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The seeding of an expanse of surface waters in the equatorial Pacific Ocean with low
concentrations of dissolved iron triggered a massive phytoplankton bloom which consumed
large quantities of carbon dioxide and nitrate that these microscopic plants cannot fully utilize
under natural conditions. These and other observations provide unequivocal support for the
hypothesis that phytoplankton growth in this oceanic region is limited by iron bioavailability.

THE persistence of high-nitrate, low-chlorophyll (HNLC) condi-
tions in the surface waters of several large regions of the world’s
oceans comprise a familiar enigma in oceanography'. The factors
that prevent the utilization of nitrate also regulate the rate at
which carbon dioxide is taken up by phytoplankton and, ulti-
mately, the amount of carbon exported from the surface waters.
The oceans are both a major source and sink for atmospheric
carbon dioxide, and processes that control the balance of these
fluxes are thought to have a major effect on global climate?.
Understanding the factors that limit the uptake of excess plant
nutrients is, therefore, a key to understanding climate change.
Grazing pressure exerted on phytoplankton by rapidly repro-
ducing microzooplankton and micronutrient (iron) deficiency
may function jointly in these HNLC waters’; yet the relative
importance of each of these factors in controlling the biomass
and rates of phytoplankton production has remained conten-
tious®. The experimental tools available to the oceanographer
have, until recently, been inadequate to resolve the relative
importance of these processes. In vitro enrichment experi-
ments> %, where iron is added at nanomolar levels to samples of
sea water, invariably do not represent the in situ phytoplankton
grazer community. The interpretation of such experiments has,
therefore, been ambiguous to some'*">.

In 1993, the first open-ocean iron enrichment experiment
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(IronEx I) was performed in an attempt to eliminate the ambiguity
of in vitro containment and allow the processes influencing com-
munity structure and carbon export to operate at an appropriate
scale'®. TronEx I involved a single 4 nM enrichment of dissolved
iron to an experimental ‘patch’ of equatorial Pacific surface
waters'®. This experiment demonstrated a clear and unambiguous
physiological response to the addition of iron which resulted in a
doubling of plant biomass, a tripling of chlorophyll concentrations
and a fourfold increase in phytoplankton productivity. Four days
after the iron addition, the patch was subducted beneath a layer of
less-dense surface water; hence , the magnitude of the biological
and geochemical response was much smaller than predicted from
previous bottle enrichment experiments™. Nitrate drawdown
during IronEx I was undetectable (<0.2 uM), and carbon dioxide
fugacity was only reduced by 10 patm (ref. 17).

Several hypotheses were advanced to explain this small biogeo-
chemical response. (1) Iron was rapidly lost from the patch'®, (2)
the subduction of the patch to lower light levels minimized the
photodissolution of iron colloids and decreased rates of bioavail-
able iron production', (3) zooplankton quickly cropped the
increase in phytoplankton biomass'*", and (4) another nutrient,
such as zinc or silicate, became limiting thus preventing further
growth'**. The second mesoscale iron enrichment experiment
(IronEx II) was designed to test these hypotheses. Multiple
additions of iron, over several days, were used to simulate a
natural iron input event, and zooplankton grazing rates and
concentrations of other potentially limiting nutrients were closely
monitored over the course of the experiment. The massive
phytoplankton bloom triggered by the relief of iron-limitation
was not significantly checked by either grazing or secondary
nutrient limitation, thus unequivocally supporting the hypothesis
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that the HNLC condition of these waters is due to iron-limitation
of algal growth.

Experimental strategy

The IronEx II experiment involved three separate mesoscale
infusions (patches 1, 2 and 3) and a series of deckboard in vitro
enrichment experiments. A 1,000 km? area was surveyed in the
vicinity of 3.5° S, 104° W in May 1995 to ensure that hydrographic,
biological and chemical conditions were uniform throughout the
region, to minimize the chance of surface-water subduction which
biased the first iron enrichment experiment, and to ensure that
changes in the experimental area could be attributed to the
presence of iron.

