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Diatoms of the iron-replete continental margins and North Atlantic
are key exporters of organic carbon. In contrast, diatoms of the
iron-limited Antarctic Circumpolar Current sequester silicon, but
comparatively little carbon, in the underlying deep ocean and
sediments. Because the Southern Ocean is the major hub of
oceanic nutrient distribution, selective silicon sequestration there
limits diatom blooms elsewhere and consequently the biotic carbon
sequestration potential of the entire ocean. We investigated this
paradox in an in situ iron fertilization experiment by comparing
accumulation and sinking of diatom populations inside and outside the iron-fertilized patch over 5 wk. A bloom comprising
various thin- and thick-shelled diatom species developed inside the
patch despite the presence of large grazer populations. After the
third week, most of the thinner-shelled diatom species underwent
mass mortality, formed large, mucous aggregates, and sank out en
masse (carbon sinkers). In contrast, thicker-shelled species, in
particular Fragilariopsis kerguelensis, persisted in the surface
layers, sank mainly empty shells continuously, and reduced silicate
concentrations to similar levels both inside and outside the patch
(silica sinkers). These patterns imply that thick-shelled, hence
grazer-protected, diatom species evolved in response to heavy copepod grazing pressure in the presence of an abundant silicate
supply. The ecology of these silica-sinking species decouples silicon
and carbon cycles in the iron-limited Southern Ocean, whereas
carbon-sinking species, when stimulated by iron fertilization, export more carbon per silicon. Our results suggest that large-scale
iron fertilization of the silicate-rich Southern Ocean will not
change silicon sequestration but will add carbon to the sinking
silica ﬂux.
evolutionary arms race
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D

iatoms—silica-shelled unicellular phytoplankton—are major exporters of organic carbon from the surface to the deep
ocean and sediments and, hence, inﬂuence ocean nutrient cycles
and atmospheric CO2 levels (1, 2). However, silicate concentrations, for which diatoms have an obligate demand, vary widely
over the nutrient-rich regions of the oceans (3). This is largely
due to processes decoupling silicon cycling from that of other
nutrients and carbon in surface waters of the Antarctic Zone
(AZ), the southernmost belt of the Antarctic Circumpolar Current (ACC) (4). Thus, Si concentrations decline across the AZ
www.pnas.org/cgi/doi/10.1073/pnas.1309345110

from >70 mmol Si·m−3 in upwelling waters along its southern
boundary (the Antarctic Divergence) (5) to <5 mmol Si·m−3
along the Antarctic Polar Front (APF) (6). The corresponding
decline in nitrate is much smaller, from 30 to 23 mmol N·m−3.
The resulting Si/N export ratio of 9/1 is much higher than the
average diatom Si/N ratio of ∼1/1 (7, 8). The paradox (9) can
partly be explained by increasing Si/N ratios with iron deﬁciency
recorded in many species (10–13) in addition to the exceptionally
thick frustules of some ACC diatom species (14), which can
reach Si/N ratios of >4:1 in Fragilariopsis kerguelensis (15).
A portion of the silica shells (frustules) sinking out of the
northward-propagating surface Ekman layer dissolves in the southward-propagating deep water and is returned as Si to the surface in
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upwelling water along the Antarctic Divergence (1). This vertical
recycling loop between surface and deep water supports growth of
thick-shelled diatoms in the surface and functions as a global ocean
silicon trap in the deep-water column. Another portion, mainly
comprising robust frustules of comparatively few species, of which
Fragilariopsis kerguelensis and Thalassiothrix antarctica are particularly common (16–18), is buried as diatom ooze in sediments underlying the iron-limited ACC, which functions as a major global
silicon sink (19), accounting for 42–48% of the total marine silica
removal (20). In contrast, the sediments underlying productive
regions in the ACC, where phytoplankton blooms fertilized by iron
input from land masses (21, 22), shelf sediments or dust occur
regularly (23), have 10-fold higher carbon contents (>2% C of dry
matter) (24), and are dominated by spores of the ubiquitous diatom
genus Chaetoceros (25, 26).
The massive removal of silicon relative to nitrogen from the
surface layer by the diatoms of the low-productive, iron-limited
AZ ecosystem implies that, in addition to the heavy siliciﬁcation
of ACC diatoms (14), a signiﬁcant proportion of their nitrogen
demand will have to be provided by a highly efﬁcient recycling
system in the surface layer (27). In contrast to phytoplankton,
copepod-dominated zooplankton stocks of high-nutrient, lowchlorophyll (HNLC) regions of the oceans are comparatively
large (28, 29). In fact, their grazing pressure was considered to
control phytoplankton biomass in HNLC regions before iron
limitation was ﬁrmly established (30). It has since been hypothesized that copepod feeding and defecation are part of the
recycling system (31) and that the phytoplankton species that
accumulate biomass in the face of heavy grazing pressure will
have evolved some form of defense (32), most likely the heavily
siliciﬁed frustules characteristic of ACC diatoms (14).
As the Si-depleted northern ACC surface layer is the major
source of nutrients upwelling in low latitudes (4), Si retention in
the ACC constrains diatoms from forming blooms over large,
nutrient-rich areas of the ocean (3) with far-reaching repercussions on food webs and ocean carbon sequestration. A better
understanding of the deep water silicon trap and sedimentary
sink is necessary to explain functioning of the glacial Southern
Ocean (33) and its impact on CO2 drawdown, but also to predict
the response of Southern Ocean biota to large-scale and longterm artiﬁcial iron fertilization (34). Ocean iron fertilization
experiments provide the necessary conditions for the quantitative investigation of these mechanisms because they simulate the
effect of natural iron input on pelagic ecosystems with their full
complement of grazers and pathogens (34).
Results and Discussion
The Experiment. The European Iron Fertilization Experiment
(EIFEX) was carried out during RV Polarstern cruise ANT-XXI/3
in late austral summer [11 February (day −1) to 20 March (day
36) 2004] in the 60-km diameter, clockwise rotating core of
a mesoscale, vertically coherent eddy extending to the seaﬂoor at
∼3,700-m depth and enclosed in a meander of the APF centered
at 49°S, 2°E in the Atlantic sector of the Southern Ocean (35).
The circular patch of initially 167 km2 had spread to 798 km2 by
day 19 and completed four rotations within the eddy by day 36.
In-stations were placed in the least diluted region (the hot spot)
of the patch, hence sampled the same water mass throughout.
Out-stations were always located within the closed core of the
eddy, well away from the patch (35). Vertical coherence of the
deep-water column with the overlying surface layer was conﬁrmed by the trajectories of four autonomous APEX ﬂoats positioned between 200- and 1,000-m depth, as well as two independent
models based on hydrographical proﬁles to the seaﬂoor and on
satellite altimetry (35).
Here, we show that the strong biogeochemical response to
iron addition (35) was closely linked to temporal changes in the
populations of dominant diatom species in surface, subsurface,
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1309345110

