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鉄鉄鉄鉄
 

Participants of SEEDS cruise after the experiment, forming a 
Chinese character for “iron” by men on the FRV Kaiyo Maru, 
August 2001. 
 
Iron limitation has been proposed as the reason for the existence 
of surface waters rich in macro-nutrients but low in 
phytoplankton biomass in the subarctic Pacific, the equatorial 
Pacific and the Southern Ocean.  Recent in situ iron enrichment 
experiments confirmed this in the equatorial Pacific and the 
Southern Ocean.  In the subarctic Pacific, with biology and 
water structure different from the other two regions, strong 
zonal gradients in atmospheric iron deposition existing between 
the eastern and western gyres may give rise to distinct 
phytoplankton communities that characterize these 
biogeochemical provinces.  Here we present an overview of 
SEEDS (Subarctic Pacific Iron Experiment for Ecosystem 
Dynamics Study), the first in situ test of the iron limitation 
hypothesis on natural ecosystem and geochemical cycles in the 
subarctic Pacific, which was funded by the Ministry of 
Environment of Japan for 3 years.  SEEDS 2001 was originally 
proposed by the Advisory Panel on An Iron Fertilization 
Experiment in the Subarctic Pacific Ocean (IFEP) at the PICES 
Eighth Annual Meeting in Vladivostok, Russia, but the funding 
and ship opportunity were fixed only in March 2001.  Then, we 
started and rushed for preparations of the experiment. 
 
FRV Kaiyo Maru of Fisheries Agency of Japan departed from 
Tokyo on June 28, with full loading of experimental equipment 
and materials (17 large trucks: new record of Kaiyo Maru!).  

Seventeen researchers from the Fisheries Research 
Agency, the Central Research Institute of Electric Power 
Industry, the National Institute for Environmental 
Studies, Hokkaido University, Nagoya University, 
University of Kyoto and University of Tokyo 
participated in the cruise.  The first leg of the cruise was 
allotted for physical and biochemical survey of the target 
area, and performance tests of newly designed 
equipment such as the continuous measurement system 
of an inert tracer gas sulphur hexafluoride (SF6), and the 
iron/SF6 mixing and injection system.   
 
During the second leg of the cruise, a meso-scale in situ 
iron enrichment experiment was conducted in the 
western subarctic gyre of the North Pacific (48.5ºN, 
165ºE) from July 18 to August 1, 2001 (Fig. 1).  The 
experiment consisted of a single addition of 350 kg iron 
as FeSO4 (10,800 L of 0.5 M Fe) with 4100 L of SF6 
saturated seawater, over an 8×10 km patch with a mixed 
layer depth of 10 to 15 m.  Using the GPS 
buoy-Lagrangian navigation system, the solution of iron 
and SF6 mixed at a constant ratio was released under the 
ship's propellers within 24 hours.  Initial concentration of 
dissolved iron in the iron-enriched patch was about 1.9 
nM (mean value of day-1 underway transect; maximum 
recorded was 6.0 nM). 
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Fig.1 Location of SEEDS iron enrichment 
experiment. 
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The weather was foggy but calm throughout the 
observation period, which was lucky for the 
participants in the cruise but less than ideal for satellite 
observation of the iron patch.  The iron-enriched patch 
moved westward during the experiment, but we could 
successfully trace the iron-enriched patch for a 2-week 
observation period by measuring SF6 in surface waters.  
Along with continuous surface measurements of SF6 
and iron concentrations, a fast repetitive-rate (FRR) 
fluorometer, which measures community 
photosynthetic competency (Fv/Fm), and an 
underway pCO2 system, also provided real-time 
mapping.  The first indication of a phytoplankton 
response to iron enrichment was a significant increase 
in Fv/Fm measured by the FRR fluorometer on the 
night of day-3, and the scientists on board get excited.  
By day 10, we observed unambiguous and massive 
biogeochemical responses to the iron addition, which 
resulted in an increase in chlorophyll a concentrations 
to as high as 20 µg/l, and large drawdowns in pCO2 
dioxide and nutrients (Fig. 2). 
 
The iron-enriched water became a rich-soup of 
phytoplankton, and a change in the water color was 
recognizable for everyone after day-9 (Fig. 3).  In 
addition, iron supply led to floristic shifts that resulted 
in the dominance of chain-forming large centric 
diatoms, unlike the equatorial Pacific and the Southern 
Ocean where iron stimulated the growth of pennate 
diatoms.  We finished our observation with trawl 
sampling of salmons and other nekton in and out of the 
patch on day-14.  The water mass with high 
chlorophyll and low pCO2 was still there, but we had 
to leave. 
 