Many of the experimental methodologies originally developed
during IronEx I'® were employed in the IronEx II experiment. All
navigation was conducted relative to a central buoy, fixed within
the mixed layer of the patch using a 1 x 20 m holey-sock drogue,
that was set at a depth of 15m. This buoy, instrumented with a
global positioning system, packet radio, fluorometer, transmiss-
ometer, conductivity, oxygen and temperature sensors, served as
the centre of a lagrangian frame of reference. The position of the
buoy was transmitted to the ship every 5 min. Iron infusions and
sampling transects were performed relative to this lagrangian
buoy. The buoy drifted at about 2.8 kmh™ in a south-by-south-
westerly direction over the duration of the experiment. A second
instrumented buoy was deployed outside the iron-enriched area to
monitor changes in the unperturbed waters. The central buoy was
recovered 19 days after deployment, some 1,500 km from its initial
position (Fig. 1).

On 29 May (day 0 of the patch 1 experiment), 225 kg of iron (as
acidic iron sulphate) was mixed in constant ratio with the inert
chemical tracer sulphur hexafluoride (SF) and then injected
immediately aft of the ship’s twin propellers as the ship steamed
over a 72 km? rectangular deployment grid. Acidic iron sulphate is
the form of iron thought most likely to enter the surface waters
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FIG. 1 The drift tracks of the lagrangian drifter buoys, indicating the centre
of the enriched area, are plotted together with the ship’s position during
the IronEx Il experiment. The dashed line indicates the track of the
central lagrangian drifter buoy (drifter 1) marking the centre of patch 1
(sequentially infused). The thick solid line indicates the track of the central
lagrangian drifter buoy (drifter 2) marking the midpoint between patch 2
(control; no iron addition) and patch 3 (+0.3 nM Fe). The thin line indicates
the ship’s track as it navigated about both buoys during the 19 days of the
experiment. Initial patch 1 advection velocity (as determined by buoy 1) was
close to 3kmh™* requiring constant corrections to the lagrangian coordi-
nate system. Buoy positions were transmitted to the ship every 5 min and
were used to continuously update the navigational frame of reference.
Arrows A, B and C designate the location of the initial 2 nM, and subsequent
1nM, Fe infusions of patch 1, respectively. The drift track of the outside
buoy is not shown.
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naturally through atmospheric deposition?. Based on a turbulent
dispersion model®, the iron streaks laid 400 m apart in the ship’s
track were calculated to merge within one day, resulting in a
uniform addition of iron throughout the 25-m mixed layer. This
uniformity was confirmed by both underway measurements and
vertical profiles of SF, and Fe. Mixed-layer depth averaged 25 m
during the infusion, and the initial (day 1) concentration was 2nM
Fe. Two subsequent infusions each of 112kg of Fe (to yield an
increase of 1nM each) were performed on days 3 and 7 of the
experiment to maintain an enhanced concentration of iron in
patch 1. All infusions were performed using even track spacing.
Subsequent surveys were both rectilinear and star-shaped.

A suite of hydrographic and biological measurements (tem-
perature, salinity, Fe, SF,, CO,, dimethyl sulphide and its algal
precursor, nutrients, primary productivity, trace elements, plant
pigments including chlorophyll, grazing pressure, phytoplankton,
zooplankton and heterotrophic bacterial abundances, isotopes
("0, ®0, *C, *C, #*Th), colloids and metal speciation) were
performed each day at vertical profile stations both inside and
outside the experimental patch. Many of these data we report
here, and in companion papers in this issue, and others will be
reported elsewhere. ‘Inside’ stations were defined both by their