and deeper layers. Standing stocks (carbon per square meter) are
derived from trapezoidal integration of measurements carried
out on six to nine discrete water samples taken from standard
depths at 10- to 20-m intervals in the 100-m mixed layer (35),
50-m intervals in the 200- to 350-m depth layer, and larger
intervals for the deep-water column down to the seaﬂoor. In
addition to full (living) cells, intact empty and broken diatom
frustules, empty and damaged tintinnid loricae and copepod
fecal pellets were counted under a light microscope to assess
species-speciﬁc diatom and tintinnid mortality and grazing by the
copepod assemblage. Empty frustules and loricae can be caused
by (i) cell death, (ii) sexual reproduction, (iii) viral infection, or
(iv) protozoan and metazoan grazing, whereas broken frustules
and damaged loricae are due to handling by copepod mandibles
(36). Stocks of particulate organic carbon (POC) and nitrogen
(PON), chlorophyll a (Chl a), and biogenic silica (BSi) were
highly correlated (P << 0.05) with total plankton, phytoplankton,
and diatom carbon (DC), respectively, as estimated from organism counts (Figs. 1 and 2B).
Plankton Trends. The initial situation. During the initial mapping of
the eddy, nitrate, phosphate, and silicate concentrations inside

Fig. 1. Chl a, phytoplankton carbon (PPC), and integrated stocks of plankton composition in the 100-m surface layer inside and outside the fertilized
patch. (A) PPC calculated from biovolume data (blue circles) and Chl a stocks
(red circles). The full and open circles are for inside and outside the fertilized
patch, respectively. Total plankton carbon (bars) and particulate organic
carbon (POC) (stars) stocks inside (B) and outside (C) the patch with the
contributions of diatoms, nondiatom phytoplankton (largely nanoﬂagellates:
solitary Phaeocystis cells and Prorocentrum spp.), bacteria, protozooplankton
(largely heterotrophic dinoﬂagellates, ciliates, and acantharia), small copepods <1 mm (including nauplii, small copepodites, and Oithona), and large
copepodites and adult copepods >1 mm.
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the core were 24.5–25 mmol N·m−3, 1.7–1.8 mmol P·m−3,
and 14–19 mmol Si·m−3, respectively, which, together with the
hydrographical properties, demonstrated that the core originated from the AZ (35). Chl a within the core was patchy,
ranging between 0.7 and 1.2 mg·m−3, which is twofold to ﬁvefold higher than average AZ concentrations (37). Phytoplankton carbon (PPC) was dominated by large, spiny, heavily
siliciﬁed (thick-shelled) diatoms typical of the AZ with nanoﬂagellate species contributing <30%. Heterotrophic biomass
exceeded that of autotrophs and comprised bacteria (26%),
protozooplankton (22%), and metazooplankton dominated by
copepods (52%), including all larval stages (Fig. 1 B and C). The
initial small salp population declined during the experiment to
negligible biomass (38). 15N and 13C isotope ratios of suspended
organic particles indicated that community biomass was primarily based on recycled nitrogen (39).
Trends outside the patch. Outside the patch, dissolved inorganic
carbon (corrected for air–sea exchange), nitrate, and phosphate
declined by 1, 0.4, and 0.04 mmol·m−3, respectively (35), but
silicate decreased considerably by 8 mmol·m−3 over 5 wk. This
decoupling of silicate and nitrate is reﬂected in the decline of the
already low Si* values [Si – nitrate concentrations (4)] from −6
to −14 mmol·m−3 (Fig. 2A). The decrease of Si* cannot be
explained by horizontal mixing inside the eddy (35) and only
partly by local patchiness (Fig. S1) and thus is largely due to
silicate uptake, which must have been matched by an equally
high sedimentation rate, as BSi levels in the mixed layer
remained stable at 0.2 mol Si·m−2 (Fig. 2B). The substantial diatom growth was apparently supported by ammonium remineralized from the dissolved organic nitrogen (DON) pool, which
declined linearly from ∼4 to ∼2 mmol N·m−3 during the experiment (35). However, after about 3 wk, rising ammonium
concentrations (from <0.5 to >0.7 mmol N·m−3) suggest that
the system switched to net heterotrophy due to iron limitation
Assmy et al.
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Fig. 2. Silicon dynamics in relation to carbon and nitrogen. (A) Uptake of Si
inside (full circles) and outside (open circles) the patch expressed as Si* (Sinitrate concentrations). Because nitrate decreased only slightly, Si* values
parallel Si concentrations. The greater scatter in out-patch values is explained
by spatial heterogeneity in the core outside the patch (in-patch: r2 = 0.96,
P < 0.0001; out-patch: r2 = 0.58, P < 0.0001). (B) Biogenic silica (BSi) (blue)
and diatom carbon stocks including equivalent carbon content of empty and
broken frustules (DC) (red) for direct comparison with BSi. (C) Ratios of
biogenic silica to particulate organic carbon (BSi/POC) (red), and of biogenic
silica to particulate organic nitrogen (BSi/PON) (blue). Note similarity in ratios outside and inside the patch.