Our initial findings clearly demonstrate that iron 
availability fundamentally controls the magnitude of 
phytoplankton response in high nutrient areas of the 
western subarctic Pacific.  Analysis of samples from 
this experiment will also help to clarify the role which 
iron plays in regulating the biogeochemical processes 
such as export production.  Furthermore, we realize 
that we need longer and more intense observation of 
the iron-enriched patch to understand the 
ecosystem-scale response to iron input, and the fate of 
accumulated organic carbon after the end of diatom 
blooming, which might only be possible with 
international cooperation. 
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Fig.2 Changes in chlorophyll a, nitrate and silicate 

concentrations measured in the iron-enriched patch 
during SEEDS 2001. 

 
 

 
 
 

 

 
 

Fig. 3 Comparison of water color between the outside (top 
panel) and inside (bottom panel) of the iron-enriched 
patch on day-14.  (Photo by H. Kiyosawa) 
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Plans for the Canadian SOLAS Iron Enrichment Experiment 
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Vancouver, British Columbia 
Canada  V6T 1Z4 
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C.S. Wong 
Institute of Ocean Sciences 
P.O. Box 6000 
Sidney, British Columbia 
Canada  V8L 4B2 
E-mail:  wongcs@pac.dfo-mpo.gc.ca 

There are large areas of the North Pacific Ocean where 
iron limits primary productivity.  At Ocean Station 
Papa (OSP; 50oN and 145oW) (Fig. 1), several iron 
enrichment experiments in carboys on board ship have 
demonstrated that in May/June and August/September, 
when 2-4 nM Fe is added to surface water, chlorophyll 
increases several fold and mainly pennate diatoms 
dominate the phytoplankton assemblage (Boyd et al. 
1996.  In vitro iron enrichment experiments in the NE 
subarctic Pacific.  Mar. Ecol. Prog. Ser. 136: 179-193).  
These pennate diatoms do not appear to be eaten by 
the ambient mesozooplankton and likely sink when 
they have used up the added iron (Harrison et al.  1999.  
Comparison of factors controlling phytoplankton 
productivity in the NE and NW subarctic Pacific gyres.  
Prog. Oceanogr. 43: 205-234).  However, it is not 
possible to measure the broader ecosystem response 
and carbon flux in carboy experiments.  As the next 
step in the study of the ecosystem response to an iron 
addition at OSP, we proposed a large-scale open ocean 
iron enrichment, similar to IRONEX I and II, SOIREE 
and, more recently, the successful Japanese SEEDS 
experiment (this issue).  These plans were initiated by 
the Advisory Panel on An Iron Fertilization 
Experiment in the Subarctic Pacific Ocean (IFEP) at 
the PICES Eighth Annual Meeting in Vladivostok, 
Russia, in October 1999 (for details see PICES 1999 
Annual Report, pp. 108-110).  Plans were further 
developed at the special IFEP Planning Workshop on 
“Designing the iron fertilization experiment in the 
Subarctic Pacific” that was held in October 2000, in 
Tsukuba, Japan, in association with the PICES Ninth 
Annual Meeting (for details see PICES 2000 Annual 
Report, pp. 89-95). 
 
This year we received funding from the Natural 
Sciences and Engineering Research Council of 
Canada (NSERC) and Panel for Energy Research and 
Development (PERD) of Natural Resources Canada 
(NRCan) to Fisheries and Oceans Canada.  This 
funding is part of the Canadian SOLAS (Surface 
Ocean Lower Atmosphere) program and it will form a 
contribution to the International SOLAS project, a 
new core project under the International Geosphere 
Biosphere Program.  The main objective of the 
International and Canadian SOLAS program is to 
address the key interactions among the marine 
 

biogeochemical system, the atmosphere, and climate.  One of the 
highlights of the Canadian SOLAS program is that it will bring 
the atmospheric scientists and the oceanographers together for 
the first time in this coordinated project.  At OSP, we will test 
how an addition of iron (as a simulation of natural Fe additions 
via dust or offshore eddies) will increase primary productivity, 
the production of trace gases such as dimethylsulphide (DMS) 
and organic halides and the drawdown of CO2, all of which can 
influence climate.  We have adopted the acronym SERIES 
(Subarctic Ecosystem Response to Iron Enrichment Study) for 
our iron enrichment experiment. 
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Fig. 1 CZCS annual chlorophyll distribution in the NE Pacific.  

Line P stations (+) and Ocean Station Papa, which are 
sampled three times annually to provide time-series 
measurements of ocean variability, are indicated. 

