea 1994, W inckler et al. 2008). While the experi­

m ents did not explicitly focus on the potential of OIF 
to sequester anthropogenic C 0 2, this possibility was 
clearly under discussion in symposia and workshops, 
as well as in the peer-review ed literature (Spencer 
1992). But the experim ents w ere not well designed 
to answ er fundam ental research questions about car­
bon export and sequestration (e.g. de Baar et al. 2005, 
Boyd et al. 2007, Buesseler et al. 2008), m uch less C 0 2 
mitigation.

Over the last 5 yr the pace of scientific research 
dem onstrating global change impacts due to anthro­
pogenic greenhouse gases has been  accelerating; e.g. 
Intergovernm ental Panel on Climate Change (IPCC) 
summaries of w arm ing (Solomon et al. 2007), syntheses 
of research  on ocean acidification (Raven et al. 2005), 
and evidence of rapid changes in the extent of Arctic sea 
ice (see: nsidc.org/new s/press/2007_seaicem inim um / 
20071001_pressrelease.html). The slow response of the 
global policy community to develop strategies for ab a t­
ing fossil fuel emissions (Canadell et al. 2007) and the 
em ergence of the European Trading System (ETS) and 
C lean Development M echanism (CDM) of the Kyoto 
Protocol (KP) (Harrison & Radov 2002) led to increased
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interest in global change mitigation from the private 
sector and a surge of investment in clean technology and 
mitigation — for exam ple an 18% increase in venture 
investment in the first quarter (Ql) of 2008 over Q1 2007 
(see: renew able.energystocks.com /new s/051608.asp). 
The scale of the problem, together w ith these sources of 
funding and an em erging m arket for C 0 2 abatem ent 
(Bayon et al. 2007) have renew ed interest in the potential 
of OIF as a m echanism  for carbon sequestration.

The carbon m arkets — regulated  and voluntary — 
w ant to assure that carbon credits are real and reflect 
true sequestration of carbon or abatem ent of em is­
sions. The biogeoscience community brings specific 
concerns about carbon credits for OIF: sequestration 
must go beyond simple increases in gross prim ary pro­
duction and must reflect new  production, it must also 
account for any other greenhouse gases that are gen er­
ated (e.g. N20  and CH4), the air/sea exchange of C 0 2 
must be considered, and the length of time that the 
carbon is sequestered must be defined. Both groups 
are also concerned that the impact of OIF on the ocean 
be understood and that it be acceptable and responsi­
ble. The community has highlighted the fact that many 
questions related  to sequestration and impact cannot 
be inferred from small-scale experim ents (10s of km 
per side) because many processes do not scale linearly. 
This implies the need  for a new  set of OIF experim ents 
that are in part justified by questions related to com ­
mercialization. A recent Science policy forum (Bues- 
seler et al. 2008) em phasized these needs and called 
for new  experim ents at larger and longer time scales. 
These experim ents must be of the highest scientific 
quality and they are, in part, m otivated by research 
questions related  to application, in addition to basic 
research questions.

The participation of private capital in funding exper­
im entation is common in other fields, including some 
fields of oceanography (e.g. genomic prospecting, 
aquaculture), but is relatively new  to ocean biogeo­
chemistry. Although a recent community workshop ex ­
pressed an openness to w orking on experim ents m oti­
vated by commercial interest (Holmes 2008), it is clear 
that a strong set of guiding principles for such work are 
necessary to ensure that the results can be evaluated 
and that the researchers involved are not compromised. 
Some of the concerns can and are being addressed by 
the m echanism s of the regulated  carbon market; others 
can be addressed by a strong scientific interaction b e ­
tw een the biogeochemistry and m arine ecology science 
communities and the community of businesses in ter­
ested in the OIF process. I discuss some of the m arket 
regulating m echanism s that assist in this process as 
well as the roles that scientists and commercial interests 
can play in ensuring that questions on sequestration 
and impacts of OIF are addressed.

CARBON MARKET CONTROLS ON QUALITY OF 
OFFSETS

The regulated carbon markets established under the 
KP— the CDM and Joint Implementation (JI)— have a set 
of criteria for carbon credits or 'offsets' (Grubb et al. 1999):

(1) The m arkets require that credits are real, that they 
represent actual reductions in atmospheric C 0 2, and that 
they are m easurable.

