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Iron supply has a key role in stimulating phytoplankton blooms
in high-nitrate low-chlorophyll oceanic waters'~. However, the
fate of the carbon fixed by these blooms, and how efficiently it is
exported into the ocean’s interior, remains largely unknown'~.
Here we report on the decline and fate of an iron-stimulated
diatom bloom in the Gulf of Alaska. The bloom terminated on
day 18, following the depletion of iron and then silicic acid, after
which mixed-layer particulate organic carbon (POC) concen-
trations declined over six days. Increased particulate silica export
via sinking diatoms was recorded in sediment traps at depths
between 50 and 125m from day 21, yet increased POC export
was not evident until day 24. Only a small proportion of the
mixed-layer POC was intercepted by the traps, with more than
half of the mixed-layer POC deficit attributable to bacterial
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remineralization and mesozooplankton grazing. The depletion
of silicic acid and the inefficient transfer of iron-increased POC
below the permanent thermocline have major implications both
for the biogeochemical interpretation of times of greater iron
supply in the geological past®’, and also for proposed geo-
engineering schemes to increase oceanic carbon sequestration®?.

The magnitude of iron supply to the oceans has changed over
geological timescales®’, and the increased export of carbon from
iron-stimulated phytoplankton blooms is one of several mecha-
nisms proposed for past reductions in atmospheric CO, concen-
trations®. Mesoscale in situ iron enrichments have resulted in
diatom blooms, demonstrating that phytoplankton growth in
high-nitrate low-chlorophyll (HNLC) waters is controlled by the
iron supply'~. The deliberate iron enrichment of HNLC regions has
therefore been considered as a potential strategy to mitigate the
current rise in atmospheric CO, (refs 3 and 8). However, mesoscale
iron enrichments have not studied the decline of a bloom 5, or
quantified the associated POC export'.

During the subarctic ecosystem response to iron enrichment
study (SERIES), we made the first comprehensive time-series
measurements of the decline and fate of an iron-induced diatom
bloom. During the bloom decline, the mixed-layer POC inventory
decreased by 258 mmolm ™2, yet only 18% of this POC was
exported to a depth of 50 m, with 8% being detected below the
permanent thermocline (~120 m, ref. 10). We can account for at
least 69% of this decrease in iron-elevated mixed-layer POC, with
the majority due to bacterial remineralization both within and
below the mixed layer.

An initial survey on 7 and 8 July 2002 located a site northeast of
Ocean Station Papa (OSP, 50° N, 145° W), in the Gulf of Alaska,
with HNLC characteristics typical of this region'*"*. On 9 July 2002,
a 77 km? patch of HNLC waters was enriched with sulphur hexa-
fluoride (SF¢) (>400fmoll™!) and dissolved iron (>1nmoll ™},
Fig. 1a). SERIES commenced on 10 July 2002 (day 0), and con-
cluded on 4 August 2002 (day 25). On day 6, a second iron infusion
(without SFg tracer) raised the dissolved iron to 0.6 nmoll™'
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Figure 1 Time series of ‘In’ (patch centre, solid symbols) and ‘Out’ (surrounding waters,
open symbols) mean mixed layer properties. a, Dissolved iron, arrows denote iron
infusions. b, Chlorophyll (red) and diatom biovolume* (blue, 5 m depth). ¢, POC (blue) and
PSi (red). d, Nitrate (red, 5 m) and silicic acid (blue, 5 m). The standard error (7 = 3) was:
<0.02 nmol 1" for dissolved iron; smaller than the symbols for nitrate and silicic acid;
<0.1 below 1 mg chlm ™2, and <0.3 for chlorophyll between 1 and 5 mg m™2. POC data
were derived from 1 m resolved transmissivity profiles and a POC algorithm?®” (see
Methods).
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(Fig. la). The patch of iron-enriched waters stretched into an
ellipsoid along a north—south axis, increased in area to >200 km”
by day 13, and to a maximum of ~1,000 km* by days 17/18, at which
time a 70-80 patm drawdown of CO, was evident (Supplementary
Fig. 1a).