of autotrophs [low photochemical efﬁciency (Fv/Fm ratio) of
0.32] compounded by mounting grazing pressure. This scenario
is supported by low autotrophic/heterotrophic biomass ratios
between 0.4 and 0.5 (Fig. 1C) and by low primary and bacterial
production rates (35). Copepods comprised >50% of heterotrophic biomass, but, although fecal pellet stocks increased sevenfold during the 5 wk, the contribution of whole pellets and
recognizable remnants to vertical ﬂux was minor as the bulk were
fragmented in the surface layer and stocks in the subsurface layer
were only a small fraction of surface stocks (Fig. S2). In contrast,
the stocks of empty and damaged tintinnid loricae, of similar size
to pellet fragments, hence with similar sinking rates, did not
differ between layers (Fig. S2), indicating that sinking and not
destruction was the major loss term here. We conclude that
copepods will have played a key role in maintaining the silicasinking, nitrogen-recycling ecosystem.
Trends inside the patch. Inside the fertilized patch, stocks of Chl a,
POC, and BSi increased linearly following iron addition due to
the growth of various large diatom species whose biomass accounted for 97% of the 100-m depth-integrated Chl a increase (76–
286 mg Chl a·m−2) from day −1 to day 21 (Figs. 1 A and B and
2B). The subsequent decline was due to mass mortality and
sinking of some diatom species, which was partially compensated
by continued accumulation of other species, reﬂected in the
uninterrupted linear decline of Si* until the end of the experiment (Fig. 2A). Nitrate and DON concentrations declined by 1.6
and 1.8 mmol N·m−3, respectively, whereas the corresponding
decline in Si was 11 (from 19 to 8) mmol Si·m−3 with an uptake
ratio of Si/(DON + nitrate) of 3.2 and Si/nitrate of 6.9. This
indicates that diatoms were responsible for new production and
that the species involved were heavily siliciﬁed. Inside the patch,
BSi/DC, BSi/POC, and BSi/PON ratios increased from 0.5 to 0.8,
0.2 to 0.5, and 1.3 to 2.7, respectively (Fig. 2 B and C). Similar
ratios were found in iron-limited waters outside the patch (Fig.
2C). Assuming a diatom C/N ratio of 5, based on the slope of the
linear regression between POC and PON inside the patch, the
BSi/DN (diatom nitrogen) ratio increased from 2.5 to 4, implying
that several of the dominant diatom species had Si/N ratios well
above 4 to compensate for weaker siliciﬁcation of other dominant species. The differential accumulation of BSi in the surface
layer was due to a combination of sinking out of less-siliciﬁed
diatoms and increasing populations of heavily siliciﬁed species.
Our results support the ﬁnding that diatom community composition largely determines community siliciﬁcation in the Southern
Ocean (40). Although silica export did not increase in-patch
compared with out-patch, iron-induced export of carbon with the
sinking frustules amounted to 0.9 mol (10.8 g) C·m−2 during the
ﬂux event (35).
The populations of 45 of the 55 diatom taxa recorded during
EIFEX increased their abundance inside the patch, indicating
that artiﬁcial iron fertilization can stimulate growth of a broad
range of diatom species. Maximum species-speciﬁc accumulation
rates of the dominant species ranged between 0.03 and 0.10 d−1
(0.04–0.13 d−1 corrected for dilution) with highest rates associated with largest size and lowest mortality. The species-speciﬁc
contribution to bloom biomass also depended on cell size, initial
cell abundance (which varied by two orders of magnitude), and
timing of the decline phase. As a result, the EIFEX bloom was
highly diverse with 21 species contributing >85% of bloom biomass.
The species composition of nondiatom phytoplankton changed
over the experiment, but, in contrast to the diatoms, their biomass remained more or less constant (Fig. 1B), apparently kept
in check by grazing pressure of protozooplankton and copepods.
The same trends and checks applied to the protozooplankton
(Fig. S3), including specialized diatom grazers (e.g., Protoperidinium spp.), which are known to be preferred food of
copepods (32). Tintinnid ciliates, despite protection by their loricae, were subject to heavier grazing pressure than diatoms as

Biomass of large (>1 mm) copepods increased until the end of
the experiment, due to a combination of growth (development of
larval stages) and upward migration from below 160 m. Total
ingestion by copepods inside the fertilized patch over 36 d, estimated from fecal pellet production rates (Fig. S4A), amounted
to 20 g C·m−2, of which 15 g C·m−2 was attributed to phytoplankton carbon indicated by gut evacuation experiments (Fig.
S4B). Total primary production measured with the 14C-method
amounted to 50 g C·m−2 over 36 d (35). Given the large
uncertainties associated with all of the above rate measurements,
the budget between primary production (50 g C·m−2), heterotrophic carbon consumption [∼12 g C·m−2 (microzooplankton
grazing) + 15 g C·m−2 (copepod grazing) + ∼12 g C·m−2 (nitratebased bacterial carbon demand) ∼ 40 g C·m−2], and carbon
exported (10.8 g C·m−2) is reasonably well balanced. Although
crushed and intact diatom frustules were prominent in pellets as
well as in copepod guts (41), the relative grazing pressure on
diatom populations estimated from ratios of full to empty and
broken frustules was much lower than on other protists, exempliﬁed here by tintinnid ciliates (Fig. 3D). Trends in 15N and 13C
isotope ratios of suspended particulates indicated that the initial
biomass increase was based primarily on nitrate uptake; following the ﬂux event, recycled nitrogen contributed a larger fraction
to community biomass (39).

Fig. 3. Stocks of three representative diatom species and total tintinnids in
surface and subsurface layers. Integrated stocks of full (red ﬁlled circles),
intact empty (black open circles), and broken diatom frustules and damaged
tintinnid loricae (blue triangles) of (A) Fragilariopsis kerguelensis, (B) Chaetoceros dichaeta, (C) Thalassiothrix antarctica, and (D) total tintinnids. In
each block, the left and right panels are integrated stocks inside and outside
the patch, and upper and lower panels in the surface (SL: 0–100 m) and
subsurface (SSL: 200–350 m) layers, respectively. Tintinnid stocks are shown
for the SL only, and SSL values are in Fig. S2. Full frustules and loricae contain
plasma. Empty and broken frustule and loricae numbers are presented as
carbon equivalents for comparison with biomass in full frustules and living
tintinnids, respectively; bars represent SEs. Note similarity between F.
kerguelensis stocks inside and outside the patch in SL and SSL, in contrast
to the differences in other species. This is supported by a one-sample onesided t test applied to these data (Table S1).

illustrated by the low ratio of full to empty intact and damaged
loricae (Fig. 3D). The total consumption by microzooplankton
(protozooplankton plus small copepods) estimated by the serial
dilution method amounted to 17 g C·m−2 in 36 d, of which about
30% was provided by bacteria exploiting the DON pool (35).
Bacterial biomass was stable but declined at the end of the experiment (Fig. 1B). The total bacterial carbon demand over the
duration of EIFEX based on measured bacterial production and
respiration amounted to 23 g·C m−2 of which about one-half
was based on prefertilization DON (35), hence independent of
primary production.
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1309345110