FIG. 2 A series of contours of six measured variables plotted as a daily time
series over the duration of the patch 1 experiment. These plots were
constructed using Systat (statistical software from Systat, Inc., Evanston,
IL, USA) with the data available from vertical profiles, underway sensors
and discrete mixed-layer samples. The underway data was obtained using
the ship’s PVC pumping system which had an intake on the bow, ~6m
below the surface. On day 17, at the southwesternmost extent of the patch
1 experiment, a water mass of lower density and lower nutrients was
encountered. The approximate location of this abutting water mass is
depicted as a grey area in plots b—f on day 17. a, Vertical section of
temperature along the drift track of buoy 1 (ordinate, depth in metres). This
figure was constructed from vertical temperature profiles taken in or near
patch 1 using a profiling conductivity—temperature—depth sensor deployed
from the ship. It is constructed from discrete casts taken at various time
intervals throughout the experiments and, therefore, does not represent a
continuous trend in the temperature structure. Nonetheless, the general
features of the thermocline can be seen from this plot. b, Areal contours of
SF concentrations in patch 1 over the course of the experiment. SFg was
used as an inert chemical tracer marking the infused area and provided
indication of the enriched waters after iron had been removed. Initial
concentrations decreased rapidly due to outgassing to the atmosphere
and mixing both vertically and horizontally. Tracer mixed below the thermo-
cline was lost due to differential advection of the surface layer. Measure-
ments of SF; were made using detection methodology described
previously’s. The gaps in the data on days 10-13, 15-16 represent
times when the ship was at patch 2 and 3. The N.D. (not determined) for
day 17 indicates that no underway determinations were made that day. c,
Daily areal plots of iron concentration contoured over the course of the
experiment. Underway measurements of iron were made using flow injec-
tion analysis with chemiluminescence detection** further modified for
analysis at sea. Owing to the contamination near the ship, the ship’s
pumping system and the short sample load-times required for high spatial
resolution mapping, the detection limit of the combined system was
~0.2 nM. Background values of ~0.02nM dissolved iron were confirmed
by electrochemical (E. Rue, personal communication) and modified atomic
absorption methods*®. These concentrations were encountered outside
patch 1 and within patch 1 after day 9. d, Chlorophyll contour plots were
generated using a flow-through fluorometer and calibrated with filtered
chlorophyll samples extracted in acetone for 24 h at —20°C and read on a
calibrated fluorometer. The N.D. on day 7 indicates that no determinations
were performed through the ship’s pumping system on this day. e, Nitrate
contours were constructed from measurements made while underway from
the ship’s flow-through system using an Alpkem segmented flow auto-
analyser. The continuous nitrate record was calibrated with periodic stan-
dards and a daily series of discrete samples and standards run on an
independent analyser. f, Areal contours of CO, fugacity (fc,,) were deter-
mined using a flowing system in which the water at 6-m depth, and air-
equilibrated samples were measured with a LICOR non-dispersive infrared
detector. The accuracy of the system was determined during the cruise with
two standard gases (277.05 and 501.73 p.p.m. standards) that were
measured every two hours.
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proximity to the central buoy and by the SFy concentration.
‘Outside’ stations were located at areas with background levels
of SF¢ and were generally near the outside buoy. Underway
surveys using the ship’s pumping system were conducted daily
between inside and outside stations. The trends described here are
based on measurements taken within the mixed layer at the daily
inside stations. The seawater intake used for underway measure-
ments was located on the bow at a depth of 6 m and therefore
represents the water of the upper mixed layer.

Two smaller (24 km?) patches were also created. One (patch 2)
was infused with acidified sea water and SF, but no iron. This
patch served as a control to test for possible effects due to
transient acidification and the presence of the research vessel.
The other (patch 3) received a single, low-level addition of iron (to
0.3nM) plus SF;. Patch 3 was created to mimic the concentration
of iron associated with the equatorial undercurrent which upwells
into surface-waters to the west of the study area®.