The development of an iron-stimulated bloom was evident from
increases in chlorophyll to ~5 mgm > (Fig. 1b), with a correspond-
ing increase in POC and particulate silica (PSi) concentrations
(Fig. 1c). Diatom biomass was initially low, increased exponentially
(Fig. 1b), and then decreased around day 18 corresponding to the
decline in chlorophyll concentrations (Fig. 1b). The onset of algal
iron limitation occurred around day 12, after which photosynthetic
competence (F,/F,,) progressively decreased to the levels observed
in the surrounding waters (Supplementary Fig. 1b). The dissolved
iron decreased to HNLC concentrations'' by day 12 (Fig. la),
followed by silicic acid depletion to <2 mmolm > by day 16 (Fig.
1d), despite the re-supply of silicic acid via lateral entrainment of
surrounding waters (see Methods). Microzooplankton grazing
mortality on phytoplankton of <202pm was initially 0.42d"/,
then decreased to 0.09 d ! by day 6 and remained constant during
the bloom evolution (compare with algal growth rates of up to
0.45d " on day 13, data not shown). Mesozooplankton herbivory
was highest during the bloom decline (10.8 mmol of carbon per m*
per day, compared with 6.0mmolCm ™ >d™" in the surrounding
waters) with daily rates equivalent to 2% of the POC inventory on
day 18 (Fig. 1c). Thus, bloom termination was driven by resource
limitation, rather than top-down control®.

The decline of the bloom was signalled by rapid decreases in POC
and PSi concentrations at the patch centre after day 18 (Fig. 1¢) with
75-79% deficits in surface mixed layer inventories by day 25
(Table 1). The bloom decline was also evident from space, with

sea-viewing wide field of view sensor (SeaWiFS) images providing
estimates of bloom areal extent, and homogeneity of algal biomass
across the patch (Supplementary Fig. 2). During this decline phase,
there were changes in downward particle fluxes (see Methods)
below the patch (‘In’) at 50 to 125 m depth (Fig. 2a, b). Particle
fluxes in the surrounding waters (‘Out’) were relatively constant at
50m (see Methods), and the ‘Out’ and ‘In’ particle fluxes were
similar at 50 m from days 1 to 18 (Fig. 2a, b). However, between days
18 and 21, particle abundances intercepted by 50m ‘In’ traps
increased eightfold, and were dominated both numerically (7:1)
and volumetrically (3:1)'*" by diatom cells and aggregates com-
pared with mesozooplankton faecal pellets. From day 21 onwards,
‘In’ particle fluxes exceeded those for ‘Out’ traps, with a threefold
increase in PSi flux at 50 m depth (Fig. 2a). This trend was also
observed for the deeper traps. In contrast to PSi fluxes, POC fluxes
at 50 m rose marginally between days 21 and 23 (Fig. 2b), but then
increased to 40 mmolm ™ *d ™' on day 24.5, and were elevated at
greater depth (Fig. 2b).

The mixed-layer POC inventory declined by 79% (Table 1), as a
result of vertical export (Fig. 2a, b), bacterial solubilization'®'"’, and
ingestion by grazers'® both within and below the mixed layer.
Decreases in mixed-layer POC were not due to physical factors
such as vertical advection (Supplementary Fig. 3), or dilution
arising from lateral spreading (Supplementary Fig. 2). Only 18%
of the decrease in mixed-layer POC was subsequently intercepted by
the 50 m trap (Table 1), although the trap may not have captured all
of the settling particles'. Radiochemical calibration of a trap array
identical to that deployed in SERIES (see Methods) indicates that
these traps potentially undersampled export flux by up to 24%
(Table 1), signifying that a maximum 22% of the mixed-layer POC
deficit could reach 50 m. Mesozooplankton herbivory of 4.8 mmol
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Figure 2 Export and remineralization at the patch centre during the bloom decline.
a, Downward opal flux intercepted by trap arrays. Symbols denote the deployment
midpoint, and horizontal bars the deployment timescales. b, POC fluxes from the
corresponding deployments as in a. ¢, DIC profiles. Standard error bars were always
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smaller than symbols. Changes in DIC were not assessed after day 23 owing to the
intrusion of denser waters (20-50 m) (Supplementary Fig. 3). d, POC profiles for the patch
centre?’. Colour-coding as in ¢, the black profile represents an ‘Out’ station (day 14). The
arrow denotes sinking and/or stationary particles between 35 and 50 m on day 21.
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Table 1 Upper ocean budgets of biogenic particles at the patch centre

