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The growth of populations is known to be influenced by dispersal,
which has often been described as purely diffusive1,2. In the open
ocean, however, the tendrils and filaments of phytoplankton
populations provide evidence for dispersal by stirring3,4. Despite
the apparent importance of horizontal stirring for plankton
ecology, this process remains poorly characterized. Here we
investigate the development of a discrete phytoplankton bloom,
which was initiated by the iron fertilization of a patch of water
(7 km in diameter) in the Southern Ocean5. Satellite images show a
striking, 150-km-long bloom near the experimental site, six weeks
after the initial fertilization. We argue that the ribbon-like bloom
was produced from the fertilized patch through stirring, growth
and diffusion, and we derive an estimate of the stirring rate. In
this case, stirring acts as an important control on bloom devel-
opment, mixing phytoplankton and iron out of the patch, but also
entraining silicate. This may have prevented the onset of silicate
limitation, and so allowed the bloom to continue for as long as
there was sufficient iron. Stirring in the ocean is likely to be
variable, so blooms that are initially similar may develop very
differently.

Remotely sensed ocean colour images show that there was an
intense bloom in the vicinity of the SOIREE (Southern Ocean iron
release experiment) site during March 1999 (Fig. 1). The phyto-
plankton bloom seen on 23 March has a peak chlorophyll a (chla)
concentration of 3 mg m−3 (see Methods), which is extraordinary
for this region6,7, particularly as March is towards the end of the

growth season. To confirm that the feature was unusual, we analysed
all the daily composite SeaWiFS data collected during the 1997–
2000 September to March period, over the area between 134–1468 E
and 57–628 S. The mean concentration was 0.20 6 0.06 mg chla
m−3, and, apart from the images shown in Fig. 1 and occasional
isolated pixels, there were no chlorophyll a concentrations greater
than 1 mg m−3. Here we argue that the remotely sensed bloom is
derived from the fertilization experiment. We show that stirring
and diffusion of the SOIREE patch could have produced a
filament of the dimensions seen in the images, and that there
was sufficient iron in the fertilized patch to support the bloom
during March.

The stretching of a tracer filament allows the strength of the
stirring in a two-dimensional flow to be estimated (see Methods). A
transect was made on 18 February, which showed that the patch
which was responding to the fertilization was 30 km long (as
evidenced by enhanced photosynthetic competency, Fv=Fm . 0:3).
The only remotely sensed image of the entire bloom is from 23
March (Fig. 1d); by this time the patch appears as a 150-km-long
ribbon of high chlorophyll a concentration. The change in the
length of the patch over the intervening month (33 d) implies an
effective strain rate of g = ln(150/30)/33 = 0.05 d−1 = 6 × 10−7 s−1.
This is a minimum value, as the phytoplankton at the margins of the
patch may be iron-limited, which would lead to the true length of
the patch on 23 March being underestimated. By fitting gaussian
profiles to the chlorophyll a concentration along cross-filament
sections, the width of the bloom in the 23 March image is found to
be 2jy ¼ 4 6 2 km. This gives a diffusivity, Ky ¼ j2

yg, of between
0.5 and 5 m2 s−1. These values of g and Ky may be compared with
estimates obtained from changes in the size and shape of the patch
over the fortnight that it was followed by ship (Fig. 2). The patch’s
length increased over the course of the experiment, whereas its
width stabilized at 4 km, the same as the width of the filament in the
satellite images. The best fit to the length and width data is given by
g ¼ ð8 6 3Þ 3 10 2 7 s 2 1 and Ky ¼ 4 6 2 m2 s 2 1, which agree very
well with the values above. Here we use g = 8 × 10−7 s−1 = 0.07 day−1

as the best estimate of the rate of stretching of the bloom.
The measured effective strain rate is close to the r.m.s. strain of

5:8 3 10 2 7 s 2 1 derived from a generic model of mesoscale
turbulence8, and is of similar magnitude to the effective strain
rate of ð3 6 0:5Þ 3 10 2 7 s 2 1 determined by a tracer release within
the ocean interior9. The horizontal diffusivity is lower than values
found in previous open-ocean surface SF6 releases: namely,
22 6 10 m2 s 2 1 within an eddy in the North Atlantic Ocean10 and
25 6 5 m2 s 2 1 in the equatorial Pacific Ocean (recalculated from
ref. 11). Our value of the horizontal diffusivity is, however, within
the range (2–16 m2 s−1) found at the length-scale 3

���
2

p
jy ¼ 8 km

from dye-release experiments in shelf seas12. The plausibility of our
derived values supports the assertion that the remotely sensed
bloom was produced by the fertilization experiment.