Silica and Carbon Sinking Species. The species comprising the diverse assemblage of large diatoms typical of the ACC differed in
their impact on magnitude and composition of the vertical ﬂux.
This is illustrated by temporal trends in surface and subsurface
layers of stocks and relative proportions of full, empty, and
broken frustules of three representative species (Fig. 3). These
different behavior patterns are of relevance to the silicon paradox. The surface-layer stocks of Fragilariopsis kerguelensis doubled inside the patch after 3 wk and maintained the new level for
the next 2 wk. Stocks remained more or less constant outside the
patch, whereas most other diatom species declined signiﬁcantly.
The contribution of F. kerguelensis to total diatom biomass
outside the patch rose from 10% to 21% over the 5 wk, implying
its superior survival ability under conditions of iron limitation but
sufﬁcient silicate and heavy copepod grazing pressure (Fig. 1C).
In the subsurface layers below and outside the patch, stocks were
fairly constant and at similar levels throughout (Fig. 3A), implying a steady, downward ﬂux of largely empty chains and solitary frustules. This is consistent with the distribution of F.
kerguelensis stocks in the deep-water column (Fig. 4A), which are
threefold higher below 250 m than the deﬁcit between peak and
minimum stocks in the surface layer inside and outside the patch.
The near constancy of the ratios of empty to broken frustules in
the surface layers inside (2.1 ± 0.4) and outside the patch (2.0 ±
0.5), also recorded in a previous experiment (EisenEx) conducted in spring (36), provides further support for controlled,
low-level, quasiconstant mortality in this species with sinking out
of empty frustules and recycling of cytoplasm in the surface layer
(Fig. S5).
The boom-and-bust behavior of a group of disparate species
exempliﬁed by Chaetoceros dichaeta (Fig. 3B) contrasted with
the persistent strategy of Fragilariopsis kerguelensis. The former
species underwent mass mortality in the surface layer, signaled
by a sudden increase in empty frustules, followed by a ﬁvefold
population decrease due to sinking. The ﬂux event triggered by
mass mortality of C. dichaeta transported ∼10.8 g C·m−2 as
rapidly sinking aggregates (Fig. S6 A–C) into the deep-water
column during the last 10 d (35). Sticky, autolyzed cytoplasm,
stretched into mucoid sheets along the spines of various species,
entangled chains with one another into millimeter-sized aggregates (Fig. S6 A and B). The process was accompanied by increased levels of transparent exopolymer particles (Fig. S7) in
ambient water. Chains of various species were entrained in the
Assmy et al.
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Fig. 4. Stocks of three representative diatom species in deep layers in
comparison with the surface deﬁcit. Inventories of full (red bars), intact
empty (white bars), and broken (blue bars) frustules of (A and B) Fragilariopsis kerguelensis, (C and D) Chaetoceros dichaeta, and (E and F) Thalassiothrix antarctica. The surface deﬁcit was estimated as the difference
between peak stocks and the stocks present at the station of the deep
proﬁle. Left panels, inside the patch; right panels, outside the patch. The
deep in-patch and out-patch proﬁles were taken on days 36 and 34, respectively, 6–8 d after the ﬂux event commenced. The higher values of A and
B in the deepest layer are partly due to resuspension of sediment in the
nepheloid layer. The unexpected low biomass of C. dichaeta in deep layers
under the patch is due to undersampling by Niskin bottles of large, rapidly
sinking aggregates in which they were packed.

aggregates (Fig. S6 B and C) and mass presence of Chaetoceros
spp. was only observed under the patch during the ﬂux event,
whereas they were at low levels outside it (Figs. 3B and 4 C and
D and Fig. S6 D and E). However, frustule stocks in the deepwater column under the patch were lower than the surface deﬁcit
(unlike F. kerguelensis) and the bulk was found in the upper 1,000
m (Fig. 4C). The depth distribution inferred here from discrete
12-L water samples differed from transmissometer proﬁles,
which recorded a rapid increase in particle stocks in the entire
deep-water column during the ﬂux event, albeit with fairly uniform depth distribution (Fig. S8). The discrepancy can be attributed to undersampling by Niskin bottles of large, rapidly sinking
aggregates that constituted the bulk of ﬂux below 1,000 m.
The common feature of the remaining, heterogeneous group
of largely centric colonial species (in particular Corethron inerme
and Proboscia alata), but exempliﬁed here by the heavily siliciﬁed pennate Thalassiothrix antarctica (Fig. 3C), was the low
mortality rate (the ratio of full to empty and broken frustules
increased from initially 1.9 to 17.6 by the end of the experiment), which resulted in (i) stable or growing populations until
the end of the experiment, (ii) the highest accumulation rates
during the growth phase, and (iii) low concentrations in the
subsurface and deep layers (Figs. 3C and 4 E and F). The low
sinking losses indicate that living cells maintain neutral buoyancy despite massive ballast in the thick cell walls of some
species. Because grazing pressure on these species was low, it is
likely that a substantial portion of their biomass will have
eventually sunk out, indicated by satellite images of fading Chl
a concentrations in the patch after day 36 (35). Mass sinking
events of T. antarctica have been reported from the ACC and,
Assmy et al.

presumably because of its thick cell walls, it is a major constituent
of AZ sediments (16, 17).
The behavior of Fragilariopsis kerguelensis and Chaetoceros
dichaeta reﬂect two distinctly different life cycle strategies
characteristic of the pelagic realm: (i) maintenance of relatively
constant stocks in the surface layer (persistence strategy) and (ii)
cycles of biomass buildup during favorable growth conditions,
followed by mass mortality and rapid population decline (boomand-bust strategy). These categories represent end points of a
gradient along which other ACC diatoms fall. Whereas species of
the persistent strategy generally occur at background levels (42),
F. kerguelensis is a dominant species, which increases in abundance,
together with copepod biomass, northward across the AZ (14, 16,
27, 36, 37). This distribution can be explained by its ability to
withstand grazing pressure apparently due to its extraordinarily
strong frustules (43), which reduces the proportion of cells cracked
and crushed by copepod feeding (Fig. S5 B and C) and facilitates
viable gut passage (41, 44). Its increasing abundance across the AZ
is concomitant with declining Si* and increasing deposition of its
frustules in underlying sediments (Fig. S5D; see also refs. 16, 25, and
45). In summary, this species, together with a few others (see below), is a silica sinker responsible for selective silicon export and
burial coupled with carbon and nitrogen retention across the surface
layer of the iron-limited AZ. Coevolution between diatoms and
copepods, which selects for traits at the upper limit of the handling
capacity of the herbivores, hence could explain the heavy siliciﬁcation resulting in high Si/C ratios of open-ocean ACC diatoms (14).
In contrast, species with a boom-and-bust strategy that undergo mass mortality and produce aggregates in the surface layer
are carbon sinkers (14, 27, 46) with spiny and needle-shaped
species, in particular the genus Chaetoceros, most likely to form
the large, rapidly sinking aggregates that are responsible for the
deepest ﬂux (47). Layers of diatom ﬂuff, widely reported on the
seaﬂoor in the aftermath of surface blooms, will be caused by such
ﬂux events (48). In the ACC, blooms of boom-and-bust species
are local, and characteristic of iron-sufﬁcient waters in the proximity of land masses and in regions of dust deposition (49–51).
Zonally persistent species like Fragilariopsis kerguelensis are
apparently geared to the copepod-dominated recycling system,
which also recycles iron (52). It follows that high sedimentary
silica accumulation rates are a proxy for iron-limited diatom
assemblages rather than for high surface productivity, contrary to
the prevailing view (33, 53). As the bulk of the frustules of carbon-sinking species are not buried (e.g., Pseudo-nitzschia and vegetative cells of Chaetoceros and Thalassiosira except T. lentiginosa),
they fuel the water column silicon trap, which is partially depleted
by burial of exceptionally robust frustules of F. kerguelensis and
a few other species such as Thalassiosira lentiginosa, Thalassiothrix
antarctica, and Thalassionema nitzschioides (16, 25, 45).
During the Last Glacial Maximum (LGM), natural iron fertilization extended the current range of carbon-sinking species
from the Antarctic Peninsula across the entire South Atlantic
sector of the ACC (54). It is likely that artiﬁcial iron fertilization
will have a similar effect, i.e., it will extend populations of carbon-sinking species over a larger area that will sink more carbon
per silicon than is currently the case. Nevertheless, the upper
limit of carbon sequestration will be determined by how much of
the upwelling silicate is taken up and exported by carbon-sinking
species before exhaustion by silica-sinking species. Given their
persistent life cycle strategy geared to the surface recycling system and the silicon-sequestering circulation pattern of the ACC,
silica sinkers will always be present in the ACC. Thus, the sedimentary band dominated by Fragilariopsis kerguelensis moved
north in the LGM (54), implying that its northern boundary will
have coincided with the zone of summer surface silicate limitation as is the case today along the APF (18). Indeed, we suggest
that such a vertical silicon retention loop, maintained by diatoms
and copepods strikingly similar to those of the AZ (14), could
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also be responsible for silicon trapping and burial in the HNLC
region of the subarctic North Paciﬁc (4).
Materials and Methods
Water samples were taken with 12-L Niskin bottles mounted on a CTD rosette
equipped with a proﬁling transmissometer and treated according to standard
protocols for the various measurements. Prokaryotic abundance was determined
by enumerating DAPI-stained cells under the epiﬂuorescence microscope. All
eukaryotic organisms were identiﬁed as far as possible to the species level and
counted by light microscopy. Larger protozoa and copepods <1 mm (including
larvae) were concentrated by passing 12 or 24 L through 20-μm mesh gauze.
Diatoms and other suspended particles in the deep-water column below 200 m
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SI Materials and Methods
Site Selection, Fertilization, and Tracking of the Fertilized Patch. The