Parameter Depth POC PSi

(m) (mmolm™2)  (mmolm™2)
Accumulation until day 18 0-25 328 200
Inventory on day 25 0-25 70 51
Mixed layer deficit of POC days 18-23 0-25 —258 —149
Fate of mixed-layer POC deficit
Export flux at 50 —47 (18%) —51 (34%)
Undertrapping* at 50 -1
Mesozooplankton herbivoryt 0-30 -29
Remineralization to DICT 10-30 -90
Differential remineralization of PSi and 0-50 —41

POC from trap§

PSi dissolution|| 10-30 -128
Remineralization based on NH, accumulation 0-25 —100

Water column inventories and fluxes are defined as (‘In” minus ‘Out’). Loss terms are assigned a
negative sign. Between 69% and 99% of the observed mixed layer POC deficit was accounted for.
Export efficiency is reported as a percentage, and defined as: (POC export/POC deficit) x 100. For
this export calculation, inventories were not corrected for dilution because the patch size was
greater (200-1,000km?) than the source square (for mixed-layer particles intercepted at depth,
50-200 km?)® throughout. DOC concentrations changed little between days 18 and 23 and ranged
from 1.27 + 0.03 to 1.34 = 0.03molm ™2 in the patch (0-20m integrals). Microzooplankton
herbivory was not included as a POC loss term because there are no data after day 17. We did
not consider data on carbon losses before day 18 because during this period there were no
significant differences in the magnitude of loss terms between ‘In” and ‘Out’ waters.

*Potential particle flux (24%) not intercepted by the traps based on a radiochemical trap calibration
(see Methods).

1 Estimate based on the mean of five grazing experiments on days 18, 19, 20, 22 and 23. The

standard error of the mean was 0.6mmolm=2d~",

I Derived from increases in the DIC inventory between days 18 and 23 only (Fig. 2c).

§ Derived from bacterially mediated differential remineralization of PSi relative to POC'® at 50 m, and
equivalent to a POC loss of 41 mmolm™2 ((34% minus 18%) x 258 mmol C m™2).

|| Calculated from excess silicic acid observed between days 18 and 23. Variability in silicic acid
concentrations below 30m precludes an estimate of DIC changes at depth. Remineralization
estimates based on PSi and silicic acid of 169 mmol C m™2 (128 4 41) are higher than that derived
from DIC increases (90 mmol C m™~?), and give a POC loss of 99% (128 + 41 + 29 + 11 + 47).

9 Derived froma 15.1 mmol N m™~ 2 accumulation of ammonium between days 18 and 23, converted
to units of carbon using a Redfield C:N ratio of 6.6.

Cm 2d"! (see Methods) over six days accounted for 10% of the
POC decline (Table 1). Between days 21 and 25, bacterial pro-
duction rates of 0.3-0.4mmol C m >d™" (upper 6m only, see
Methods) in the patch were double that measured on day 14, and
three- to fourfold greater than in the surrounding waters. We used
three indirect approaches to estimate bacterial remineralization of
particles: changes in dissolved inorganic carbon (DIC) concen-
trations, selective preservation of opal, and ammonium accumu-
lation (see Methods).