The presence of horizontal stirring has implications for the
growth of phytoplankton in an isolated patch. Stretching by the
horizontal currents maintains cross-patch gradients against diffu-
sion, causing continuing mixing along the sides of the filament. This
results in a persistent dilution of the concentration at the patch
centre13. If the net phytoplankton growth rate, m, is higher than the
strain rate, then the peak phytoplankton concentration within
the patch will increase at the asymptotic rate m 2 g (see Methods).
The carbon-based phytoplankton growth rate reached 0.19 d−1 by
the time the ship left the SOIREE site5 and the strain rate was
g ¼ 0:07 d 2 1, so towards the end of the site occupation approxi-
mately 35% of the daily production was lost from the patch centre
through horizontal dispersal. The losses due to dispersal were
much higher than those from meso-zooplankton grazing (less
than 0.01 d−1, J. R. Zeldis, personal communication) and vertical
sinking (less than 0.02 d−1 (ref. 14)). Stirring rates are expected to
be variable15, and are likely to be higher in regions with more eddy
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activity than the SOIREE site, which was chosen for its weak
surface currents5. If the strain rate is higher than the growth rate,
then, from equation (2) in Methods, the phytoplankton concen-
tration in an isolated bloom will never grow beyond gC0=ðg 2 mÞ,
where C0 is the background concentration. The importance of
stirring poses a potential difficulty for iron fertilization. If a
fertilized patch happened to be stirred rapidly then there would
be little increase in phytoplankton stocks, despite the phytoplank-
ton no longer being iron-limited. Because particle export from the
surface layer has a strongly nonlinear dependence on algal
concentration16, this may result in the added iron failing to
induce a significant phytoplankton-mediated removal of carbon
from the surface waters.

The iron fertilization caused the accumulation of between 600
and 3,000 t of algal carbon by the time of the 23 March image (see

Methods). On-deck incubations measured an intracellular phyto-
plankton uptake ratio of 3 3 10 2 6 mol Fe per mol C (the mean
from days 5 and 12 of SOIREE was (2:7 6 1:4Þ 3 10 2 6 mol Fe
per mol C, for the .2 mm phytoplankton size fraction, see
Methods). If this uptake ratio remained constant, then the phyto-
plankton in the 23 March bloom would have contained between 8
and 40 kg of iron, an order of magnitude less than the 300 kg of
dissolved iron which remained in the patch after the last infusion.
There was a dissolved iron concentration of 1.1 nM at the centre of
the fertilized patch at the end of the site occupation, and a back-
ground concentration of 0.1 nM. By this time there was an excess of
organic iron-binding ligands5, maintaining the iron in solution.
Towards the end of the site occupation there were minimal losses of
dissolved iron from the surface layer, with the decrease in concen-
tration being similar to what would be expected from horizontal

Figure 1 Images of the SOIREE bloom from the SeaWiFS ocean colour satellite. The region
is usually cloudy, so during the months February–April only eight images of the bloom
were obtained. Five of these are displayed here. The images show sea-surface chlorophyll
a concentration on a logarithmic scale (see Methods), and areas that were obscured by
cloud are marked in grey. Composite images of the bloom may be viewed at http://
seawifs.gsfc.nasa.gov; the bloom is clearly visible in the March monthly climatology
(1998–2000). a, The only image taken during the site occupation. S indicates the start of
the SOIREE experiment, on 9 February 1999, and F indicates the position of the patch
centre at the time of the final survey on 22 February. The white line is the edge of the
patch, based on a shipboard survey at the time the image was taken. The chlorophyll a
concentration within the contour is 0.1 mg m−3 higher than the background level.