 
In July 2002, we will collaborate with scientists from Japan and 
the United States to conduct an open ocean iron enrichment 
experiment at OSP.  There will be two ships, Canadian CCS John 
P. Tully and Mexican R/V El Puma (Figs. 2 and 3), that will 
provide about 40 berths.  We plan to enrich a 100-km2 patch of 
the ocean and follow it for 2 to 3 weeks.  Japanese scientists will 
visit OSP and extend the sampling time along with the US 
scientists (if they receive funding).  This extension in following 
the patch should allow us to determine the fate of the bloom. 
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Fig. 2 The CGSS John P Tully, a 69 m research vessel 

operated by Fisheries and Oceans Canada to 
conduct oceanographic programs in the North 
Pacific. 

 
We will measure a wide range of parameters to determine 
the response of the plankton community to the iron addition, 
the fate of carbon (drawdown of CO2 and carbon export), 
production of trace gases (DMS, N2O and organic halides), 
iron chemistry (including iron complexation and the 
longevity of the bloom), and exchange processes at the 
air/sea interface.  The field data will ultimately be 
integrated into coupled ocean and atmosphere models. 

 
 
Fig. 3 The 50 m long R/V El Puma, the Pacific Coast 

vessel operated by the National University of 
Mexico (UNAM) to conduct oceanographic 
programs in the Pacific 

 
Our results will provide a very interesting comparison 
between the response of the NE (Canadian SOLAS) and 
NW (SEEDS Japan) subarctic Pacific gyres to iron 
enrichment.  The NW gyre is less iron-limited since it is 
closer to an iron source, the dust from the Gobi Desert in 
China.  The two gyres present a natural gradient of iron 
limitation and hence a different ecosystem response is 
expected to the iron enrichment. 
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Dr. Shigenobu Takeda is an associate professor of Aquatic 
Biology and Environmental Science Laboratory, Graduate 
School of Agricultural and Life Sciences, University of 
Tokyo.  His research interests include trace 
metals-phytoplankton interaction, biogeochemical cycles of 
iron, behaviour of silicon and other trace elements in the 
ocean, and eutrophication processes in coastal systems.  
Within PICES, Shigenobu is the Co-Chairman of the 
Advisory Panel on Iron Fertilization Experiment. 

 

 
 
Dr. C.S. Wong is a senior research scientist and team leader 
of the Climate Chemistry Laboratory at the Institute of 
Ocean Sciences.  His research focuses on the oceanic 
carbon cycle, halocarbon and isotopic tracers, iron 
fertilization and mitigation CO2 in the oceans.  He co-chairs 
the PICES Advisory Panel on Iron Fertilization Experiment, 
and is also a member of the PICES Physical Oceanography 
and Climate Committee and WG 17 on Biogeochemical data 
integration and synthesis. 
 

Iron deficiency has been proposed as the reason for the 
existence of surface waters rich in macro-nutrients but low 
in phytoplankton biomass in the subarctic Pacific, the 
equatorial Pacific and the Southern Ocean.  In summer of 
2001, an iron enrichment experiment (Subarctic Pacific Iron 
Experiment for Ecosystem Dynamics Study – SEEDS-I) 
was performed in the western subarctic Pacific;  and in 
summer of 2002, another iron enrichment experiment 
(Subarctic Ecosystem Response to Iron Enrichment Study - 
SERIES) was carried out in the eastern subarctic Pacific.  
These international collaborative projects between Canada 
and Japan were conceived at the first planning workshop of 
the PICES Advisory Panel on Iron Fertilization Experiment 
(IFEP), held in Tsukuba, Japan, in 2000, in conjunction with 
PICES IX. 
 
In order to review the results and outstanding questions from 
these experiments and to discuss plans for the second 
longer-term experiment in the western subarctic Pacific 
(SEEDS-II), the PICES-IFEP Workshop on “In situ iron 
enrichment experiments in the eastern and western subarctic 

Pacific” was held February 11-13, 2004, at the Chateau 
Victoria Hotel, Victoria, British Columbia, Canada.  26 
scientists from Canada, Japan, and the United States of 
America attended the workshop (Fig. 1). 
 
The objectives of the workshop were to: 
 Synthesize results from the two in situ iron enrichment 

experiments performed in the eastern and western 
subarctic Pacific (SEEDS-I and SERIES); 

 Discuss responses to iron additions in lower and higher 
trophic levels, carbon cycles, trace-gas production and 
ocean-atmosphere flux, and models; 

 Determine similarities and differences in 
biogeo-chemical and ecosystem responses to iron 
addition between the eastern and western subarctic 
Pacific; 

 Identify specific scientific questions for the new 
longer-term experiment in the western subarctic Pacific 
(SEEDS-II). 

 
The workshop started with 4 synthesis talks on SEEDS-I, 
SERIES and SOFeX, followed by 14 shorter presentations
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Fig. 1 Workshop participants at the entrance of the Chateau Victoria Hotel 
 
 
on the physical behavior of the Fe-enriched patch, 
biological/physiological responses, food-web dynamics, 
chemistry of iron, carbon cycle, and model prediction. 
 