Patch behaviour

Patch coherence was essential to the success of the experiment.
The mixed layer deepened in a series of small mixing events from
25m on day 1 to about 50 m by day 11 (Fig. 2a). As the mixed layer
deepened, patch 1 mixed with higher-nutrient waters directly
below. This was evident in periodic increases in nitrate concentra-
tions within patch 1 and a deepening of the thermocline and SF;
signal over time. Contours of SF, concentrations measured in the
surface waters over the course of the experiment (Fig. 2b)
indicated that patch 1 was fairly cohesive and expanded with
time from an initial area of approximately 72 km* to over 120 km?
by day 17. As the residence time of iron in these waters was short
(see below) and the buoy slipped somewhat relative to the mixed
layer owing to wind drift, SF, was used as the primary indicator to
track the area enriched with iron and to distinguish ‘inside’ from
‘outside’ stations.

Rapid uptake/removal of the iron was observed following each
of the iron infusions on days 0, 3 and 7 (Fig. 2c). As the biomass of
patch 1 increased in response to added iron, the rate of iron
removal also increased. Discrete iron analyses of mixed-layer
samples indicated that iron concentrations decreased to below
ambient levels (<0.02nM) within three days following the last
iron addition, (E. Rue and R.M.G., unpublished data) (Fig. 2c).

Biological and geochemical responses

Fluorescence measurements in patch 1 showed a rapid and
monotonic increase in chlorophyll-a concentrations from an
initial value of 0.15-0.20 pg1~" to values approaching 4 pg1~' on
day 9, two days after the last infusion of iron (day 7). Maximum
chlorophyll-a concentrations in patch 1 were 27 times the mean of
initial and outside chlorophyll-a concentrations. Chlorophyll-a
concentrations then decreased throughout the rest of the experi-
ment, reaching 0.30 ugl™! on day 17 (Fig. 2d). Increased chlor-
ophyll concentrations were found throughout the mixed layer in
the patch (Fig. 3b).

The phytoplankton chlorophyll in patch 3 (4+0.3nM Fe) also
showed a distinctive response to iron, increasing from 0.22 to
0.44 pgl™! after two days. The response of patch 3 is consistent
with incubation experiments indicating a Michaelis—Menten rela-
tionship between dissolved iron concentration and community
growth rates®. Given a half saturation constant of 0.12nM
(ref. 23), the addition of 0.3nM iron should produce a two-fold
change in community growth rate. The threshold for community
response to iron addition is clearly at the sub-nanomolar level. No
biological response was detected in the control patch which
received only acidified sea water and the inert tracer SF,. From
this, we conclude that the observed community responses in
patches 1 and 3 were due to the iron added and not to other
chemicals or the presence of the ship. The remainder of this
discussion will focus on the results of patch 1.

Nutrients were measured both continuously through the ship’s
seawater system, and in all discrete samples. Contour plots of
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FIG. 3 a, Vertical profiles of mixed-layer nitrate from the daily ‘inside-patch’
stations of patch 1. Numbers at the top of each profile indicate the day of
the patch 1 experiment. These plots illustrate the depletion of nitrate as the
bloom reached its peak near days 7—9. The subsequent increase (day 14)
is thought to be the result of mixing. Nitrate concentrations both inside and
outside the patch converged to about 10 pM by ~50m. b, As a but for
mixed-layer chlorophyll a.

nitrate concentrations in surface waters throughout the experi-
ment (Fig. 2¢), as well as nitrate profiles at inside-patch stations
(Fig. 3a), indicated a strong drawdown of approximately 5pM
nitrate as the biological response developed. Some nitrate may
have been added by mixing from below as the mixed layer
deepened (days 11, 14; Fig. 2a). Following an initial lag of one—
two days, nitrate drawdown tracked silicate drawdown on an
equimolar basis, suggesting that diatom growth was responsible
for most of the nitrate uptake.