eddy was located, and its position during the experiment monitored,
in satellite images of sea-surface height (http://argo.colorado.edu/
∼realtime/gsfc_global-real-time_ssh/). The patch was fertilized by
releasing 7*103 kg of dissolved ferrous sulfate in concentric circles around a drifting buoy to yield a concentration of 1.5
nmol·L−1 on day 0. Two weeks later, another 7*103 kg of FeSO4
was added to the spreading patch equivalent to 0.34 nmol·L−1.
The movement of the center of the fertilized patch was tracked
by a surface buoy drogued at 18- to 26-m depth, equipped with
Global Positioning System receivers and radio as well as ARGOS satellite transmitters. The patch was located with the
drifting buoy and by continuous, underway measurements of the
photochemical efﬁciency (Fv/Fm). Within a week, the bloom had
accumulated sufﬁcient biomass so that additional tracers (chlorophyll and online fCO2 concentrations) were used to locate the
part of the patch least affected by dilution with outside water,
i.e., with the highest chlorophyll and, in the last week, the lowest
fCO2 concentration. All in-stations were placed inside this “hot
spot,” and care was taken to locate it with small-scale surveys
before sampling and to keep the ship within it during the stations,
which generally lasted about 8 h (1). Some in-stations and casts,
although within the patch but subsequently shown to have missed
the hot spot, have been excluded. The control “out-stations”
were taken within the eddy core well away from the patch but
(for logistical reasons) in different locations relative to it. The
ﬁrst station (day −1) was sampled 1 d before iron addition and
can be considered as representative of initial conditions for both
in- and out-patch stations. In-patch stations always sampled the
same water mass; casts taken when the ship inadvertently drifted
out of the hot spot were discarded. Out-patch stations were located in different water columns relative to the patch but nevertheless provided a coherent picture of processes in unfertilized
water. Vertical coherence of the deep-water column with its
respective surface layer was demonstrated by the trajectories of
four autonomous APEX (Autonomous Proﬁling Explorer; Webb
Research) ﬂoats positioned between 200- and 1,000-m depth
over a 2-wk period extending beyond the end of the experiment
and by different models based on hydrography and altimeter
images. Details are presented elsewhere (1).
Biological Bulk Properties. Sampling was carried out with Niskin
bottles mounted on a CTD rosette equipped with a proﬁling
transmissometer. Particulate organic carbon (POC), nitrogen
(PON), biogenic silica (BSi), chlorophyll a (Chl a), and primary
production were analyzed using standard protocols (1). Inorganic
nutrients (silicate, phosphate, nitrate, nitrite, and ammonium)
were measured with a Technicon AutoAnalyzer II system using
standard methods. Photosynthetic efﬁciency (Fv/Fm) was measured online with a fast repetition rate ﬂuorometer. Pigment
analyses were performed by HPLC according to (2). Colorimetric
measurements of transparent exopolymer particles (TEPs) were
performed as described by Passow and Alldredge (3). For TEP
microscopy, formalin-ﬁxed plankton samples were ﬁltered onto
0.4-μm Nuclepore Track Etch Membranes (Whatman), stained
with Alcian blue, and ﬁxed on CytoClear slides (Osmonics) according to Logan et al. (4).
Plankton Sampling and Quantiﬁcation. Water samples. For the qualitative and quantitative assessment of the plankton assemblage,
duplicate 200-mL water samples were obtained from Niskin bottles
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from seven discrete depths between 10 and 150 m at the initial
station and at eight in- and four out-patch stations. Plankton
samples were taken from the same cast together with all core
parameters (Chl a, nutrients, pCO2, POC, PON, and BSi). One set
of samples was preserved with hexamethylenetetramine-buffered
formaldehyde solution and one with Lugol’s iodine at a ﬁnal
concentration of 2% and 5% (vol/vol), respectively. Fixed samples were stored at 4 °C in the dark until counting back in the
home laboratory. Diatoms and other protists with robust cell
walls were enumerated in hexamethylenetetramine-buffered
formaldehyde-ﬁxed samples, whereas unarmored species (athecate
dinoﬂagellates, aloricate ciliates, and ﬂagellates) were counted in
Lugol’s iodine solution. Cells were identiﬁed and enumerated
using inverted light and epiﬂuorescence microscopy (Axiovert
25 and Axiovert 135; Zeiss) as described by Throndsen (5).
Subsamples were settled in 50-mL sedimentation chambers
(Hydrobios) for 48 h. Each sample was examined until at least
500 cells had been counted. Uncertainties in cell abundance were
estimated assuming a random distribution of cells in the counting
chambers (6).
To acquire information on species-speciﬁc diatom mortality,
whole intact empty and recognizable broken frustules were
counted in addition to full cells. Only broken diatom frustules of
which >50% of the frustule was recognizable were considered. In
the case of Thalassiothrix antarctica, only broken ends with apical
spines, present at only one end, were counted. As the girdle,
composed of numerous small scale-like bands, of Proboscia and
Rhizosolenia species rapidly disintegrates upon cell death, only
epivalves and hypovalves with signs of damage were considered.
Empty and broken frustules were identiﬁed to species or genus
level and otherwise grouped into size classes. Empty diatom
frustules are easy to recognize and identify, and hence provide
valuable information on the incidence of cell mortality in species populations (7). Mortality can be due to a broad range of
mechanisms such as (i) death due to viral, bacterial, or parasitoid
infection, (ii) ingestion and digestion of cell contents by protozoa
(including pallium-feeding dinoﬂagellates), and metazooplankton
such as salps (copepods and euphausiids damage most, but not
all, of the ingested diatoms), (iii) cell death due to unfavorable
environmental conditions such as light deprivation or nutrient
limitation, (iv) internal regulation of mortality by mechanisms
such as cell lysis and/or apoptosis (programmed cell death),
and (v) gametogenesis in sexual phases when gametes, and later
the zygote, abandon the frustule. Broken frustules are due to
crustacean (mainly copepods) biting with or without ingestion.
Estimates of mortality rates from the ratios of full to empty and
broken frustules are dependent on their robustness and size.
Thus, the percentage of frustules crushed beyond recognition
varies between species and grazer. For instance, robust frustules
such as those of Fragilariopsis kerguelensis are likely to withstand
damage by smaller copepods better than those of Pseudo-nitzschia,
which again will perform better than those of Chaetoceros debilis.
The long, thick-walled frustules of Thalassiothrix antarctica, even if
broken into small pieces, will hardly escape detection. At the other
extreme are small, thin-walled diatom species whose frustule remains can no longer be quantiﬁed under light microscopy.
Therefore, the high ratios of full and empty to broken frustules
(∼10:1) of large, conspicuous, needle-shaped species, in particular
T. antarctica and Proboscia alata, recorded throughout the experiment are proof that these species are avoided by copepod grazers in
surface and subsurface layers.
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For prokaryotic abundance, 10–20 mL of water samples were
ﬁxed with 3% (vol/vol) formaldehyde (ﬁnal concentration),
stained with DAPI, and ﬁltered onto 0.2-μm, black polycarbonate
ﬁlters. DAPI-stained cells collected on the ﬁlters were enumerated on a Zeiss Axioplan 2 microscope equipped with a 100-W
Hg lamp and appropriate ﬁlter sets for DAPI. Prokaryotic abundance was converted to prokaryotic carbon biomass using the
factor 20 fg C·cell−1 (8).
Concentrated samples. An extra CTD cast was sampled for the
assessment of larger and less abundant protozoa (radiolaria,
acantharia, foraminifera, and heliozoa), large Phaeocystis antarctica colonies, fecal pellets, as well as copepods <1 mm (including nauplii, copepodites, and adults of small copepod species).
The whole content of one to two Niskin bottles (12–24 L) was
concentrated to 50 mL by gently pouring the water through a
20-μm mesh net. Samples were taken at 11 depths between 10 and
350 m at the initial station and at seven in- and four out-patch
stations. These samples were supersaturated with strontium chloride to prevent the dissolution of the acantharian skeletons (9).
To follow the sinking of the bloom through the deeper layer of
the water column, diatoms as well as other microplankton species
were enumerated in concentrated samples from 200-, 250-, 300-,
and 350-m depth and two deep CTD casts down to the seaﬂoor on
day 36 inside and day 34 outside the patch. Sampling depths in the
deep casts were chosen according to the number and magnitude
of spikes in the transmissometer proﬁle. In case of the deep
samples, the content of one Niskin bottle (12 L) was concentrated
down to 50 mL by pouring the water gently through a 10-μm mesh
net. Special care was taken not to contaminate the deep samples
with surface water by thoroughly washing the nets and tubes with
fresh water after each sample collection. All concentrated samples were ﬁxed with hexamethylenetetramine-buffered formaldehyde solution at a ﬁnal concentration of 2% (vol/vol) and
stored at 4 °C in the dark.
Multi-Net samples. For the qualitative and quantitative estimation
of copepods >1 mm, the water column down to 400 m was
sampled at ﬁve standard depths (25, 50, 100, 160, and 400 m)
with a Multi-Net (55- and 100-μm mesh size) on a regular basis
inside and outside the fertilized patch during night and day. For
later identiﬁcation and counting, samples were ﬁxed with hexamethylenetetramine-buffered formaldehyde solution at a ﬁnal
concentration of 4% (vol/vol). Several individuals of the most
abundant copepods >1 mm from in-patch and out-patch stations
were carefully caught with Bongo nets, kept in 0.2-μm ﬁltered
seawater for 24 h at 4 °C, and subsequently deep-frozen at −20
and −80 °C for carbon analysis.
Estimation of Carbon Content, Depth Integrated Stocks, and
Accumulation Rates. In case of phytoplankton and micro-