What have we learned from the enrichment experiments? 
 
Both SEEDS-I and SERIES have demonstrated increased 
productivity and biomass of phytoplankton as a response to 
the iron enrichment.  Bloom evolution and decline was 
captured in detail during SERIES.  However, there are 
differences in the physical and chemical environments, the 
plankton ecosystem and dominant species, and zonal iron 
gradient between the Western Subarctic Gyre (WSG) and 
the Alaskan Gyre (AG).  From SEEDS-I and SERIES, we 
can point out the following similarities and differences in 
biogeochemical and ecosystem responses to iron addition: 
 
Similarities 
 Diatom bloom occurred;  floristic shift to large cells; 
 Vertically-integrated Chl-a and primary production 

increased; 
 Heterotrophic dinoflagellates grazed on diatoms after 

the development of the bloom, and led to significant 
loss of diatoms in the mixed layer; 

 Copepods were not the primary grazers;  SERIES was 
not well matched with the spring period of maximum 
diatom grazing (Neocalanus plumchrus); 

 DOC (dissolved organic carbon) increased during the 
growth phase of bloom, was constant through the 
stationary phase, and decreased during the bloom 
decline;  DOC production was about 10% of primary 
production; 

 Increased dissolved-Fe was mainly in colloidal fraction; 
 Dissolved-Fe concentration decreased rapidly by 

colloidal aggregation and biological uptake (less), and 
loss rate gradually decreased; 

 Particulate-Fe concentrations remained high;  
bioavailability of remaining iron (mainly particulate) 
was low; 

 Majority of macro-nutrients were consumed; 
 Increase in Si/NO3 drawdown ratio was observed after 

occurrence of physiological stress such as iron and light 
limitations. 

 
Differences 
 A larger and faster response (in terms of biomass) was 

observed in WSG; 
 Initial diatom populations largely neritic for WSG and 

pelagic for AG;  neritic species responded quickly to the 
iron enrichment and built up a large biomass, 
suggesting that the presence of coastal species as resting 
spores or cells is important in determining the 
magnitude of bloom evolution; 

 The bloom was characterized by two ecological phases 
in SERIES.  Phase I consisted of nano-phytoplankton 
(prymnesiophytes) and occurred before day 10 of the 
experiment, and phase II was mainly diatoms and began 
after day 10; 

 Sediment traps collected large CaCO3 fluxes after phase 
I, and high biogenic-Si and POC fluxes after phase II 
during SERIES, but not in SEEDS-I.  SEEDS-I 
occupation may have been too short to observe export 
event; 
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 >50% of the mixed-layer POC (particulate organic 
carbon) deficit attributed to bacterial re-mineralization 
and meso-zooplankton grazing in AG;  NH4 in surface 
waters increased throughout the bloom; 

 Characteristics of organic ligands changed rapidly upon 
Fe enrichment in WSG;  ligands concentration tracked 
dissolved-Fe concentration in AG, rapidly disappearing 
together with dissolved-Fe concentration; 

 The iron enrichment created a bloom of DMSP-rich 
nano-phytoplankton (E. huxleyi) which crashed after 
day 11 in SERIES, but no significant increase in 
DMS/DMSP was observed in WSG; 

 The Fe-induced increase in DMSP had no clear effect 
on DMS concentrations in AG; 

 The iron-induced deficit in DMS concentrations during 
the peak of the diatom bloom resulted from a decrease 
in biological DMS net production in AG. 

 
Kenneth Coale was invited to give a synthesis talk on 
Southern Ocean Iron Experiment (SOFeX), which was 
performed in 2002, to investigate the effects of iron 
enrichment in regions with high and low concentrations of 
silicic acid.  He identified the following questions to be 
resolved in future experiments. 
 What are Fe:C:Si:N:P uptake and re-generation 

stoichiometries?  How are these stoichiometries related 
to phytoplankton community structure? 

 What is the steady-state condition?  Is this a relevant 
question? 

 What is the periodicity and magnitude of natural iron 
enrichment, both seasonally and inter-annually, and on 
glacial-interglacial time scales? 

 What is the effect of iron enrichment on the 
geochemistry (low O2 and de-nitrification) and ecology 
(nitrification) below and within the Fe patch? 

 Do ecosystems respond in a natural manner to artificial 
Fe enrichments?  What are the similarities and 
differences between natural and artificial Fe supply? 

 
What are outstanding questions? 
 