Rates of nitrate uptake by the planktonic assemblages were
determined using the “*N-isotope tracer technique®. Samples
were collected using trace-metal-clean techniques® inside and
outside (controls) of patch 1 from 15m depth (~40% of the
photon flux at 0.5m) and incubated for ~6h in Plexiglass incu-
bators under simulated in situ light and temperature conditions.
Absolute (transport) uptake rates of nitrate increased dramatically
(14-fold increase) as a result of Fe enrichment, from <10nMh™'
(range 8.7-9.6nM h™! in control and pre-fertilization samples) to
a maximum rate of 133nMh™! on day 6. Addition of Fe also
increased biomass-specific rates of NOj uptake by a factor of 5-7
by days 6 and 8, before declining to pre-fertilization rates. How-
ever, there was no discernible increase in particulate-nitrogen-
specific uptake rates for the first 4 days after iron enrichment. The
subsequent increase in particulate-nitrogen-specific uptake at the
height of the iron-induced bloom is the result of faster rates of
NO; consumption per unit phytoplankton biomass, a result
similar to that reported for iron amended bottle experiments in
the equatorial Pacific near 140°W (refs 3, 10). Post-incubation
size-fractionation of *NO; accumulation (from parallel filtrations
on Whatman GF/F filters and Poretics 5.0 um silver membrane
filters) demonstrated clearly that the large phytoplankton
(>5.0 pm size fraction) were responsible for the enhanced NO3
utilization caused by Fe enrichment. The uptake by the >5.0 pm
size fraction, which accounted for <15% of the total uptake
before fertilization, increased to 85-98% of the total NOj;
uptake at the peak of the phytoplankton bloom (days 6 and 8).

The carbon dioxide fugacity (fco,) calculated from continuous
CO, measurements of CO, partial pressure (pco,) on board the
ship, showed significant depletions within patch 1 which paralleled
the drawdown of nitrate (Fig. 2¢). The maximum depletion in f,
was observed on day 9, coincident with the maximum in most
other biological and chemical indicators of growth. The south
equatorial Pacific at 105°W is a strong source of CO, to the
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atmosphere (fo, in seawater, 526 p.p.m.; fco, in the atmosphere,
360 p.p.m.) (Fig. 2f). Iron-enhanced growth resulted in a draw-
down of about 90 patm, which strongly reduced outgassing of CO,
from these waters. In spite of this drawdown, levels of CO, were at
or above atmospheric partial pressure, and we do not believe the
system became carbon-limited. The lack of limitation by carbon
(or other micronutrients such as zinc) was supported by bottle
enrichment experiments which consumed all available nitrate (see
below).

Community response

To examine the community response to iron addition, the taxo-
nomic composition of the plankton was determined using epi-
fluorescence microscopy. Taxa-specific cell volumes and densities,
converted to carbon using known carbon:volume relationships®,
indicated that biomass increased in all phytoplankton groups (Fig.
4a,b). Diatoms clearly showed the greatest increase in biomass
over ambient (85x). The smaller organisms were less affected,
with Synechococcus (1pm) and red fluorescing picoplankton
(<2pm) only doubling in biomass. The biomass of microzoo-
plankton (<200pm), primarily small ciliates and flagellates,
increased in step with the smaller autotrophs (2x increase).
Mesozooplankton biomass (zooplankton >200um in length),
comprised mainly of calanoid and cyclopoid copepods, also
increased in patch 1 from 3.8 mg Cm™ measured from plankton
net tows at control sites to 6.1 mg Cm™* in the patch. The highest
mixed-layer concentration of mesozooplankton, 14mgCm™,
occurred in a daytime sampling of patch 1 on day 6.
Experimental dilution incubations® were performed to esti-
mate both growth rates and grazing pressure on the small (<5 pm)
phytoplankton that normally dominate the equatorial Pacific
upwelling system®>' abundance. Phytoplankton abundance
increased dramatically in patch 1 because they were able to
grow faster, as a group, than the rates at which their consumers
could remove them. Based on analyses of chlorophyll a in dilution
incubations®, the specific growth rate of the phytoplankton com-
munity averaged 1.25 d~!, almost two cell divisions per day, during
days 4-8. This was more than double the growth rate in ambient
control waters, leaving a large imbalance between growth and