zooplankton, at least 10–30 randomly chosen individuals of each
species were measured and the average cell size was used to
calculate the biovolume from equivalent geometrical shapes
(10). The biovolume was converted to cellular carbon content
through carbon conversion equations recommended by MendenDeuer and Lessard (11). The biovolume of empty and broken
frustules was also calculated and converted into carbon equivalents for a better comparison with full frustule biomass and
BSi standing stocks. Tintinnid cell biomass was calculated as for
other ciliates. Because of the large size differences in this
group, stocks of empty intact and damaged loricae were converted into species-speciﬁc biomass equivalents for direct
comparison with loricae containing ciliates (full loricae). In
case of foraminifera, the biovolume was determined by assuming a spherical shape and using the longest dimension
across the calcite test as the diameter (12). Biovolumes of
acantharia were calculated assuming a sphere, or a spheroid shape
(13). For adult radiolaria, biovolume was measured as the diameter of the spherical central capsule (13). Biovolumes were
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converted to biomass using measured carbon/volume ratio
estimates (0.08 mg·mm−3 for acantharia, 0.089 mg·mm−3 for
foraminifera, and 0.01 mg·mm−3 for radiolaria and heliozoa)
according to ref. 13. The carbon content of the Phaeocystis
colony skin was estimated using the following relationship:
nanograms C colony = 213 × (colony volume in cubic millimeters) (14). At least 30 randomly chosen nauplii of each of the
three major copepod taxa present in the samples (calanoid, cyclopoid, and harpacticoid species) were measured to determine the
average body volume, which was multiplied by 0.08 to obtain the
carbon content (15). The carbon content of copepods <1 and
>1 mm was directly estimated from C/N analysis (Carlo Erba
NA-1500 Analyzer) of picked individuals according to refs. 15
and 16. Fecal pellet volume (FPV) and fecal pellet carbon (FPC)
were calculated using recommended geometrical shapes (11) and
a carbon conversion factor of 0.07 mg C·mm−3 (17), respectively.
Fecal pellets were counted in the following categories: complete,
broken with one end missing, or highly fragmented.
The data on particle stocks and species populations of each
station are presented as biomass (carbon per square meter)
derived from trapezoidal depth integration of measurements
carried out on six to nine discrete water samples taken from
standard depths at 10- to 20-m intervals in the 100-m mixed layer,
50-m intervals in the 200- to 350-m depth layer and larger
intervals for the deep-water column down to the seaﬂoor.
Accumulation rates, i.e., the difference between growth and
mortality rates, were calculated by estimating the slope of the
regression for the log-transformed values of cell concentrations
over the time interval in which exponential increase was recorded.
Corrections for dilution due to spreading of the patch are described in ref. 1.
Statistics Applied to Subsurface Layer Data Presented in Fig. 3. We
applied a one-sample, one-sided t test to ascertain whether the
differences in sinking behavior of Chaetoceros dichaeta, Fragilariopsis kerguelensis, and Thalassiothrix antarctica between IN
and OUT stations for the subsurface layer (SSL) from 200- to
350-m depth are statistically signiﬁcant (Table S1). We tested the
working hypothesis Δc > 0 (“higher concentrations at IN stations”) against the null hypothesis Δc < 0 (“lower concentrations
at IN stations”). We calculated Δc = cIN − cOUT, where cIN and
cOUT are the biomass concentrations (micrograms of carbon per
liter) in case of full cells and abundances (frustules per liter) in
case of intact empty and broken frustules inside and outside the
patch, respectively. By pooling the Δc values over the SSL, we
obtained a statistical sample with a sample size n = 4. Out-patch
days 26 and 34 (since ﬁrst iron addition) were compared with the
respective preceding and subsequent in-patch days. All but one
null hypotheses could be rejected on the traditional evidence
level α = 0.05 and on the evidence level α = 0.1 for C. dichaeta
but not for F. kerguelensis. Given the small sample size (n = 4)
and the sampling time differences between in-patch and outpatch stations, one has to expect quite a bit of statistical noise.
However, it needs to be noted that the P values for F. kerguelensis were almost always higher, particularly in the case of empty
and broken frustules, than those for C. dichaeta over corresponding time intervals, showing that frustules of F. kerguelensis
continuously sank out of the surface layer irrespective of the iron
status. In contrast, concentrations of full, empty, and broken
C. dichaeta were much larger under the patch than outside the
patch during the peak of the ﬂux event (IN day 32 versus OUT
day 34) as illustrated by the very low P values. The scatter in
P values for T. antarctica are expected given the very low presence of this species in SSL.
Carbon Ingestion Rates Estimated from Fecal Pellet Production
Experiments. Fecal pellet production was estimated from experi-