SEEDS-II is the second meso-scale iron enrichment 
experiment in WSG designed to investigate the longer-term 
effects of iron enrichment on plankton ecosystem, carbon 
export and trace gas production.  SEEDS-II will involve 
about 50 researchers from universities and government 
institutions in Japan, the United States and Canada.  The 
iron-enriched patch will be monitored by two ships, the R/V 
Hakuho Maru (Japan) and the R/V Kilo Moana (U.S.A.), for 
34 days from July 21 to August 23, 2004.  Through the 
integration and synthesis of the findings from SEEDS-I, 
SERIES and SOFeX, the workshop participants identified 
the following key themes and key scientific questions for the 
SEEDS-II experiment. 
 
Fate of carbon 
 What portions of organic carbon fixed by coastal centric 

diatoms in WSG will be exported from the surface 
mixed layer, and what portions will be regenerated? 

 To what extent would heterotrophic dinoflagellates 
(Gyrodinium) respire Fe-induced carbon fixation? 

 What is turnover time of produced DOC? 
 What are community respiration rates? 
 Is C:N:P:Si regeneration ratios in surface and 

subsurface layers crucial to our understanding of 
Fe-induced ecological response and nutrient dynamics? 

 Is biological patchiness in species and export within the 
patch significant? 

 How does physical dilution from outside affect the 
patch chemistry and biology?  What is the effect of 
dilution on budget calculations? 

 
Ecosystem responses 
 Why did SEEDS-I and SERIES have opposite trends in 

dominant diatom composition? 
 What is the role of cell lysis on changes in available 

nutrients, sources of DMSP, bacterial community 
structure and iron chemistry? 

 What roles will sinking and grazing play in the decline 
of the bloom? 

 What is the long-term effect of Fe availability on the 
ecosystem?  How is the response to further iron addition 
affected? 

 The ecological response to iron enrichment is largely 
determined by the seed population.  What will the 
species variability and ecosystem differences be 
between iron-induced blooms in the same location? 

 How predictable will the species response be to iron 
addition? 

 Why does Fe addition to bottles result in N-limitation, 
but the large-scale Fe additions show Si-depletion? 

 
Seasonal timing 
 If natural events occur, should we try to emulate those 

that occur at other times of the year? 
 What is the importance of the presence of endemic 

zooplankton at the time of iron enrichment? 
 
Fe biogeochemistry 
 What controls iron retention and loss after iron release? 
 What is the main source of ligands production?  How 

does it respond to iron enrichment? 
 What is the role of iron ligands in Fe bioavailability and 

recycling? 
 What is the role of Fe(II) in the phytoplankton bloom? 
 What is the uptake of iron by different biota? 
 What is the difference between single and multiple iron 

additions, and their effect on availability of iron? 
 Comparison with natural iron supply:  labile particulate 

iron was significantly higher in the surface mixed layer 
in WSG, but dissolved iron was at the same level as in 
the eastern region. 

 Is bioavailability of iron (not total iron input) most 
important for ecosystem response? 

 
Trace-gas production 
 What is the fate of DMSP?  Is it consumed by bacteria?  

Does it sink? 
 What are the roles of physiological stress, Fe 

availability, light and macronutrients on DMSP 
cycling?   

 What is the extent of emission to atmosphere? 
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Recommendations for SEEDS-II 
 
 It was recommended to lengthen the experiment if 

possible;  the decline will depend on patch physical 
dynamics, bloom dynamics, etc. 

 Additional suite of measurements is required to study 
bloom evolution, including FRRF, Flavodoxin, sinking 
rates, TEPS, and supplement these with 15N and 32Si 
uptake rates; 

 Additional methods are required to determine the role 
of the microbial community and zooplankton in the fate 
of POC and O2 profiles of the upper ocean, community 
respiration, labelled particle decomposition 
experiments; 

 Additional experiments are required for measuring 
export flux, such as trap calibration with thorium, 
large-volume pump thorium samples, more 
fluorometers for the upper trap moorings; 

 Estimates of silica dissolution, bacterial production and 
respiration, and bacterial Fe-stress should occur; 

 Measurements of micro- and meso-zooplankton grazing, 
and the prey (including particles are desirable. 

 
Thanks to the excellent presentations and spirited discussion 
from all participants, the workshop was very successful.  
The results of the workshop will be published as a PICES 
Scientific Report in 2004. 
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Dr. Maurice Levasseur is a professor in the Department of 
Biology at Université Lava, where he leads the Canadian 
Chair on Climate Variability and Plankton Ecosystems.  He 
is also the Chairman of the Canadian SOLAS Network 
(csolas.dal.ca).  His research focuses on the marine 
production of the climatically-active gases and the 
eco-physiology of harmful algal blooms.  Within PICES, 
Maurice has been involved in activities of the Advisory 
Panel on Iron Fertilization Experiment and the Working 
Group on Ecology of the Harmful Algal Blooms in the 
North Pacific.  
 