FIG. 4 a, Plankton community composition within patch 1 at day O of
the experiment as expressed in ug C17*. This composition is similar to
that observed at the ‘outside-patch’ stations over time. The groups
represented include: Syn, Synechococcus spp.; RFP, red fluorescing
picoplankton; PRYMN, Prymnesiophytes; DINO, autotrophic dino-
flagellates; PEN, pennate diatoms; Phaeo, Phaeocystis; HD + HF,
heterotrophic dinoflagellates + heterotrophic flagellates; H + A cil,
heterotrophic+ autotrophic ciliates. Shaded bars indicate autotrophic
biomass and diagonally hatched bars indicate heterotrophic biomass
(the most likely grazers on the smaller size fraction of autotrophs). b,
Taxonomic composition of patch 1 on day 5 of the experiment
indicating increases in all classes of phytoplankton, especially the
diatoms. c—f, Results of the bottle enrichment experiments performed
on deck in 20-litre carboys® to test the effects of other potentially
limiting nutrients. Water was collected using 30-litre Go Flo bottles
deployed on Kevlar hydrowire and tripped with a Teflon messenger.
Water was transferred to acid-cleaned, 20-litre polycarbonate bottles
within a class 100 clean lab. chained to the deck of the ship.
Treatments include: ¢, control, nothing added; d, +2 nM iron added;
e, +2 nMiron, +10 pM silicic acid; f, +2 nM iron, +10 pM silicic acid,
+2nM zinc. Results indicate that diatoms in bottle enrichments with
added iron outperformed the mesoscale experiment and that bottles
with added silicic acid enhanced diatom growth relative to those
without silicic acid. Zinc did not appear to have a positive effect on
growth. Note the scale break in the diatom bar. Numbers at the top of
the bar indicate the micrograms of carbon per unit volume attained in
this group.
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grazing processes in the early phase of the plankton bloom
response to added iron. Microzooplankton grazing rate averaged
0.32d7! (range of 0.17-0.48 d™") at control sites out of the patch,
but increased by more than three times in the patch to 1.1d™! on
day 7, as chlorophyll was reaching its peak concentration. The
modest increase in patch densities of picoplankton (for example,
Synechococcus spp. and small fluorescing picoplankton) during
the experiments indicates that the increase in microzooplankton
grazing was almost sufficient to keep the smaller members of the
phytoplankton community in check’**. In contrast, diatoms were
clearly not contained by grazing, presumably because they were
too large to be effectively consumed by the fast-growing micro-
zooplankton, and too fast-growing to be suppressed by the larger
mesozooplankton which have longer generation times with
respect to the doubling rates of diatoms. This imbalance between
production and grazing is analogous to the spring bloom of the
North Atlantic®.

The mesozooplankton grazing impact on phytoplankton, as
deduced from analyses of gut pigment contents, was always
small relative to that of the microzooplankton. The amount of
phytoplankton pigment processed, per unit biomass of mesozoo-
plankton, increased more or less in proportion to the increase in
chlorophyll in patch 1. The community grazing effect of larger
animals increased by about 50%, from 7.8% of phytoplankton
standing stock per day at control sites to 11.4% d~' in the patch,
approximately in proportion to their increase in biomass. At the
mixed-layer temperature of equatorial waters, the expected gen-
eration time of pelagic copepods of less than a week™ could have
allowed a more dramatic numerical response of the mesozoo-
plankton to the bloom conditions. The lack of a stronger response
could mean that these copepods are already growing at rapid rates
in equatorial waters with high compensating rates of mortality due
to predation.

Carbon removal

Measurements of both particulate and dissolved organic carbon
(POC and DOC) concentrations throughout the experiments
showed an increase in these two carbon pools. POC increased
from 4 to 15uM C at day 6 in patch 1. The increase in living
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biomass can account for about 75% of the increase in POC. The
remainder can be attributed to the accumulation of detrital
carbon as dead plankton remains, as there is no appreciable
terrigenous source in this area. DOC also increased, and the
change accounted for about 25% of the overall increase in fixed
carbon. Overall, there was a net accumulation of approximately
14 uM Cin patch 1 on day 6. Oxygen concentrations within patch 1
show a 31 uM increase over initial stations. As exchange with the
atmosphere would tend to reduce the oxygen anomaly, this value
represents a minimum estimate of total new production during the
experiment. Based on a Redfield carbon:oxygen ratio of 106:138,
the corresponding estimate in terms of carbon is 24 pM C. Nitrate
drawdown at this time was of the order of 4 uM, which corre-
sponds to an organic carbon production of about 27uM C.
Similarly, the deficit in fo, is equivalent to an increase in fixed
organic carbon of 20 uM C.