(2) The m easurem ent of C 0 2 in the regulated market 
under the KP requires a methodology (see: cdm.unfccc. 
int/Reference/Procedures/index.html for a description of 
procedures), a rigorous, formula-based description of 
the m easurem ents by which C 0 2 or other greenhouse 
gases are shown to be reduced. Each methodology 
undergoes an extensive review by a panel with exper­
tise in many forms of C 0 2 reduction (see: cdm.unfccc. 
int/Panels/m eth/index.htm l for the current M ethodol­
ogy Panel and its activities) and with the capability of 
engaging outside discipline experts (see: cdm.unfccc. 
int/Panels/m eth/CallForExperts for the criteria used by 
the Methodology Panel to choose outside experts). OIF 
might well use models to describe aspects of sequestra­
tion. Methodologies can be based on model output, as 
in the case of forestation, w here statistical models of 
growth, disease, age distribution, etc. are used to esti­
mate total C 0 2 sequestered. Methodologies are typi­
cally revised multiple times to address concerns of the 
Methodology Panel and its experts. Some methodolo­
gies are rejected (the methodology portion of the CDM 
website provides information on methodologies that 
have been accepted, those being considered, and those 
that have been rejected: cdm.unfccc.int/methodologies/ 
index.html).

(3) Credits are also required  to be 'additional,' that is, 
credit cannot be claim ed for reductions that would 
have happened  anyway because of regulation or p lan­
ned technological upgrades. OIF would, of course, be 
'additional' because carbon m itigation is the primary 
reason that it is contem plated, and the carbon m arket 
is the only rationale for commercial funding. This is not 
a minor point, as a common problem  w ith carbon credit 
projects has been  that they would have been done any­
way. For example, some projects to sequester C 0 2 in 
oil wells would have been done to enhance oil recov­
ery; some landfill gas projects w ere m andated by law.

(4) Credits must be perm anent and m arkets rely on 
the IPCC definition of 100 yr as perm anent for seques­
tration projects (United Nations Fram ework Conven­
tion on Climate Change, UNFCCC 1997). The perm a­
nence definition is im portant because it sets the 
minimum age for carbon to be sequestered from any 
OIF project. The 100 yr choice was a policy decision, 
informed from scientific and policy deliberations on 
global w arm ing potential (GWP), a m ethod to normal-
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ize the heat trapping capabilities of the im portant 
greenhouse gases (e.g. N2O r CH4r hydrofluorocarbons 
[HFCs]). GWP divides the cum ulative lifetime radiative 
forcing per molecule of each gas against a reference 
time period of cum ulative radiative forcing of a m ole­
cule of carbon dioxide (IPCC 1995). The IPCC (1995) 
calculated GWP for time periods of 20, 100, and 500 yr, 
and characterized the choice of 'time horizon' as a pol­
icy decision. In discussion of this, they noted:
'P olicy-relevant c lim a te -ch a n g e  p h e n o m en a  ex is t at both  
en d s o f th e  c lim a te -ch a n g e  tim e  spectrum :
(1) I f  th e  p o lic y  em p h a sis is to h e lp  g u a rd  aga inst th e  p o ss ib le  

occurrence o f p o ten tia lly  abrupt, n o n -lin ea r c lim ate  
resp o n ses in  th e  re la tive ly  n e a r  fu ture , th en  a choice o f a 
20-year tim e  horizon  w o u ld  y ie ld  an in d e x  th a t is re leva n t  
to m a k in g  su ch  decisions reg a rd in g  appropria te  g re e n ­
h o u se  ga s a b a tem en t s tra teg ie s . In addition, i f  th e  sp e e d  o f 
p o ten tia l c lim ate  ch a n g e  is o f g re a tes t in te re s t (rather than  
th e  even tu a l m a g n itude), th en  a focus on sh o rter  tim e  hori­
zo n s can be used.