ments conducted with four dominant calanoid copepod species
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(Calanus simillimus, Rhincalanus gigas, Pleuromamma robusta,
and Calanus propinquus) and by allometric scaling to estimate
fecal pellet production of juvenile stages and the small species
Ctenocalanus citer. Experiments were conducted at different inand out-patch stations over the course of the European Iron
Fertilization Experiment (EIFEX). Two to four—depending on
the size of the species—healthy, adult females were retrieved
from Bongo net catches and transferred into three to ﬁve parallel
1- or 2-L incubation bottles containing mixed-layer water collected at the station. Bottles were placed on a slowly rotating
plankton wheel at in situ temperature and dim light. After 24 h of
grazing on the natural plankton community, the content of the
bottles was carefully sieved over 30-μm plankton mesh and ﬁxed
with hexamine-buffered formaldehyde [4% (vol/vol) ﬁnal concentration] for later enumeration and size measurements of fecal
pellets. Fecal pellet production estimates from the bottle experiments were multiplied by the abundances of the respective
species recorded in the upper 160 m, to obtain total daily carbon
ingestion in the ﬁeld. Respiratory needs were added to the fecal
pellet production estimates to account for total carbon ingestion.
Copepod respiration was assumed to equal 6.5% of the copepod
carbon standing stock per day (18).
Because no copepod biomass data were available for outstation 514 (day 17), the standing stocks from out-station 509 (day
11) were used to calculate the respiratory needs. The daily carbon
ingestion by copepods increased ﬁvefold from 0.2 to 1 g C·m−2·d−1,
which amounted in total to 20 g C·m−2 over the course of EIFEX
(15 g C·m−2 for fecal pellet production and 5 g C·m−2 for respiratory needs, respectively).
Carbon Ingestion Rates Estimated from Gut Evacuation Experiments.

Gut evacuation experiments were conducted with abundant copepod species collected inside and outside the fertilized patch
with a Bongo net during night and day. The Bongo net (100 and
300 μm) was towed vertically from depths between 150 and 20 m
to the surface—depending on the time of day—at a maximum
speed of 0.3 m·s−1. After retrieval of the net, the content of the
cod end was immediately transferred into a cooler with 20 L GF/F
ﬁltered seawater at in situ temperature. Still on deck, subsamples
were retrieved from the diluted catch on a piece of ﬁne mesh for
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determination of the initial gut pigment content (G0). The mesh
was packed in aluminum foil and shock frozen at −80 °C. For
estimating of gut evacuation rate, a time series of subsequent
samples was collected typically after 1, 2, 4, 6, 10, 20, and 30 min.
Frozen samples were thawed on board and copepods sorted in
a cooled Petri dish under a stereomicroscope at dim light. One to
20 individuals for each species were placed in a 20-mL PE centrifuge vial, covered with 5 mL of 90% (vol/vol) aqueous acetone,
and left in a refrigerator for extraction of pigments for 24 h.
Pigment concentration was measured with a Turner ﬂuorometer
before and after acidiﬁcation. A correction factor for pigment
destruction to nonﬂuorescent components was included by multiplying the concentration of phaeopigments by 1.5. Calculation of
the gut clearance coefﬁcient, k, and the gut passage time (GPT),
was based on the exponential model of ref. 19:
k = ðlnðG0Þ − lnðGðtÞÞÞ=t
GPT = 1=k;
where G0 represents the initial gut content (nanograms of pigment per individual), and G(t), the gut content at a given time t.
The quotient of 1/k represents the GPT in minutes. Daily ingestion (nanograms of pigment per individual per day) is derived
from initial gut content G0 and k according to the equation:
I = G0 × k × 60 × 12:
A grazing period of 12 h was assumed to account for the observed
periodicity in the migration and likely feeding behavior of the
copepods. Ingestion rates were obtained by multiplying the initial
gut content with the respective gut clearance rate that was experimentally determined. Pigment concentrations were converted to
phytoplankton carbon (PPC) using a C:Chl a ratio of 30. For
estimation of the grazing rates, PPC ingestion was related to
copepod carbon weight and expressed as percentage of body
carbon ingested per day (daily ration).
Constant daily rations for the different species were based
on ﬁndings during this (EIFEX) and a previous iron fertilization
experiment (20) as well as on additional literature values (21–24).
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Fig. S1. Distribution of Si* during the eddy survey carried out from day 1 to day 7 after fertilization showing clear distinction between the eddy core (the
orange/red area) and the surrounding frontal meander.