During the decline of the bloom between days 18 and 23, bacterial
remineralization of particles'” was responsible for increased DIC
concentrations at depths of 10-30 m (that is, within and below the
mixed layer, Fig. 2¢), corresponding to concurrent decreases in POC
within this depth horizon (Fig. 2d). This increase in DIC was
equivalent to ~35% of the mixed-layer POC deficit (Table 1).
Bacterial remineralization of POC was also inferred from selective
preservation of PSi relative to POC'®* in the trap samples from
50 m depth (Table 1). Laboratory radiotracer experiments examin-
ing remineralization of diatom detritus have shown that POC is
used considerably faster than PSi over a timescale of 4-6 days'®. We
used the PSi intercepted by the 50 m trap to calculate the additional
amount of POC remineralized between 0 and 50 m (Table 1). Note
that this is a lower bound, because some dissolution of PSi will have
occurred in the overlying waters, as was confirmed by an increase in
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silicic acid of 51 mmol m ™2 between days 18 and 23 over the 10—
30m horizon coincident with the DIC increase (Fig. 2c). POC
remineralization is a precursor of PSi dissolution®, so this increase
in silicic acid is equivalent to a DIC increase of 128 mmolm™ >
(using a mixed layer PSi:POC molar ratio of 0.4, data not shown).
The ammonium accumulation in the upper 25m of the patch
between days 18 and 23 was equivalent to a DIC increase of
100 mmol m ™2, in good agreement with the other two indirect
methods. Taken together, loss processes and a sampling artefact
account for 69% (based on DIC) to 99% (based on PSi) of
the fivefold decrease in mixed-layer POC, with bacterial reminer-
alization accounting for the greatest proportion of the decrease
(Table 1).

The bloom was initiated within a SF4-labelled control volume,
enabling the construction of a carbon budget for the patch centre
(corrected for dilution, see Methods) to provide estimates of Fe:C
stoichiometry®®. The ratio of Fe:C fixed for the patch centre
(2.6 X 107, Table 2), is higher than those (2 X 1075 —7%x107°)
derived from laboratory cultures®'. Although this ratio was com-
puted for the patch centre, we extrapolated to a Fe:POC accumu-
lation ratio of 7.9 X 107> for the entire patch. Budgets and trap data
reveal that the vertical transfer efficiency of POC was 18% between
the mixed layer and 50 m (Table 1), increasing to ~50% at depths of
50-125 m (Fig. 2b). As with surface waters (Table 1), it is likely that
bacterial remineralization'” was the main process responsible for the
attenuation of the bloom export signal below 50 m. Owing to this
inefficient vertical transfer of POC from the mixed layer to 125 m
(8%; 21 mmol C m~*:258 mmol C m ™ ?), the ratios for Fe:C export
to depth were substantially higher than those for the mixed layer
(Table 2). Although a further 23% of mixed-layer iron-elevated
POC remained in the surface waters on day 25 (Table 1), the SERIES
‘export efficiency’ of 8% in our labelled patch is low compared with
naturally occurring open-ocean blooms (15-30%, ref. 22) which
were sampled in eulerian mode.

SERIES has provided the first detailed evaluation of the decline
and fate of an iron-stimulated bloom. Our findings show that
although bloom dynamics are controlled by iron supply, bloom
termination is also influenced by silicic acid availability. The
observed depletion of silicic acid is in contrast to results from
modelling simulations of iron-stimulated diatom blooms in the
glacial Southern Ocean’. Furthermore, silicic acid depletion indi-
cates that an increased iron supply, as occurred during the glacial
periods®’, may not have been the only prerequisite to sustain
blooms of siliceous algae. Our study indicates that a concurrent
supply of silicic acid would be required for iron-stimulated diatom
blooms to persist; this possibility has been reported from the
geological record”. The added Fe:C exported below the permanent
thermocline near OSP of 2.1 X 10~ is a thousandfold higher than
that used by geo-engineers to assess the efficiency and cost-effec-
tiveness of iron enrichment as a strategy for mitigating the effects of
climate change®®. Proposed schemes for oceanic iron fertilization to
ameliorate anthropogenic increases in atmospheric CO, have advo-
cated a strategy of repeated iron enrichments®®. Our results indicate
that the influence of silicic acid depletion may negate the impact of