(2) Sim ilarly, i f  th e  p o lic y  em p h a sis is to h e lp  g u a rd  against 
long-term , quasi-irreversib le  c lim ate  or c lim a te-rela ted  
changes (e.g. th e  ve ry  s lo w  bu ild  up  o f a n d  reco very  from  
sea le v e l cha n g es th a t are con tro lled  b y  s lo w  p rocesses  
such  as w a rm in g  o f th e  ocean), th en  a choice o f a 100-year 
or 500-year tim e  horizon  w o u ld  y ie ld  an in d e x  th a t is r e le ­
van t to m a k in g  su ch  decisions reg a rd in g  appropria te  
g re e n h o u se  g as a b a tem en t strategies.

W ith th is aw areness, p o lic ies cou ld  choose to b e  a m ix  o f e m ­
p h a ses. G W Ps w ith  d iffe rin g  tim e horizons can a id  in  e s ta b ­
lish in g  su ch  a m ix . In d eed , th a t w as th e  case in  th e  A lontreal 
Protocol deliberations, in  w h ich  th e  long-lived , h igh-O D P  
[ozone d e p le tin g  p o ten tia l] ga ses w ere  th e  in itia l fo cu s and  
th e  shorter-lived , low er-O D P g a ses w ere  su b se q u e n t focus. '

(IPCC 1995)

The KP adopted 100 yr as the only time horizon for 
calculating GWP (UNFCCC 1997). All subsequent car­
bon credits have been norm alized by this standard, in ­
cluding emissions reductions from sinks (e.g. forestry) 
as defined by the UNFCCC Reporting Guidelines:

'A n n ex  I  Parties sh o u ld  rep o rt a g g rega te  em issions and  
rem ova ls o f g re e n h o u se  gases, e xp ressed  in  C 0 2 eq u iva len t  
term s a t su m m a ry  in ve n to ry  level, u s in g  GW P va lues p ro ­
v id ed  b y  th e  IPC C  in its S e co n d  A sse ssm e n t Report. '

(U N FCCC 1996)

Subsequent discussion by the IPCC on the definition 
of perm anence for forestry projects shows how the 
GWP approach can also be applied for calculating the 
benefit of any sequestration project of variable length 
as com pared to a reference time period of 100 yr:

'A b so lu te  G lobal W a rm in g  P oten tia ls (AG W Ps) are ca lcu ­
la te d  b y  in te g ra tin g  th e  total rad ia tive  fo rc in g  o f an e m is ­
sions p u lse  o ver a 100-year tim e  horizon  w ith  n o  d iscounting . 
R ela tive  G W Ps are th e  ratio o f th is in teg ra l fo r  a g iv e n  GH G  
[g reen h o u se  gas] to th a t o f  C 0 2, w h ich  se rv es  as th e  re fe r ­
e n ce  gas. This approach cou ld  be  a p p lied  to com pare  carbon  
seq u estra tio n  p ro jec ts  o f  d iffe re n t len g th s, a lth o u g h  th ere  is 
n o  re q u ire m e n t in  th e  Protocol to  use  th e  sa m e  co n ven tions  
in  th is con text. The  re fe ren c e  is 'p e rm a n e n t' (m ore than  100 
years) rem o va l (or em ission) o f 1 t C 0 2. ' (W atson e t al. 2000)

Future regulation could choose a different perm a­
nence standard, or like the M ontreal Protocol, change 
perm anence standards with time. However, it is im por­
tant to understand the reasons behind the choice of 
100 yr for perm anence.

(5) Credits must also account for 'leakage' (e.g. car­
bon emissions generated  in the process of creating 
reductions, increase in carbon emissions as a result of 
emission reductions elsew here, etc.). OIF projects 
would certainly have to account for fuel used to trans­
port iron to the site, but they would also have to 
account for any greenhouse gases generated  as a 
result of fertilization (e.g. N20 , CH4) and potentially for 
dow nstream  nutrient depletion.

(6) Finally, a third party must verify credits to ensure 
that the C 0 2 reduction took place and that the m ethod­
ology was followed. While no framework for quality can 
assure com plete accuracy in m easurem ent of carbon 
reductions, or com plete compliance, the methodology 
and verification requirem ents of the KP have devel­
oped considerable trust in the applicable markets.