Anissa Merzouk graduated with a B.Sc. in Marine Biology 
from the Université du Québec à Rimouski.  She is currently 
completing a Ph.D. in Oceanography at Université Laval 
under the supervision of Prof. Levasseur, working on 
understanding the controls of the biological production and 
consumption of DMSP and DMS in surface waters.  Within 
the C-SOLAS program, she participated in the SERIES iron 
enrichment experiment in the NE Pacific to determine the 
influence of iron on the distribution and biological cycling 
of DMSP and DMS.  

 
 
Background 
 
The productivity of large portions of the global ocean is 
thought to be limited by the availability of iron, a 
micronutrient essential to phytoplankton growth.  So far, 
eight meso-scale iron fertilization experiments have been 
conducted in order to test this hypothesis, and to provide 
insights on the potential effect of iron addition on algal 
blooms development and the biogeochemical cycle of major 
elements, with a special focus on climatically-active gases, 
such as CO2 and dimethylsulfide (DMS).  Two of these 
recent experiments conducted in the North Pacific were 
developed under the umbrella of PICES, through its 
Advisory Panel on Iron Fertilisation Experiment, co-chaired 
by Drs. Shigenobu Takeda and C.S. Wong.  These 
experiments took place in 2001 in the Northwest Pacific 
(SEEDS), and in 2002 in the Northeast Pacific (SERIES).  
Both experiments were successful and generated important 
new findings (Tsuda et al.  2003.  A mesoscale iron 
enrichment in the western subarctic Pacific induces large 
centric diatom bloom.  Science, 300: 958-961;  Boyd et al. 
2004.  Evolution, decline and fate of an iron-induced 
subarctic phytoplankton bloom.  Nature, 428: 549-553). 
 
Meso-scale experiments are costly, involve many scientists 
and generate huge volumes of data.  It is our responsibility to 
maximize the diffusion of this information and to ensure a 
skilful utilization of these unique data sets.  A group of 
research scientists involved in the planning and realization 
of these experiments thought that the timing was good to 

synthesize and compare the responses obtained so far during 
these experiments.  To accomplish this task a joint 
C-SOLAS/PICES-IFEP session on “Response of the upper 
ocean to meso-scale iron enrichment” was convened on 
February 17-18, during the ASLO/TOS 2004 Ocean 
Research Conference held in Honolulu, Hawaii (session 
organizers:  Maurice Levasseur, Atsushi Tsuda, William 
Miller, William Cochlan and Richard Rivkin).  
 
The call for papers was very well received, resulting in a 
session composed of 23 oral presentations and 17 posters.  
As expected, the session was a showcase for the most recent 
experiment:  SERIES.  But there was also significant 
contribution from SEEDS and SOFeX, and some 
presentations proposed thoughtful inter-comparisons 
between the various meso-scale experiments.  This special 
session allowed to recognize the similarities and differences 
in the responses obtained from these experiments. 
 
Overview of presentations 
 
The session started with a tutorial by Kenneth Coale who 
presented a synthesis of the knowledge gained from the 
seven mesoscale iron enrichments experiments conducted so 
far, pointing at similarities but also emphasizing that each 
experiment was unique in terms of location, season and 
initial conditions, and thus generated different responses to 
iron enrichment.  The take home message was that although 
we know much more than 10 years ago, much remains to be 
understood in order to properly evaluate the global impact of 
iron on ocean biogeochemical cycles and climate. 
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The tutorial was followed by 4 talks on SOFeX, highlighting 
new outcomes from this expedition in the Southern Ocean.  
William Cochlan showed that there was a clear change in the 
relative utilization of new and re-generated nitrogen 
following the iron fertilization, with nitrate uptake 
increasing by 15-fold and 25-fold north and south of the 
Antarctic Polar Front Zone (APFZ), respectively.  Stephen 
Baines reported on iron-induced changes in the elemental 
stoichiometries of individual diatoms and flagellates using a 
synchrotron x-ray fluorescence microprobe.  His results 
indicate biochemical changes in the resident plankton, 
suggesting differences in the biogeochemistry of Fe-replete 
and Fe-deplete regions of the ocean.  Mark Brzezinski 
showed that iron fertilization caused a shift from 
non-Redfield to Redfield nutrient uptake ratios in the 
Southern Ocean, shifts that will have strong implications for 
elemental cycling and climate during periods of enhanced 
Fe supply.  Finally, Michael Hiscock demonstrated that iron 
addition resulted in an increase in the maximum quantum 
yield of photosynthesis, but that the intensity of the response 
varied within size fractions between the nitrate-rich and 
silicate-rich in the waters north and south of the APFZ.  
These presentations, along with the companion posters, 
highlighted important regional variability in the responses of 
the plankton community to iron fertilization in the Southern 
Ocean. 
 