Table 2 Calculated Fe:C molar ratios during the SERIES bloom

Fe:C

Fe:C ratio Data source

Added Fe:carbon fixation*
Added Fe:POC accumulationt
Added Fe:POC export (50 m)f
Added Fe:POC export (125 m)t

41.3pmol:1.61 = 0.12mol
2.43 tonnes FeS0,4.7H,0: 1,776 + 442 tonnes POC
41.3 pmol:0.05mol
41.3 pmol:0.02 mol

Patch centre

Entire patcht
Export signal is integrated over 50-200 km?t
Export signal is integrated over 50-200 km*f

2.6x107°(+1.9x 10"% molmol ™'
79%x107°+£2.0x107°
8.3 x 10 *molmol™"
2.1 x 10" °molmol ™’

The carbon fixation estimate takes into account dilution of the patch, that is, it includes all algal carbon fixation supported by iron enrichment (see Methods). Total iron added during two infusions was
41.3 pmol Fe m ™2 (patch-centre concentrations were raised by 2.25 umol Fe m ™~ over 0-15m (measured 16 h after the iron enrichment began), and by 0.3 pmol Fe m™~2 over 0-25m (day 6).

*Based on iron-mediated increases in net primary production of 1.61 + 0.12mol C m™2. Increases in net primary production were greater than decreases in DIC estimated from a carbon budget of the
patch centre (1.1 + 0.07 mol C m™~2, see Methods), due in part to remineralization of POC to DIC (see Fig. 2c).

tDenotes an estimate of POC accumulation based on mean + standard deviation of chlorophyll from the SeaWiFS Ocean Colour image on day 19 (Supplementary Fig. 3) multiplied by the
carbon:chlorophyll ratio for day 18 at the patch centre (80 g:g) and a mixed layer depth of 25 m.

FDenotes the range of calculated source-squares (using current speed and algal sinking rate data) for mixed-layer particles that are intercepted at depth by sediment traps®.
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such repeated iron enrichment on diatom stocks, and moreover that
inefficient vertical transfer of carbon may limit the effectiveness of
iron fertilization as a mitigation strategy. O

Methods

Iron/SFg release and mapping

Concurrent addition of acidified dissolved iron (ferrous sulphate, pH 2)* and SFs at 7m
depth followed an expanding square pattern over 4.75 X 4.74 nautical miles, that was
modified for lagrangian drift using an uplink radio-buoy**. The drogued ARGOS-GPS
drifter buoy at the patch centre subsequently assisted our daily mapping of the patch*’. On
day 6, a successful iron re-infusion took place in an expanding rectangle of 7.3 by 3.7
nautical miles. As SF reinfusion was not required, mapping allowed real-time
discrimination of the patch centre during reinfusion, with cessation of iron supply when
the concentration of SFq reached <25 fmoll™".

Correction for entrainment

Temporal changes in concentrations of properties at the patch centre were driven by
bloom dynamics, but were influenced concurrently by lateral entrainment of the
surrounding waters, causing dilution or supplementation depending on the concentration
gradients. Thus, gradients from high concentrations at the patch centre to low
concentrations in ‘Out’ waters (such as POC) resulted in dilution of POC at the patch
centre. The reverse concentration gradient (such as for DIC) maintained lateral supply of
DIC to the patch centre from surrounding waters. These additional supply/loss terms were
accounted for in a carbon budget, by estimating the strain rate of the SF4-labelled patch®
for days 1-13, and applying the resulting entrainment factor to the ‘In’—’Out’ gradient for
each property. Shipboard incubations, including primary production, were not subject to
entrainment effects, and so were not corrected.