While OIF credits would not be eligible for KP 
m arkets at present because they are not generated  
w ithin signatory countries, both voluntary m arkets and 
em erging regulated  m arkets are sensitive to the need 
for 'quality ' (referring to the degree to which credits 
m eet the criteria discussed above) and are moving 
quickly tow ard adoption of standards. Starting in 1998, 
a partnership betw een  the World Business Council for 
Sustainable Development (WBCSD) and the World Re­
sources Institute (WRI) convened The G reenhouse Gas 
Protocol Initiative (GHG Protocol), a m ulti-stakeholder 
partnership of businesses, non-governm ental organi­
zations (NGOs), governm ents, and others. This effort 
resulted in Corporate Accounting and Reporting S tan­
dards (Corporate Standard, WBCSD & WRI 2004) and 
the G reenhouse Gas Protocol for Project Accounting 
(GHG Protocol, WBCSD & WRI 2006). The GHG Proto­
col provides guidance on best practices for develop­
m ent on projects. A group of other products of the pro­
cess provide guidance for accounting in land use and 
forestry projects, grid electricity projects and other 
specialized sectors.

Both the KP and the GHG Protocol have benefited by 
substantial scholarly activity devoted to developing 
statistical m ethods for dealing w ith estim ated carbon 
in credit situations in w hich C 0 2 is not captured p er­
manently, but is stored tem porarily (e.g. Godai et al.
2003) in soils (e.g. Smith et al. 1997) and forests (e.g. 
Noble & Scholes 2001). Natural sinks for carbon such 
as soil, forest and deepw ater ocean carbon (whether in 
the form of particulate or dissolved, organic or inor­
ganic) also require m odeling to determ ine the duration 
of sequestration. The scientific communities studying 
soils and forest carbon (cf. Noble & Scholes 2001, Smith
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2004) have also had to address such challenges. Com ­
m ercial entities in forestry have m ethodologies that 
have been accepted to m easure perm anence using 
models.

All voluntary m arkets currently do not require adher­
ence to the GHG Protocol, but credits that have not ad ­
hered to the protocol requirem ents have been  criticized 
publicly. The voluntary m arket has expanded  very 
quickly from 1 Mt C 0 2 during 2005 to 25 Mt C 0 2 during
2006 (Capoor & Ambrosi 2007) and nearly tripled in 2007 
to 65 Mt C 0 2 (Capoor & Ambrosi 2008). These figures 
represent only credits traded on exchanges like the 
Chicago Carbon Exchange (CCX) and not credits p u r­
chased in private transactions, such as the highly publi­
cized requests for credits by major USA corporations 
Google and Yahoo or those transactions that would fulfill 
the agreem ents of pow er plants to offset C 0 2 emissions. 
Large 'bilateral' or off-exchange transactions are esti­
m ated to be m any times the exchange-traded volume 
(Capoor & Ambrosi 2008) and generally adhere to the 
GHG Protocol requirem ents or even more stringent r e ­
quirements established by the buyers to ensure that they 
are not em barrassed by negative publicity. Thus, sale of 
any substantial carbon credit pool from OIF activities is 
likely to have the same requirem ents from buyers b e ­
cause its size would draw  public scrutiny. A new  effort to 
establish a Voluntary Carbon Standard (VCS) for p ro­
jects selling carbon credits in a voluntary market was ini­
tiated by The Climate Group, the International Emis­
sions Trading Association and the World Economic 
Forum in late 2005. After the release of 2 consultation 
documents, the VCS 2007 w as released in November
2007 (www.v-c-s.org/docum ents.htm l).

The scientific community can play a powerful role in 
ensuring that any OIF carbon credits to offset C 0 2 
emissions in em erging m arkets and future m arkets 
adhere to standards. Legislators developing em erging 
regulated  m arkets in the USA (e.g. the Regional 
Greenhouse Gas Initiative, the m arket m andated by 
California's AB32, and m arkets proposed in current 
national legislation) are also keenly aw are of the GHG 
Protocol requirem ents and have incorporated quality 
factors from the Protocol into pending legislation. 
Negotiations concerning the incorporation of OIF into 
any international regulated  trading scheme, such as 
the ETS or any UNFCCC protocol that would follow 
the KP period (post-2012) would also consult w ith sci­
entists familiar w ith OIF. Regulators will look to the 
scientific community for guidance on the m eans of 
quantifying C 0 2 sequestered  by this technique. It is 
im portant that the ocean science policy research com ­
munity and the ocean science research community 
familiarize them selves w ith the processes and stan­
dards for carbon credits to understand how best to 
interact w ith the m arkets on the issue of standards and

quality if OIF does prove to be an acceptable m echa­
nism for sequestering carbon.