Fig. S2. Standing stocks of copepod fecal pellet carbon and carbon equivalents of empty and damaged tintinnid loricae. Copepod fecal pellet carbon (FPC)
stocks (the sum of whole pellets and fragments) (ﬁlled red circles) and the sum of empty and damaged tintinnid loricae (EDL) presented as equivalent biomass
values (open blue circles) integrated for the surface layer (SL: 0–150 m) and the subsurface layer (SSL: 150–350 m) inside (A and B) and outside (C and D) the
patch. The lines represent the running average for FPC (solid line) and EDL (dashed line) stocks. Note low pellet stocks in the SSL compared with the surface. We
conclude from the difference in stock sizes between SL and SSL and the estimated residence time of pellets in the SL of 24 h that the bulk of pellets produced in
the SL was retained there by fragmentation and ingestion. Indeed, generally >80% of all fecal pellets counted were either missing one end or were highly
fragmented throughout the upper 550 m of the water column. In contrast, stock sizes of tintinnid loricae, with comparable sinking rates as pellet fragments,
are similar in upper and lower layers presumably because of their greater durability. Whole, but often damaged, tintinnid loricae were frequently seen in
copepod fecal pellets. Apparently, their leathery consistency (they are also made of proteins) prevent their crushing into small pieces by copepod gnathosomes.
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Fig. S3. Protozooplankton standing stocks. Protozooplankton standing stocks inside (A) and outside (B) the patch with contributions of heterotrophic
nanoﬂagellates (HNF), loricate (tintinnid), and aloricate (naked) ciliates (only full loricae were considered in the former), thecate (armored) and athecate
(naked) aplastidic dinoﬂagellates, and Rhizaria (including acantharia, foraminifera, radiolaria, and heliozoa). Note that, despite species succession within each
component, their total biomass (with the exception of Rhizaria) did not change signiﬁcantly during the experiment, which we attribute to heavy grazing
pressure exerted by the large copepod community, exempliﬁed by the tintinnids in Fig. 3. Outside the patch, total biomass declined as in the case of all other
protistan plankton. Within the Rhizaria, the bulk of the doubling of biomass inside the patch was due to acantharia, a group characterized by numerous
outward-pointing, sharp spines made of strontium sulfate. We believe that the large, strong spines provide protection against ingestion by copepods as adult
acantharia, although highly conspicuous, were rarely seen in fecal pellets. We conclude that, as in the case of diatoms, low mortality rather than fast growth
rates compared with other protists, were the main cause of their increase.
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Fig. S4. Copepod grazing estimates. (A) Total carbon ingestion derived from fecal pellet carbon production experiments, corrected for respiratory needs, of
dominant copepod species over the course of EIFEX. (B) Phytoplankton carbon (PPC) ingestion rates estimated from copepod gut evacuation experiments over
the course of EIFEX. Our grazing estimates are in the same range as those reported from the APF during spring and summer (1, 2).

1. Mayzaud P, et al. (2002) Carbon intake by zooplankton. Importance and role of zooplankton grazing in the Indian sector of the Southern Ocean. Deep Sea Res Part II Top Stud
Oceanogr 49(16):3169–3187.
2. Urban-Rich J, Dagg M, Peterson J (2001) Copepod grazing on phytoplankton in the Paciﬁc sector of the Antarctic Polar Front. Deep Sea Res Part II Top Stud Oceanogr 48(19-20):4223–
4246.
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Fig. S5. Micrographs of the silica-sinking diatom Fragilariopsis kerguelensis collected from ﬁeld samples. (A) Two long chains with nuclei stained with DAPI (a
DNA dye) showing numerous empty, intact frustules in one chain. (Scale bar: 50 μm.) (B) Intact chains with single bitten terminal cells (marked by arrows)
indicate rejection by the copepod after a sampling bout. (Scale bar: 50 μm.) (C) Three intact cells inside a copepod fecal pellet. (Scale bar: 30 μm.) Copepods
feed sparingly on this species presumably because they are deterred by the energy expenditure and wearing of mandibular teeth associated with crushing the
strong frustules, which also increase gut fullness. (D) Antarctic sediment sample characteristic of the iron-limited southern Antarctic Circumpolar Current
showing dominance of empty, intact valves. (E and F) Two chains stained with the lipid dye Nile Red showing differentiation of cells within the same chain
reﬂected in large variation in lipid content, implying greater viability in cells with oil droplets. Apoptosis of weaker cells could account for the empty frustules
in A. Indeed, the cells in a diatom chain are not necessarily identical in terms of viability (1). (Scale bar: 50 μm.)
1. Laney SR, Olson RJ, Sosik HM (2012) Diatoms favor their younger daughters. Limnol Oceanogr 57(5):1572–1578.
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Fig. S6. Light micrographs of phytoplankton aggregates from 300-m depth under the patch. (A) Portion of a 4-mm-long aggregate stained with DAPI (DNA
dye) comprising empty and full (with blue nuclei) cells and chains of Chaetoceros spp. embedded in a sticky, mucoid matrix. (Scale bar: 100 μm.) (B) Empty
frustules of Chaetoceros atlanticus and Corethron pennatum entangled in a mucoid sheath weakly stained by Alcian blue speciﬁc for acidic polysaccharides.
(Scale bar: 50 μm.) (C) Cell of C. pennatum oozing out its autolysed, Alcian blue-stained cytoplasm, which has stuck the rigid spines into bundles. (Scale bar:
50 μm.) Multi-Net samples (100-μm mesh) from the layer 160–400 m showing mass presence of Chaetoceros spp. under the patch (D) during the ﬂux event
and absence outside it (E). In contrast, empty and damaged tintinnid loricae of Cymatocylis spp. are present both underneath the patch and outside it. (Scale
bars: 100 μm.)

Fig. S7. Transparent exopolymer particles (TEPs). Temporal development of TEPs in gum Xanthan equivalents per square meter for the surface layer (0–100 m,
black lines and scale) and the subsurface layer (100–200 m, red lines and scale) inside and outside the fertilized patch. Note the strong increase in TEPs during
the ﬂux event inside and under the patch.
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Fig. S8. Light beam attenuation proﬁles for the upper 3,000 m of the water column recorded by the transmissometer under the hot spot before fertilization
(day −0.8) and during the ﬂux event on days 32.6 and 36.4. Note the increase in spikes throughout the water column in the end phase of the experiment.

Table S1.

One-sample, one-sided t test applied to subsurface layer data presented in Fig. 3

Species
C. dichaeta

F. kerguelensis

T. antarctica

IN day

OUT day

P value
Full cells

P value
Empty frustules

P value
Broken frustules

20
28
32
36
20
28
32
36
20
28
32
36

26
26
34
34
26
26
34
34
26
26
34
34

0.058
0.062
0.0042
0.031
0.23
0.048
0.23
0.047
0.037
0.086
0.033
0.098

0.015
0.023
0.0083
0.060
0.87
0.39
0.92
0.032
0.67
0.11
0.018
0.020

0.058
0.044
0.0019
0.26
0.70
0.31
0.94
0.95
0.096
0.033
0.15
0.44

Observed evidence levels (P values) for in-patch versus out-patch differences in full cells and empty and
broken frustules of Chaetoceros dichaeta, Fragilariopsis kerguelensis, and Thalassiothrix antarctica for the subsurface layer (200–350 m). We have marked P values <0.05, <0.1, and >0.1 in red, blue, and black, respectively.
For more information, see statistics in SI Materials and Methods. Sample size n = 4.
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