Phytoplankton concentrations within the patch reached 2 mg chla m−3 by the time of the
final survey. b, c, By 1 month after the initial release, the patch has become drawn out into
a long steak. Another partial image was obtained on 7 March, which shows that the bloom
extends no further to the west than seen here. X symbols mark the positions of
temperature profiles taken on 3 March, which showed that the mixed layer was then 65 m
deep. d, After 42 d, the fertilized patch has become stretched and folded into a 150-km-
long ribbon. The area of the bloom is 1,100 km2 (.0.2 mg chla m−3), with the high-
chlorophyll portion having an area of 230 km2 (.1.0 mg chla m−3). Two other partial
images from 21 and 22 March show that this is close to being a complete image of the
bloom. e, The bloom is still present 55 d after the initial release. This is the last image
of the bloom that was obtained.
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dispersal alone. The concentration of dissolved iron remaining in
the patch centre at the time of the satellite images may then be
calculated under the assumption that, apart from uptake required
to maintain net phytoplankton growth, the dissolved iron was
conserved. To keep the phytoplankton concentration steady at
2 mg chla m−3, a growth rate of 0.10 d−1 (0.07 d−1 for dispersal and
0.03 d−1 to cover other losses such as sinking, which may not result
in the iron being recycled), or 0.2 mg chla m−3 d−1, would have been
required. Given an intermediate carbon-to-chlorophyll a ratio of
60 g C per g chla, and the iron-to-carbon uptake ratio quoted above,
only 3 pM d−1 of iron would have been needed by the phytoplankton
at the bloom centre. It follows that there would still have been a peak
concentration of 0.2 nM of dissolved iron within the filament on 23
March (see Methods), double the background concentration and
sufficient to prevent severe iron limitation17. Although this calcula-
tion relies on the assumption that dissolved iron was retained within
the surface layer, as was observed towards the end of the site
occupation, a far higher loss rate of 11 pM d−1 would have been
needed to reduce the concentration to background levels before 23
March. This suggests that, despite the stirring, there was enough
dissolved iron in the fertilized patch to maintain increased phyto-
plankton growth during March.

The predominant taxa in the bloom when the ship left the
SOIREE site were diatoms, which have a high silicate requirement,
and the silicate concentration in the mixed layer decreased from 10
to 6 mM during the 12-day site occupation. Although succession by
other taxa is perhaps possible, phytoplankton blooms in open
Southern Ocean waters are typically dominated by diatoms18, and
so the development of the bloom for a further month suggests that
stirring of the patch entrained enough silicate to support continued
diatom growth. An algal uptake ratio of 0.18 mol Si per mol C was
measured during SOIREE, so a silicate uptake of 0.18 mM d−1 would
have been needed to maintain a growth rate of 0.2 mg chla m−3 d−1.
The silicate drawdown can be estimated as the uptake rate divided
by the strain rate; so a drawdown of 0:18=0:07 ¼ 2:6 mM is all that
was required to supply sufficient silicate to the bloom. While the
filament was being stirred there would not have been any silicate
limitation, which helps to explain its longevity. An input of iron that
was spread over an area with dimensions larger than the ,100-km
eddy length scale may result in a relatively short-lived bloom, as
above this scale stirring is inefficient. Depending on their initial

concentration, other nutrients such as silicate may then become
limiting, leading to the decline of the bloom19.

We have presented the first (to our knowledge) experimental
demonstration of the mesoscale stirring of a tracer patch in the
surface ocean, a result made possible by the visibility of phyto-
plankton in satellite images. The stretching of the patch into a long
filament agrees with recent theoretical analysis13, and supports the
idea that the tendrils and whorls seen in naturally occurring
plankton populations may be generated through horizontal stirring
within the surface layer3,20,21. The calculations presented here could
be refined through the use of a numerical model that included a
detailed representation of phytoplankton and iron dynamics. It is
clear, however, that algal losses due to dispersal may dominate those
from other processes, and that horizontal stirring will affect the
concentration of nutrients within an isolated patch or filament. For
these reasons, a consideration of stirring is essential to under-
standing the development of phytoplankton blooms in the open
ocean. M