CONDUCTING OIF EXPERIMENTS WITH 
COMMERCIAL FUNDING

Capital from private sources can fulfill 2 im portant 
requirem ents necessary to advance the investigation 
of OIF as a potential climate mitigation or carbon credit 
project technique. First, it can provide venture funding 
for costly initial m oderate-scale dem onstration experi­
m ents (-200 X 200 km) that are, at least in part, com ­
m ercial developm ent research difficult to justify for 
governm ent research support. Second, it could provide 
a potentially sustainable source of funding for research 
into sequestration and impacts if conservative, verified 
results from initial dem onstrations justify funding sub­
sequent cruises.

The interest of the commercial community in fund­
ing m oderate-scale experim ents or dem onstrations in 
order to address questions of sequestration and/or im ­
pact has led to an active discussion of the best way to 
ensure that the results of such experim entation can be 
evaluated by the scientific community. The elem ents of 
a code of conduct proposed by Climos (www.climos. 
com) w ere an early contribution to this discussion. The 
code addresses 3 aspects of commercial activity: reg u ­
latory concerns, carbon m arket concerns, and scien­
tific/environm ental concerns

The code proposes that any commercially funded 
activity should be in full compliance w ith applicable 
regulatory requirem ents (including the use of permits 
required  under the London Convention of 1972), 
should include an environm ental impact assessment, 
and should avoid sensitive areas such as m arine pro­
tected areas, world heritage sites, etc. The purity of the 
iron compound being used for fertilization should also 
be known to ensure that it does not introduce concen­
trations of other elem ents or organic com pounds that 
would endanger marine ecosystems.

The code proposes that commercial activities should 
also use the best practices of the carbon markets. 
These would include the developm ent of a published, 
validated methodology that provides detailed inform a­
tion on the m ethods of determ ining the carbon seques­
tration and allows independent verification of results 
by third parties. O ther quality aspects of carbon c red­
its, such as calculation of baselines before and after 
fertilization (as well as in and out of the fertilized 
patch), calculation of all leakage, adherence to addi­
tionality and perm anence criteria, should also be char­
acteristics of the projects. Any credits derived from 
experim ents or dem onstrations should also be tracked 
and registered  to prevent duplicate sale.

http://www.v-c-s.org/documents.html
http://www.climos
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The Climos code of conduct also proposes that scien­
tific concerns about conduct of experim ents should be 
addressed: m easurem ents should be m ade using state- 
of-the-art techniques by individuals who are appropri­
ately trained (i.e. experienced scientists and their 
graduate students and post-docs). All project specifi­
cations, including location, size, details of iron applica­
tion, pre- and post-fertilization conditions and ob­
served responses, including m easured export, should 
be published im m ediately in an open format so that 
results are accessible to the public. M easurem ent tech­
niques and raw  data  should also be provided if possi­
ble. Results should be available for publication in the 
open literature.

A recent 'Science' editorial (Buesseler et al. 2008) 
also contributes suggestions for the conduct of projects 
done with a view  tow ard future commercialization, 
em phasizing the need  for a broader range of m easure­
m ents than w ere characteristic of most of the early 
fertilization experim ents, the need  for active collabora­
tion betw een researchers and those w ith commercial 
interests, and consideration of partnerships betw een 
commercial interests as well as philanthropic and gov­
ernm ent sources of funding. These types of formal d ia ­
log (published codes of conduct, editorials/policy fora, 
workshops, documents) are im portant contributions 
toward building relationships of trust betw een  the r e ­
search and business communities in terested  in OIF.

and atm ospheric draw dow n (Holmes 2008). Because 
the goals of credible carbon m arkets are congruent 
w ith those of researchers (proof of sequestration by 
accepted techniques, know ledge of the perm anence of 
the sequestration, accounting for leakage and environ­
m ental impact, etc.), if sequestration is dem onstrated, 
carbon offsets from these experim ents can be vali­
dated, verified and m arketed w ithout im pacting the 
quality of the science that is done or creating intellec­
tual conflicts for researchers. This is certainly the case 
in forest carbon sequestration. This focused research 
or developm ent phase is critical to understanding the 
potential of OIF to sequester carbon.