The different estimates of carbon new production suggests that
between S and 12 uM C was exported from the surface layer. The
lack of larger mesozooplankton grazers, which commonly produce
rapidly sinking faecal pellets that transport carbon below the
mixed layer®, suggest grazing export did not remove this missing
carbon. Much of the missing carbon lost from the patch was
probably removed by vertical mixing and possibly sinking of
diatom aggregates. There was a 20-fold reduction in SF, concen-
tration, of which only 60% can be accounted for by exchange with
the atmosphere. The remainder of the SF,, and much of the
chemical and biological signal produced in the patch by iron
enrichment, was eroded from the base of the mixed layer by
exchange with waters moving relative to the advection of patch 1
and spread horizontally within the mixed layer.

Potential role of other nutrients

Shipboard bottle experiments (in vitro enrichments) were
designed to test whether other factors such as zinc or silicate
would reach such low concentrations that phytoplankton produc-
tion would be limited after iron deficiency had been relieved. Zinc
is required for both silicate uptake®™ and carbonic anhydrase
activity, and it is depleted to subnanomolar concentrations in
surface waters. Polycarbonate carboys (20-litre capacity) were
filled with pre-enrichment water then augmented with the follow-
ing treatments: [+0], [+2nM Fe], [+2nM Zn], [+10uM Si],
[+2n0M Fe, +2nM Zn], [+2nM Fe, +2nM Zn, +10uM Si].
The biological response in these in vitro experiments was moni-
tored from sub-samples drawn from these carboys and analysed
for a wide variety of parameters”'’. The results from the addition
of 2nM Zn and 10pM Si (no added iron) were similar to the
control (+0) and are not depicted here. The resultant taxanomic
compositions are shown together with the patch 1 response in
Fig. 4b—e. The results from the bottle experiments to which only
iron was added were similar to those observed in patch 1. The
treatments which included iron and silicate, both with and without
zinc, may have slightly out-performed the treatment with iron but
not containing silicic acid. This indicates that, following the
relaxation of iron deficiency, supplemental amounts of silicate
allow for greater diatom growth. There is some evidence to suggest
that carbon uptake may be limited by carbonic anhydrase activity
brought on by zinc deficiency’’ under bloom conditions where the
concentration of CO, is low. Even at the picomolar concentrations
of dissolved zinc detected (100 pM; R.M.G., unpublished results),
our results (Fig. 4) are not consistent with zinc limitation in these
waters, even when growth is stimulated by iron addition.

The species composition of the phytoplankton community that
responds to iron addition can greatly influence the magnitude of
the geochemical response. Our results indicate that iron enrich-
ment favours diatoms. There are few natural instances where
nitrate is in abundance and silicate is not. With few exceptions®™
therefore, silicate is not likely to limit carbon export. (We note
that in the temperate North Atlantic Ocean, for example, seasonal
blooms of diatoms may utilize nearly all the silicate, then sink out
leaving residual nitrate and promoting the succession of other
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phytoplankton groups (ref. 38).) Given the short residence time of
iron in the mixed layer, depletion of silicate will probably not
occur in response to natural iron additions. It is likely that diatom
growth will dominate the response to natural iron additions.