The next 2 talks, accompanied by 4 posters, reported more 
specifically on the SEEDS expedition conducted in the NW 
Pacific in 2001.  Atsushi Tsuda gave an overview of SEEDS 
where the iron fertilization induced a large centric diatom 
bloom resulting in a marked consumption of macronutrients, 
a huge increase (factor ~ 20) in chlorophyll a concentrations 
and a marked drawdown in pCO2.  By day 13 of the 
experiment, the export of fixed carbon represented only 13% 
of the primary production in the iron-enriched patch, with 
most of POC (particular organic carbon) remaining in the 
surface mixed layer.  The fate of the bloom remains 
unknown.  Isao Kudo presented interesting results on the 
effect of water temperature on the response of the 
phytoplankton community to iron addition obtained in 
shipboard experiments performed during SEEDS and 
SERIES.  The phytoplankton growth rate in the fraction of 
>10 μm was higher in the NW Pacific than in the NE Pacific 
for similar iron addition and temperature (12°C).  Since 
surface temperature increased from 5 to 9°C in the weeks 
before the SEEDS experiment, he hypothesized that the 
growth rate dependence on temperature could explain the 
exceptionally large increase in chlorophyll a and primary 
production measured during SEEDS.  Jun Nishioka 
presented a poster on the distribution of size-fractionated 
iron and showed that iron supply is higher in the NW Pacific 
than in the NE Pacific due to more frequent atmospheric 
inputs.  During SEEDS, the added dissolved iron was 
rapidly transformed to labile particulate iron, reducing its 
bio-availability to phytoplankton, a process that probably 
also occurs for dissolved iron originating from atmospheric 
inputs.  In his poster, Takeshi Yoshimura demonstrated that 
in the NW Pacific, 10 to 20% of the net organic carbon 
production was converted to DOC (dissolved organic 

carbon) during the growth and stationary phases of the 
bloom.  In the NE Pacific, the net DOC production was 
higher during the decline phase of the bloom, suggesting the 
domination of decomposition processes.  Hiroaki Saito’s 
poster suggested that phytoplankton growth exceeded 
micro-zooplankton grazing at the beginning of the SEEDS 
experiment, but micro-zooplankton grazing rates and 
phytoplankton grazing mortality increased rapidly at the end 
of the experiment.  These results highlighted the balance 
between phytoplankton growth and loss due to grazing, and 
how this equilibrium may be affected by iron.  Naoki Yoshie 
presented a poster on the modeling of the SEEDS diatom 
bloom.  The model successfully reproduced the vertical 
distributions of macronutrients and chlorophyll during the 
evolution of the bloom.  The model predicts that the effect of 
iron on the ecosystem would last for 40 days, and that the 
export flux during the 13-day observation period represents 
20 to 30% of the export predicted for 40 days.  
 
The following 15 oral presentations (with 5 posters) 
reported on SERIES, the most recent meso-scale iron 
enrichment experiment at that time.  This block of talks 
began with an overview of SERIES by Phillip Boyd, who 
presented the evolution, decline and fate of the SERIES 
bloom.  His talk was completed by the presentation of David 
Timothy on the nutrient dynamics, uptake and export of 
carbon and biogenic silica.  Their results showed that the 
termination of the diatom bloom was due to iron limitation 
followed by silicic acid limitation.  More than half of the 
carbon fixed by the bloom was grazed or re-mineralized by 
bacteria and only a small portion of the bloom’s particulate 
carbon (18%) and biogenic silica (34%) was exported from 
surface waters (>50 m).  Jean-Eric Tremblay presented data 
on phytoplankton growth and nutrient uptake ratios during 
the evolution of the bloom.  The nano-phytoplankton bloom 
was initiated by increased growth rates immediately after 
iron addition, and was halted by grazing losses.  A 
presentation by Nelson Sherry and a poster by Paul Harrison 
described the shift in phytoplankton community 
composition from small nano-phytoplankton (flagellates) to 
large pennate diatoms.  Chlorophyll a and primary 
production increased rapidly during the diatom bloom in 
parallel with a drawdown of macronutrients.  Adrian 
Marchetti presented field and lab data on elemental 
composition ratios in a diatom, showing that iron-limitation 
resulted in an increase of the Si/N ratio due to a decrease in 
N-uptake.  He concluded that diatoms were iron-stressed 
before the full depletion of silicic acid during SERIES. 
 