Only after such focused research — and only with 
know ledge and acceptance of environm ental impacts 
— should more routine (e.g. repetitive yearly projects 
in a certain  area under a single permit) and/or larger- 
scale deploym ent be undertaken. By larger-scale 
deploym ent I refer to fertilization of large patches sev­
eral degrees of latidude/longitude per side or fertiliza­
tion of significant percentages of specific ocean areas 
such as have been considered in some models (e.g. 
G nanadesikan et al. 2003, Jin  et al. 2008). This larger 
scale would almost certainly require regulated  m arket 
acceptance for finance. The scientific community 
would also need  to participate actively in the definition 
of limits to deploym ent to ensure that environm ental 
impacts would be acceptable.

TIMELINE FOR BUILDING A RELATIONSHIP 
BETWEEN BUSINESS AND RESEARCH

The evolving landscape of OIF for carbon sequestra­
tion has 3 phases: basic research experim entation, 
focused research and developm ent, and potential d e ­
ployment. The early experim ents betw een 1993 and 
2004 certainly fit into the basic research/experim enta­
tion phase. They w ere small in scale (most about 10 x 
10 km), financed by research grants. These experi­
m ents definitively showed that OIF would result in 
phytoplankton blooms and provided some im portant 
insights into the role of iron in biogeochem ical cycling. 
Because most experim ents w ere limited in duration 
and small in scale, they often did not observe the te r­
mination of the blooms and export of carbon.

The science community has called for a new  phase of 
m oderate-scale experim ents w ith explicit suggestions 
about the types of m easurem ents necessary to d e te r­
mine w hether OIF is an effective m echanism  for r e ­
moving atmospheric C 0 2 (Boyd et al. 2007, Buesseler 
et al 2008). Such experim ents could be funded in p a rt­
nership w ith commercial interests w ith the objective of 
understanding controls on sequestration, assessm ent 
of environm ental impact and m odeling of perm anence,

SUMMARY

While private sector funding for OIF developm ent 
presents challenges, the desire of both oceanographic 
researchers and carbon m arkets for high standards of 
excellence are complementary. These common cul­
tures can be leveraged to ensure that OIF developm ent 
research is carried out in a responsible and transparent 
w ay even if funded by the private sector.

A ck n o w led g e m e n ts .  T he m an u scrip t b e n e fite d  from  th e  com ­
m en ts  of 2 anonym ous rev iew ers, one of w hom  substan tia lly  
im p ro v ed  th e  m an u scrip t by  p o in tin g  out w h ich  concepts 
from  th e  ca rb o n  m ark e ts  w e re  un fam ilia r to  th e  sc ience  com ­
m unity  a n d  n e e d e d  fu rth e r discussion. I w ou ld  also like  to 
th a n k  K. W hilden  a n d  D. W haley  of Clim os, b o th  of w hom  
rev iew ed  th e  m an u scrip t a n d  p ro v id ed  h e lp fu l suggestions 
for its im provem ent.

LITERATURE CITED

B ayon R, H aw n  A, H am ilton  K (2007) V olun tary  carb o n  m a r­
kets: A n  in te rn a tio n a l b u sin ess gu id e  to w h a t th ey  are  an d  
h o w  th ey  w ork. E arthscan , L ondon 

Boyd PW, Law  CS (2001) T he S o u th ern  O cean  Iron  RElease 
E xperim en t (SOIREE)— in tro d u c tio n  a n d  sum m ary. D eep- 
S ea  Res 1148:2425-2438



256 M ar Ecol P rog  Ser 364: 251-256 , 2008

Boyd PW, Jickells  T, Law  CS, Blain S a n d  o thers (2007) M eso- 
scale  iro n  en rich m en t ex p erim en ts 1993-2005: syn thesis 
a n d  fu tu re  directions. Science 315:612-617  

B uesseler KO, D oney SC, Karl DM, Boyd PW  a n d  others 
(2008) O cean  iro n  fe rtiliza tio n — m oving  fo rw ard  in  a  sea  
of uncerta in ty . Science 319:162 