Methods
Satellite imagery
The SeaWiFS High-Resolution Picture Transmission (1-km resolution) data was
obtained from the NASA GDAAC and processed using SeaAPS22. The images presented
are level 2 chlorophyll a concentrations, estimated using the Ocean Chlorophyll 2 version 2
(OC2-v2) algorithm chla ðmg m 2 3Þ ¼ 10ð0:2974 2 2:2429xþ0:8358x2 2 0:0077x3 Þ 2 0:0929, where x is
the 490/555 nm band ratio23. The algorithm has not been extensively calibrated against in
situ extracted-chlorophyll data from the Southern Ocean, although recent results suggest
that it underestimates chlorophyll a concentrations there24.

Dispersal of a tracer in the surface ocean
At scales greater than 1 km, and away from strong fronts, the currents in the surface ocean
are approximately two-dimensional and divergence-free. The flow can then be locally
resolved into a pure strain and a rotation. In a pure strain flow with a velocity
v ¼ ðgx; 2 gyÞ, where g is the strain rate, a patch of tracer is stretched along the x-axis and
squeezed in the y-direction. After an initial period of adjustment, an isolated patch of
conserved tracer, C(x,y,t), which is centred at the origin, becomes a gaussian ellipsoid;

C ¼ ðN=2pjxjyÞexpð¹
1

2
ðx2=j2

x þ y2=j2
yÞ ð1Þ

where N is the total amount of tracer within the patch and jx(t), jy(t) are the standard
deviations of the distribution in the x and y directions, respectively. The length of the patch
increases exponentially at the rate g, jxðtÞ ~ expðgtÞ. In contrast, the width stabilizes at a
steady value where the thinning effect of the strain balances the widening tendency of
diffusion, jy ¼ ðKy =gÞ1=2 (refs 9, 25). Once the width has stabilized, the peak concentration
decreases at the rate g. In ocean flows the strain is not constant, but an effective strain rate
(more formally, a Lyapunov exponent) may be defined from the exponential growth in the
length of a patch of tracer15,26. Once the length of the filament becomes larger than the sizes
of the eddies, the patch tends to be folded back upon itself and the tracer distribution loses
its streakiness26.

A pure-strain flow stretches a phytoplankton patch into a filament of the same
dimensions as a patch of conserved tracer13. The change in the peak phytoplankton
concentration in a fertilized bloom may be approximated by dC=dt ¼ mC 2 gðC 2 C0Þ,
where m is the net growth rate the phytoplankton within the fertilized patch would have in
the absence of dispersal; C0 is the background concentration, which is assumed to be
constant, and the second term represents losses due to dispersal. This equation has the
solution

CðtÞ ¼
m

m 2 g
C0expððm 2 gÞtÞ 2

g

m 2 g
C0 ðm Þ gÞ; CðtÞ ¼ C0 þ mC0t ðm ¼ gÞ ð2Þ

Algal carbon within the bloom
By integrating over the portion of the 23 March image (Fig. 1d) with concentrations
greater than 0.2 mg chla m−3, the near-surface chlorophyll a content of the bloom, per unit
depth, is found to be 820 kg m−1. There was an expendable bathythermograph (XBT)
survey through the region of the bloom in early March (Fig. 1c), which showed that the
surface waters were well mixed to a depth of 65 m, consistent with that found during the
site occupation. It is unlikely that the mixed layer shoaled during March27, and so the
remotely sensed bloom can be assumed to have a 65-m extent. Given that the carbon-to-
chlorophyll ratios remained in the range measured during SOIREE (45–90 g C per g chla),
the 23 March bloom is estimated to have contained between 2,400 and 4,800 t of algal
carbon. Areal algal carbon outside the fertilized patch was 1.6 g m−2 during the site
occupation. If this remained steady, then there would have been 1,800 t of algal carbon in
the bloom waters in the absence of iron fertilization, implying that the fertilization caused
the accumulation of between 600 and 3,000 t of algal carbon by 23 March. Because the
calibration of the SeaWiFS data is uncertain, the carbon-to-chlorophyll ratios are
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Figure 2 Changes in the size and shape of the fertilized patch following the initial infusion.
A tracer, SF6, was added to the patch during the initial iron release5, enabling the patch to
be mapped using an underway system30. The width and length of the patch were
determined by fitting a gaussian ellipsoid (equation (1) in Methods) to the SF6 data from
each daily survey, using a least-squares fitting procedure. The r.m.s. difference between
the data and the best-fit ellipsoid was less than 15% of the peak SF6 concentration for all
the points shown. A best fit to the length and width of the patch after day 4
(2jx ~ expðgt Þ, 2jy ¼ 2ðK y =gÞ1=2; shown by the lines) was used to estimate the strain
rate and the diffusivity. The size of the patch that had above-background SF6