Richard Rivkin presented an insightful synthesis of the 
influence of iron on bacterial stocks and processes during 
different meso-scale iron enrichments.  Iron increased 
bacterial abundance and production during all fertilization 
experiments.  The bacterial response during SERIES was 
markedly larger than in the Equatorial Pacific (IronEx II) 
and Southern Ocean (SOIREE), resulting in increased 
retention of carbon in the surface layer and reduced export to 
the deep ocean.  Carol Adly and Michelle Hale presented 
posters on the bacterial response to iron enrichment.  The 
first author reported a small but rapid increase in bacterial 
abundance and production immediately (few hours) after 
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iron enrichment, suggesting that bacteria were initially 
iron-limited.  Hale’s results showed that the bacteria were 
generally DOM-limited during the first days of the 
experiment.  Bacterial production and growth rates peaked 6 
days prior to the increase in biomass, suggesting that 
bacteria were under strong grazing pressure during the first 
13 days of the bloom. 
 
Sonia Michaud and Michel Scarratt presented results on the 
influence of iron on the dimethylsulfoniopropionate 
(DMSP) and dimethylsulfide (DMS) distribution during 
SERIES, and Anissa Merzouk presented data on DMSP and 
DMS biological cycling.  The bacterial utilization of DMSP 
shifted from high DMS production in the sulfur-rich 
nano-phytoplankton bloom to low DMS production during 
the sulfur-poor diatom bloom, resulting in an overall DMS 
deficit in the iron-enriched patch.  It is the first time that a 
negative effect of iron fertilization on DMS is observed.  
William Miller and Rene-Christian Bouillon showed that 
iron fertilization decreased the DMS photo-oxidation rate 
coefficient.  They proposed that nitrate-photolysis played a 
significant role in DMS photo-degradation.  Yvonnick. Le 
Clainche used an inverse modeling approach to show that 
the regional increase in DMS concentrations during SERIES 
resulted from a combination of low ventilation and high 
DMS biological net production. 
 
Robert Moore presented data on the production and fluxes of 
isoprene and methyl-iodide, two atmospherically-reactive 
gases.  The net production of isoprene and its flux to the 
atmosphere increased during the course of the experiment, 
whereas methyl-iodide concentrations were lower in-patch 
than out-patch.  These gases were of biogenic origin but 
their production mechanisms are poorly understood. 
 
Kenneth Denman presented the modeling of the plankton 
community structure during the iron enrichment.  The model 
reproduced well the development of the bloom but not the 
export of carbon fixed by the diatom bloom, suggesting that 
processes such as aggregation may have played a role in 
increasing the export flux at the end of the bloom. 
 
Less usual for an ASLO meeting, the last two talks reported 
on the influence of iron fertilization on the atmospheric 
distribution of DMS, methane sulfonic acid (MSA) and 
aerosols.  Moire Wadleigh presented the sea-to-air DMS 
fluxes and atmospheric DMS concentrations, while Lisa 
Phinney reported on aerosol processing over the region of 

the SERIES experiment.  DMS fluxes were correlated with 
seawater DMS concentrations and wind speeds.  
Atmospheric DMS, MSA and sulfate concentrations were 
high in the study area compared to mean worldwide values.  
DMS and its degradation products were particularly 
elevated during a regional episode of high seawater DMS 
concentrations around days 6-9. 
 
Conclusions 
 
Papers presented during the session revealed important 
similarities and differences in the responses to iron 
fertilization observed in the different high nutrient low 
chlorophyll (HNLC) oceanic regions.  One noteworthy 
similarity is that the growth of phytoplankton from all size 
classes seemed to be stimulated by iron addition, with small 
flagellated cells blooming first, followed by the diatoms.   
 
Although a decrease in pCO2 is generally measured in those 
experiments, results from SERIES indicate a low carbon 
sequestration efficiency.  Whether such low efficiency can 
be extrapolated to the other HNLC regions is uncertain since 
bloom termination was generally not monitored during 
previous experiments.  Carbon sequestration may vary 
depending on the structure of the phytoplankton assemblage, 
the limiting nutrient (Fe, nitrate, silicate), grazing, 
respiration, etc.  Since these conditions vary from one site to 
another, the efficiency of carbon sequestration is expected to 
change as well.  There is thus a need to determine the fate of 
the bloom in the major HNLC regions.   
 
In addition to altering the carbon cycle, iron fertilization 
may also affect the production of other climatically-active 
biogenic gases such as DMS.  During SERIES, the 
iron-induced diatom bloom coincided with a decrease in 
DMS concentrations.  This was a clear departure from 
previous experiments where iron addition resulted in an 
increase in DMS.  Again, these conflicting results call for 
further experiments.  In order to properly evaluate the global 
impact of iron on sea-to-air exchange of climatically-active 
gases, we need a minimum, but statistically sound, 
understanding of the sensitivity of the different HNLC 
regions to iron.  This can only be achieved through repeated, 
well planned, experiments.  Given that up to 40% of the 
ocean surface is limited by iron, these experiments are 
essential steps in our quest to understand past, present, and 
future climate. 
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