Comparison to natural systems

The two ecosystem-scale iron-enrichment experiments have pro-
duced large changes in biomass and ecosystem composition. The
multiple iron additions in 1995 produced massive blooms and
large drawdowns in CO, and nutrients. Resource utilization in
these equatorial Pacific ecosystems is indeed controlled by iron
availability®. The resultant drawdown of carbon dioxide in the
surface waters of the fertilized patch provides for a sink (or in this
case, an attenuated source) for atmospheric carbon dioxide®.
These results, together with several recent studies*'2!4203741
strongly support the hypothesis that iron transport to these, and
other high nutrient areas, regulates carbon dioxide uptake and—
at least if this occurs in the Southern Ocean—may directly
influence global climate*.

These experiments give us cause to consider how realistic these
iron additions were, and if there are any natural analogues for
these enrichments. Iron inputs of this magnitude are not uncom-
mon in certain regions of today’s oceans, or over wide regions of
the ocean during the Last Glacial Maximum. If we assume that the
input of iron during these experiments lasted about two weeks,
then the flux of iron for both patch 1 and patch 3 was approxi-
mately 2 and 0.3mmolm?yr' respectively. Present-day
atmospheric iron fluxes to the nitrate-limited equatorial Atlantic
are of the order of 2mmolm2yr~! (ref. 42). Fluxes of iron to the
Pacific Ocean range from >2mmolm2yr~! east of Japan to
0.02 mmol m~?yr~! in the eastern equatorial Pacific*®. Our obser-
vations in coastal systems with abundant nitrate suggest that most
of the particulate iron can be solubilized by iron-starved plankton
(K.S.J., unpublished data). If this is the case, the fluxes of iron in
our experiments are only 10-100 times higher than the ambient
flux in the equatorial Pacific and lie within the range of fluxes
found in the North Pacific.

Fluxes of continental dust preserved in ice cores of Greenland
and Antarctica indicate a 30-fold increase in dust flux during the
Last Glacial Maximum®. Using isotopic tracers of export produc-
tion, investigators have recently shown that there was increased
ice-age carbon export to sediments of the Southern Ocean that
was contemporaneous with increases of iron fluxes to these
waters*!. As indicated in the sediments downwind of Patagonia,
the fluxes of iron to the glacial Southern Ocean increased by 5-10
times and were on the order of 5mmolm2yr~'. These rates of
atmospheric iron delivery are similar to those used in the [ronEx II
experiment. Furthermore, the level of iron enrichment in patch 3
was designed to mimic the concentration of iron in the equatorial
undercurrent at 140° W (ref. 23). It has been suggested that the
shoaling or upwelling of this current is responsible for the
increases in production along the equatorial Pacific®. These
studies indicate that these enrichment experiments were com-
parable with natural iron fluxes and naturally induced iron con-
centrations. As such, we would expect dramatic increases in
equatorial Pacific primary production to occur as a result of the
increased iron flux during glacial times. Even if only 20% of the
iron is soluble, a 50-fold change in iron flux would be comparable
to the patch 3 (+0.3 nM Fe) experiment.

Conclusions

Mesoscale iron fertilization experiments demonstrate both the
feasibility and utility of manipulative experiments in the open
ocean. Through these experiments there now exists a preponder-
ance of evidence in support of the ‘iron hypothesis’ (that iron
availability limits phytoplankton growth and biomass in the
HNLC regions of the world’s oceans). As this working hypothesis
has been given such strong support by both experimental and
palaeoceanograhic observations, it is now time to regard the ‘iron
hypothesis’ as the ‘iron theory’. The natural corollary to this theory
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is the suggestion that biological production in the ocean, stimu-
lated by increased iron availability during the Last Glacial Max-
imum, was responsible for the observed low atmospheric levels of
CO, (ref. 46). Such a corollary has found support in the observa-
tions of Kumar and co-workers” indicating increased export of
carbon to sub-Antarctic sediments during the Last Glacial Maxi-
mum at times of higher iron flux. A present-day test of this

corollary would have it’s greatest significance in the Southern
Ocean* where most of the HNLC waters are found and where the
palaeoclimate coherence between iron flux and carbon export has
been observed. Owing to extreme turbulence and temporal variability,
a mesoscale enrichment experiment in these Southern Ocean
waters poses a tantalizing, yet formidable, challenge. O
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