concentrations was larger than the size obtained using the method described here. The
patch defined by SF6 concentrations above 8 fM reached a length of 30 km by 18 February
(9 d after the initial release).
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estimated, and the true vertical structure of the bloom is unknown, these figures must be
treated with caution, and they may be subject to revision.

Iron concentration within the patch
The rate of change of the dissolved iron concentration at the patch centre may be estimated
as dFemax=dt ¼ 2 gðFemax 2 FeoutÞ 2 P, where Femax is the peak concentration within the
patch; Feout is the background concentration; and P is a constant loss term, assumed to be
the net rate of phytoplankton iron uptake. This equation has the solution FemaxðtÞ ¼

ðFeinitial 2 Feout þ P=gÞ expð 2 gtÞ þ Feout 2 P=g, where Feinitial is the peak iron concentra-
tion at t ¼ 0.

The phytoplankton iron-uptake rate was obtained from the estimated net rate of carbon
fixation and the Fe:C uptake ratio, which was measured by parallel incubation of 55Fe
(0.2 nM 55Fe:10 mM EDTA) and H14CO−

3, as described previously28. The Fe and EDTA
addition resulted in a concentration of inorganic Fe (Fe9) of 7.7 pM which mimicked the
mean in situ Fe9 concentration (4:5 6 2:4 pM; P. L. Croot, personal communication).
Underway dissolved iron was measured using a flow injection–chemiluminescence
method29.

With the values (see text) Feinitial ¼ 1:1 nM, Feout ¼ 0:1 nM, P ¼ 0:003 nM d 2 1, and
g ¼ 0:07 d 2 1 it follows that after 28 d, Femax ¼ 0:20 nM. If the loss rate is
P ¼ 0:011 nM d 2 1 then after 28 d, Femax ¼ 0:10 nM.
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Photosynthesis by marine phytoplankton in the Southern Ocean,
and the associated uptake of carbon, is thought to be currently
limited by the availability of iron1,2. One implication of this
limitation is that a larger iron supply to the region in glacial
times3 could have stimulated algal photosynthesis, leading to
lower concentrations of atmospheric CO2. Similarly, it has been
proposed that artificial iron fertilization of the oceans might
increase future carbon sequestration. Here we report data from
a whole-ecosystem test of the iron-limitation hypothesis in the
Southern Ocean4, which show that surface uptake of atmospheric
CO2 and uptake ratios of silica to carbon by phytoplankton were
strongly influenced by nanomolar increases of iron concentration.
We use these results to inform a model of global carbon and ocean
nutrients, forced with atmospheric iron fluxes to the region
derived from the Vostok3 ice-core dust record. During glacial
periods, predicted magnitudes and timings of atmospheric CO2

changes match ice-core records well. At glacial terminations, the
model suggests that forcing of Southern Ocean biota by iron
caused the initial ,40 p.p.m. of glacial–interglacial CO2 change,
but other mechanisms must have accounted for the remaining
40 p.p.m. increase. The experiment also confirms that modest
sequestration of atmospheric CO2 by artificial additions of iron to
the Southern Ocean is in principle possible, although the period
and geographical extent over which sequestration would be
effective remain poorly known.
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