B um a A G J, B aar HJW , N o lting  RF, B ennekom  A J (1991) 
M etal en rich m en t experim en ts  in  th e  W eddell-Scotia  
Seas: effects of iro n  a n d  m an g a n ese  on  various p lan k to n  
com m unities. Lim nol O cean o g r 36 :1865-1878 

^ . C an ad e ll JG , Le Q u ere  C, R au p ach  MR, F ield  CB a n d  others 
(2007) C ontribu tions to acce le ra tin g  a tm ospheric  C 0 2 
g row th  from  econom ic activity, carb o n  in tensity , a n d  effi­
c iency of n a tu ra l sinks. Proc N atl A cad  Sei USA 104: 
18866-18870

C apoor K, A m brosi P (2007) S ta te  a n d  tren d s  of th e  carbon  
m ark e t 2007. In tern a tio n a l E m issions T rad ing  A ssociation, 
W orld B ank  Institu te , W ashing ton , DC 

C apoor K, A m brosi P (2008) T he W orld B ank  s ta te  a n d  
tre n d s  of th e  c a rb o n  m ark e t. In te rn a tio n a l Em issions 
T rad in g  A ssocia tion , W orld B ank  In stitu te , W ash ing ton , 
DC

C oale KH, Jo h n so n  KS, F itzw ater SE, G ordon  RM an d  others 
(1996) A m assive  p h y to p lan k to n  b loom  in d u ce d  b y  an  
ecosystem -scale  iro n  fertilization  exp erim en t in  th e  e q u a ­
to ria l Pacific O cean . N a tu re  383:495-501 

de B aar HJW , Boyd PW, C oale  KH, L andry  MR a n d  others 
(2005) Synthesis of iro n  fertilization  experim ents: from  th e  
Iron  A ge in  th e  A g e  of E n ligh tenm en t. J  G eophys Res 110: 
C09S16

^  G n a n ad e sik a n  A, S arm ien to  JL, S la te r RD (2003) E ffects of 
p a tch y  o cean  fertilization  on a tm ospheric  carb o n  dioxide 
a n d  b io logical p roduction . G lobal B iogeochem  Cycles 17: 
1050

G odal O, E rm oliev Y, K laassen  G, O b e rste in e r M  (2003) 
C arb o n  trad in g  w ith  im perfec tly  o b se rv ab le  em issions. 
E nviron  R esour E con 25 :151-169 

G ru b b  M, V rolijk C, B rack D (1999) T he Kyoto Protocol: a 
gu id e  an d  assessm ent. Royal Institu te  of In tern a tio n a l 
A ffairs /E arthscan , L ondon 

H arrison  D, R adov DB (2002) E valuation  of a lte rn a tiv e  initial 
a llocation  m echan ism s in  a  E u ro p ean  U nion g reen h o u se  
gas em issions a llow ance  trad in g  schem e. P re p a re d  for DG 
E nvironm ent, E u ro p ean  C om m ission. NERA, C am bridge , 
MA

H olm es P (2008) Fertiliz ing  th e  o cean  w ith  iron. O ceanus, 
W oods H ole, MA 

IPCC (In terg o v ern m en tal P an e l on  C lim ate  C hange) (1995) 
C lim ate  ch an g e  1994: rad ia tiv e  fo rcing  of clim ate ch an g e  
a n d  an  evalu a tio n  of th e  IPC C  IS92 Em ission Scenarios. 
C am b rid g e  U niversity  Press, C am bridge  

J in  X, G ru b e r N, F ren zel H, D oney SC, M cW illiam s JC  (2008) 
The im pact on  a tm ospheric  C 0 2 of iro n  fertilization  
in d u ce d  ch an g es in  th e  ocean 's b io log ical pum p. B iogeo­
sc iences 5 :385-406

N oble I, Scholes RJ (2001) S inks a n d  th e  Kyoto Protocol.
C lim ate  Policy 1 :5-25 

R aven  J, C a ld e ira  K, E lderfie ld  H, H o e g h -G u ld b erg  O an d  
o thers (2005) O cean  acid ification  d u e  to in c re as in g  a tm o s­
p h eric  carbon  dioxide. Roy Soc L ondon Policy D ocum ent 
12-05:60

R ea DK (1994) T he paleoclim atic  re co rd  p ro v id ed  by  eolian  
deposition  in  th e  d eep  sea: th e  geologic h isto ry  of w ind. 
Rev G eophys 32:159-195 