Carbon budget

To obtain estimates of carbon fixed per unit iron added, a budget was constructed on the
basis of cumulative changes in net primary production (NPP) and DIC concentrations
until day 20. Changes in concentrations (or rates) were obtained from ‘In’ minus ‘Out’
values for the period when ‘In’ values exceeded the corresponding ‘Out’ values (or vice
versa for DIC), resulting in each term being summed over slightly different time periods.

Vertical sampling

Sampling took place at the patch centre as defined by daily SFs mapping, and water was
obtained for fast-repetition-rate fluorometry (FRRF) (ref. 2) (Supplementary Fig. 2), PSi
(ref. 26), DIC (ref. 2) and dissolved iron, using a clean vertical pumping system'". All ‘Out’
stations (>20 km northeast of the patch) were characterized by background SFs
concentrations. POC data were obtained from an algorithm validated in waters exhibiting
a wide range of primary productivity including HNLC (OSP) and mesotrophic waters”,
and initial POC concentrations were comparable to those at OSP?’. A limited number of
mixed-layer POC measurements were available and agreed closely with those from the
algorithm®”. POC replicates were not available, but seven POC profiles from the patch
centre (day 23) exhibited ~7% variation. No replicates for PSi were available.
Mesozooplankton herbivory was estimated by the gut pigment technique® in conjunction
with gut evacuation rates® and carbon:chlorophyll ratios from corresponding days. Key
properties, including macronutrients and F,/F,,, were measured on at least two vessels.
Whenever possible identical protocols were used (for example, FRRF). Successful
intercalibrations (that is =10-15%) were performed before (for example, dissolved iron)
or during SERIES (for example, macronutrients).

Trap deployments and trapping efficiency

Particle export fluxes were derived from surface-tethered free-drifting traps for ‘In’ and
‘Out’ waters at depths of 50 m, 75 m, 100 m and 125 m for 1.8-3.8-day intervals, with
overlap between some deployments and recoveries. The 50 m ‘Out’ opal fluxes were 6.3,
4.8 and 5.3 mmol m™~>d ™" for deployments centred on days 3, 6 and 15, respectively. The
50-m ‘Out’ POC fluxes were 16.0, 8.9, 11.6 mmolm 2d " for days 3, 6 and 15,
respectively. Calibration of the trapping efficiency using **Th (ref. 19), of an identical trap
array to that used in SERIES, were undertaken in the northwest Pacific at time series
station KNOT?. Two calibrations (May 1999) indicated that trapping efficiency was
~76% at 150 m (by comparing ***Th flux from the vertical profile of

~1,330d.p.m.m ™ >d~" with ~1,030 d.p.m. m~>d "' from traps, where d.p.m. is decays
per minute). Trapping efficiencies were >90% at depths of 80-120 m, and at 50 m were in
some cases >100%. So a worst-case scenario assumes 24% undertrapping of particles by
our traps. The May 1999 trap calibration is applicable as it was conducted in waters with
diatom-dominated particle fluxes®, beneath a 30 m mixed layer, and with upper-ocean
currents of <20 cms™ ', as observed during SERIES. Trapping efficiency is thought to be
determined by the characteristics of sinking particles, trap design and upper-ocean
hydrodynamics'. The location of the ‘In’ traps relative to the patch was monitored using a
logging fluorometer 10 m subsurface on the surface-tethered array. Traps remained near
the patch centre; on day 23 the array was at the periphery for 36 h before recovery and
therefore underestimated vertical export. ‘Out’ traps were deployed at least 20 km
northeast of the patch. Limited replicates were available from trap cups, and the standard
error (n = 3) for fluxes was =1.3mmol Sim 2d ™' and *2.5mmol Cm ™ 2d ™" for the 75
and 100 m ‘In’ traps on day 14.

Bacterial remineralization of particles
We had no information on bacterial growth efficiency, which was required to calculate

4
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bacterial carbon demand*: demand = bacterial production X (1/growth efficiency),
published values display a range from 0.1 to 0.7 (ref. 29). Therefore, we employed indirect
approaches (changes in DIC concentrations, selective preservation of opal and
ammonium accumulation) to estimate particle remineralization.
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