Sm ith  P (2004) M onito ring  a n d  verification  of soil carbon  
ch an g es u n d e r  A rticle  3.4 of th e  Kyoto Protocol. Soil Use 
M a n a g  20 :264-270  

Sm ith  P, Pow lson D, G len d in in g  M , Sm ith  JO  (1997) Po ten tia l 
for carb o n  seq u estra tio n  in  E u ro p ea n  soils: p re lim in ary  
estim ates for five scenarios u s in g  resu lts  from  lon g -te rm  
experim ents. G lob C h an g e  Biol 3 :67 -79  

Solom on S, Q in D, M an n in g  M , C h en  Z a n d  o thers (2007). C li­
m ate  ch an g e  2007, T he physical sc ience  basis. C o n trib u ­
tio n  of W orking G roup  I to  th e  F o u rth  A ssessm en t R eport 
of th e  In te rg o v e rn m en ta l Panel on  C lim ate C h an g e , C am ­
b rid g e  U niversity  Press, C am bridge  

S p en cer DF (1992) A n  overv iew  of e n erg y  tech n o lo g y  options 
for carb o n  dioxide m itigation . C lim ate  ch an g e  an d  en erg y  
policy: Proc In t Conf on  G lobal C lim ate  C h an g e , Its M iti­
ga tio n  T h ro u g h  Im proved  P roduction  a n d  U se of E nergy, 
Los A lam os N a tional L aboratory , O ctober 21 -2 4 , 1991, Los 
A lam os 16:259-273 

U N FC C C  (U nited N ations F ram ew ork  C onven tion  on  C li­
m ate  C hange) (1996) U p d a ted  U N FC C C  re p o rtin g  g u id e ­
lines on a n n u a l inven to ries follow ing in co rpora tion  of th e  
p rov isions of decision  1 4 /C P .ll. In: U N FC C C  (ed) FC C C / 
SBSTA/2006/9

U N FC C C  (1997) R eport of th e  co n feren ce  of th e  p a rtie s  on its 
th ird  session , h e ld  a t Kyoto from  1 to 11 D ecem b er 1997. 
In: U N FC C C  (ed)

W atson RT, N oble  IR, Bolin B, R av in d ran a th  N H , V erardo  DJ, 
D o k k en  D J (2000) L an d  use , lan d -u se  ch an g e  an d  
forestry . A sp ec ia l re p o rt  of th e  IPCC. In terg o v e rn m en ta l 
P an e l on C lim ate  C h a n g e , C am b rid g e  U niversity  Press, 
C am b rid g e

W BCSD & WRI (W orld B usiness C ouncil for S usta inab le  
D evelopm en t a n d  W orld R esources Institu te) (2004) A cor­
p o ra te  acco u n tin g  a n d  re p o rtin g  s tan d ard . A vailable at: 
w w w .g h g p ro to co l.o rg /s tan d a rd s /co rp o ra te -s tan d ard  

W BCSD & WRI (W orld B usiness C ouncil for S u s ta in ab le  
D ev elo p m en t a n d  W orld R esources Institu te ) (2006) 
G H G  Protocol for P ro ject A ccoun ting . A vailab le  at: ww w. 
g h g p ro to co l.o rg /s ta n d a rd s /p ro jec t-p ro to c o l 

W inckler G, A n d erso n  RF, F le isher M Q, M cG ee D, M ahow ald  
N  (2008) C ovarian t g lac ia l- in te rg la c ia l d u st fluxes in  th e  
eq u ato ria l Pacific a n d  A ntarctica . Science 320 :93-96  

Z ettler ER, O lson RJ, B inder BJ, C hisholm  SW, F itzw ater SE, 
M ichael G ordon  R (1996) Iron -en rich m en t bo ttle  e x p eri­
m en ts  in  th e  eq u ato ria l Pacific: re sp o n ses of ind iv idual 
p h y to p lan k to n  cells. D eep -S ea  Res II 43 :1017-1029

S u b m itted : Ja n u a ry  9, 2008 ; A ccep ted : M a y  20, 2008 Proofs re c e ive d  fro m  author(s): J u ly  6, 2008

http://www.ghgprotocol.org/standards/corporate-standard

